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Guest Editorial

Future Fuels and Chemicals
Introduction
Today’s fuels and chemicals industries have their
roots in 20th century investments in fossil fuel
extraction and conversion. Highly integrated
petrochemical complexes and refineries have
evolved to deliver products that have transformed
how we feed, clothe, shelter, make healthier and
move people across the globe. The environmental
impacts of these industries are under ever tighter
scrutiny, particularly as we accelerate towards a
future with net zero and circularity at the forefront
of our thinking.
This Johnson Matthey Technology Review issue
explores technological advances that may evolve
to form the backbone of the future fuels and
chemicals industries: technologies which will
deliver even greater benefits for human life, while
treading lightly on our planet.

Themes in the Transition Towards
Net Zero and Circularity
There is no ‘silver bullet’ as we transition our
industries to their future state. Many advocate
that they have ‘the answer’, but the reality is
that we must deploy every tool at our disposal
today, while continuing to innovate the step-out
solutions of tomorrow. The good news is that the
fundamentals are in place. Renewable energy
costs are falling, we understand the chemical
conversions that need to be implemented, and
we have the technologies to abate unavoidable
greenhouse gas emissions.

New Feedstocks
The chemical industry has always adapted
to different feedstocks, driven by price or
geopolitical pressures. In recent years shale gas
has revolutionised the US chemical industry,
whilst China retains a strategic interest in coal.
Methane offers significant carbon reduction
potential and while it can be readily processed by
syngas routes, direct upgrading options continue
159

to be explored. These technologies, applied to
renewably derived methane, maintain their
relevance in a net zero world.
Bio-derived fuels are already established in
transport applications where legislation drives
today’s investments (1). While some commercial
routes to bio-derived chemicals exist, the same
driving force for change is not there. However,
brand owners of consumer facing products are
making strong commitments to sustainability
and decarbonisation (2) which may create the
market pull for biobased plastics, surfactants
and formulating agents. Contaminated plastics,
which cannot be easily recycled back to
monomers or polymers, as well as municipal
solid wastes, are emerging as feedstocks that
can be reconstituted into chemical products via
pyrolysis or gasification.
Carbon dioxide from industrial processes or
direct air capture will become an important
carbon source in the decades ahead. The direct
or indirect addition of renewable energy is
needed to move back up the thermodynamic
hill. Hydrogen generated by splitting water will
be a key enabler, as subsequent conversion
via syngas into alcohols and hydrocarbons
leads into downstream value chains. As well as
water electrolysis, electrochemical technologies
that reduce carbon dioxide directly are being
developed and scaled. These may enable future
chemical production at more localised scale.

New Processes
Regardless of feedstock, designing energy
and atom efficient processes remains key.
90% of chemical processes today are already
catalysed (3), and we can expect this to grow.
When developing new processes the mantra
of ‘right catalyst, right reactor, right process’
remains truer than ever. Recent progress by
Johnson Matthey and its partners in Low Carbon
Hydrogen (4) and FT-CANSTM (5) technologies
serve to illustrate this point.
© 2021 Johnson Matthey
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Catalytic processes will continue to evolve to
deliver more atom and energy efficient flowsheets.
Seamless integration of renewable electricity,
decarbonised hydrogen and carbon capture
will become the norm for chemical plants of the
future. Advances in reactor design and control
may revolutionise process operation, and the
use of lower density feedstocks may drive some
applications
towards
distributed,
intensified
modules.
More
hybrid
bio-thermochemical
processes are likely to emerge as advances in
biotechnology are leveraged. The aim here must
be to preserve some of the precious functionality
within the biomass feed.

disruptive transformation in how we innovate

New Products

catalyst technology sits at the heart. Industry’s

It is interesting to reflect on whether the portfolio
of chemicals that make up the industry toolkit
today will change significantly in the years ahead.
For example, the challenges of recycling a more
divergent range of plastics is likely to incentivise
the industry to work mostly with decarbonised
variants of what is known, rather than seeking
radically new polymers.
Fuel slates will shift as transport becomes
increasingly electrified, and hydrogen will take up
a role as an energy vector alongside electricity. It
will be valued for its ability to store and distribute
low carbon energy, as well as being the solution
to decarbonisation challenges in heavy transport
and industry. Kerosene type fuels derived from
biomass, waste or e-fuels will continue to dominate
long-haul aviation (6). There is much debate
around shipping, with hydrogen, methanol and
ammonia vying to be selected as the future fuel of
choice (7). While production of these molecules is
well established, the scale of investments needed
to move these commodity chemicals into the fuels
arena will surely drive innovation in these mature
processes.
Markets that are likely to see most innovation in
product design are those in which chemicals are
unavoidably released into the environment, such as
pesticides, fertilisers, detergents and water-soluble
polymers. Biodegradability in real conditions and
the minimisation of eco-toxicity will drive the
search for materials with improved environmental
functionality.

complemented by advances in bio, electro and

and deploy technologies. New ecosystems will
evolve
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the

power

generation,

agriculture

the chemicals and fuels sectors to meet the
challenge. The transition will not be achieved by
technology solutions alone. The right legislative
frameworks, incentives and business models must
be established to create a level playing field in
which all embedded environmental impacts are
accounted for. Deployment at scale is also essential
to move quickly down the cost curves.
We are at the start of a revolution in our
industries, but one at which efficient and effective
current skills in deploying thermocatalysis will be
possibly photocatalysis. I for one am excited to see
what we can collectively achieve over the coming
decades as we step up to deliver the solutions
needed for a cleaner, healthier world.

SUE ELLIS
Johnson Matthey, Blounts Court, Sonning
Common, Reading, RG4 9NH, UK
Email: suzanne.ellis@matthey.com
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Effects of Material Type on Biofilm Response
to an Oxidising Biocide in a Laboratory-Scale
Cooling Tower System
Effect of material type in response to biocide

Nazmiye Ozlem Sanli

Biotechnology Section, Department of Biology,
Faculty of Science, Istanbul University,
Vezneciler, Fatih 34134 Istanbul, Turkey
Email: nozlemsanli@gmail.com;
nosanli@istanbul.edu.tr

Biofilms in industrial cooling tower systems are an
important problem. The importance of the surface
material in the response to an oxidising biocide
(chloramine T trihydrate) was substantiated in our
study. Polyvinyl chloride (PVC) cooling tower fill
material, stainless steel cooling tower construction
material and glass surfaces were compared
by evaluating the bacterial loads on materials
before and after biocidal treatment. The greatest
logarithmic decrease in bacterial load was recorded
as >3 log for glass after the first two months and
for PVC after the second month. Actively respiring
bacterial counts and adenosine triphosphate
(ATP) measurements showed that there was no
significant difference in the sensitivity of biofilmassociated cells to the biocide on the different
surfaces. In addition, the effect of the biocidal
treatment decreased with increasing biofilm age,
regardless of the material.

Introduction
Water and energy use are essential for nearly all
industrial applications, and since both resources are
globally limited, industries are making enormous
efforts to improve water and energy efficiency for
sustainable production (1–3). A good example of
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the nexus of water-energy operations in industry is
cooling tower systems, which are used to transfer
residual heat energy by extracting waste heat
from recirculated water to the atmosphere. Open
cooling systems provide a convenient environment
for evaluating biofouling since the accumulation of
dissolved organic material, minerals and substrates
in the cooling system via input and the condensation
of makeup water promote microbial growth and
biofouling (4). Microorganisms have a natural
propensity to attach to surfaces, resulting in the
formation of biofilms (5) that can cause problems
such as corrosion of metallic substrata (6),
decreased heat transfer, increased fluid friction
resistance, energy losses and local blocking of
cooling towers (7), all of which can shorten the
device lifetime (8, 9). Furthermore, biofilms play
a major role in the accumulation of microbial
pathogens, particularly Legionella pneumophila,
which can be disseminated to the environment
via aerosols produced by cooling towers, posing a
public health problem (10–14).
A major issue in the control and prevention of
biofilms is the use of biocides, since mechanical
cleaning is often impractical, costly and poses risks
to public or occupational health (5). However, for
the optimal application of these chemicals, their
antibiofilm activity should be verified for field
application. Because of the complex behaviour
of biofilms, industry often fails to manage these
systems in a manner that is consistent with the
guidelines for biofouling control (1, 4). Biofilm
formation depends on several microbial and other
variables that prevail in a given system, including
the following primary variables: the microbial
quality of makeup water; the concentration, type
and number of microorganisms; temperature; pH;

© 2021 Johnson Matthey
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the quantity and quality of nutrients; the types
and physicochemical characteristics of surface
materials; and the presence of any disinfectant
residue (15).
Although the effects of material types on biofilm
adhesion and growth have been studied (16–20),
the information is contradictory (19) and there is a
lack of published data about the response of biofilms
on polyvinyl chloride, glass and stainless steel
surfaces to the biocide chloramine T trihydrate. In
the current investigation, the efficacy of the biocide
against mixed-population biofilms and suspended
biomass was examined for extended periods. The
materials investigated in this study are generally
used in the construction of cooling tower systems.
Naturally grown biofilms and bulk water were
exposed to the biocide, and the abundances of
Legionella pneumophila and other heterotrophic
bacteria in biofilms were measured using different
techniques during a six month experimental period.

Material and Methods
Laboratory Scale Model System
This study was conducted using a model cooling
tower system (100 l) under constant hydraulic
conditions and temperature (37°C). A water
heater (AT-100, 12 V, 100 W, Atman, Germany)
and a recirculation pump (40 l min–1, 550 W,
Pedrollo SpA, Italy) were installed to model system
to provide the desired control temperature and
facilitate evaporation inside the bulk water. Public
drinking water was used to replace water lost by
evaporation and partial drainage after neutralising
the residual free chlorine (0.2–0.4 mg l–1)
with sodium thiosulfate (STS). Throughout the
experiment, no chemicals were injected into the
model system to prevent their potential adverse
impacts on biofilm formation and growth. The pH
value, total dissolved solids (TDS), conductivity
and dissolved oxygen (DO) content of the water
samples were analysed monthly.
For modelling legionellae-contaminated microbial
flora in a cooling tower, L. pneumophila ATCC
33152 standard strain (final concentration of
1.2 × 105 colony forming units (CFU) ml–1) and
the water of an industrial cooling tower (1:5 ratio,
actual cooling system water:potable water) was
inoculated to the model system.

Test Slides
Before being inserted into the model system,
PVC, stainless steel (AISI 316) and glass slides
162

Johnson Matthey Technol. Rev., 2021, 65, (2)

(25 × 60 × 0.8 mm) were cleaned using 1%
Triton and then degreased in acetone for 3 min
using an ultrasonic cleaner (220 V, 60 Hz, 600 W,
Alex Machine, Turkey). After rinsing with sterile
deionised water, the slides were dried at 50°C and
sterilised using ultraviolet (UV) light for 12 h (9).
Sterile slides were inserted into the channels of the
biofilm holder with a 2 cm spacing. Biofilms were
allowed to grow for six months on slides in the
aqueous phase of the system.

Biocide Preparation
Chloramine T trihydrate was dissolved in sterile
deionised water at a final concentration of
500 mg l–1. Free and total chlorine concentrations
were
quantified
using
the
N,N-diethyl-pphenylenediamine (DPD) method (Model CN-66,
Hach®, USA). According to the manufacturer’s
recommendation, the residual active biocide
concentration was calculated by multiplying the
combined chlorine concentration (total chlorine
and free chlorine) value by 3.97 (21).

Sampling of Water and Biofilms and
the Application of Biocide
Biofilm and water samples were collected monthly,
the biocide chloramine T trihydrate was applied
to each water or biofilm sample for 1 h or 3 h
of contact time in a sterile container. After the
incubation period, the samples were neutralised
with 0.5% STS, and the resulting suspensions
were serially diluted in sterilised tap water to 10–5.
The samples were evaluated using a conventional
culture method, total or free ATP concentration
measurements and total and viable cell counts
after fluorescence staining. Each test was repeated
three times.

Microbiological Analysis
Heterotrophic Bacteria and
L. pneumophila Counts
The number of cultivable bacteria in the water or
biofilm samples was quantified using the spread
plate technique on R2A medium. The colonies on
the plates were enumerated after incubating for
7–10 days at 28°C.
The water and biofilm (biocide-exposed and
unexposed) samples were also examined for the
presence of cultivable L. pneumophila on alphaketoglutarate-enriched buffered charcoal yeast
extract (BCYE) agar (Oxoid Ltd, UK) by incubating
© 2021 Johnson Matthey
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the plates at 37 ± 1°C for up to 10 days according
to ISO 11731:2017 standard (22). The results
were reported as CFU ml–1 for water samples and
CFU cm–2 for biofilm samples, based on the surface
areas of the coupons (30 cm2).

results were reported as log cells ml–1 and log
cells cm–2 for the bulk water and biofilm samples,
respectively.

ATP Measurements

The data were analysed using the statistical
program SPSS®, version 22.0 (25). Student’s
t-test was performed to compare biocide-treated
and untreated samples. The Kruskal-Wallis
nonparametric test was used to determine if there
were significant differences in the response of the
tested biofilms on the different assayed materials
under the same conditions. The statistical
calculations were based on a 95% confidence level.

Samples were collected using free and total ATP
swabs after 1 h or 3 h of contact time. ATP was
extracted from the cells with a cationic detergent,
after which the nascent ATP was measured after
reacting with the luciferin-luciferase system. The
swabs were placed into a luminometer (BiotraceTM
Uni-LiteTM NG, 3M, USA), and the intensity of the
light was converted into relative light units (RLU)
shortly thereafter (23).
The results were recorded as RLU ml–1 and
RLU cm–2 for the water and biofilm samples,
respectively. The microbial ATP concentration was
indirectly calculated by determining the difference
between total and free ATP levels.

Fluorescence Staining
The number of total and actively respiring bacteria
in the samples was assessed by fluorescence
staining to examine their responses to the biocide.
5-Cyano-2,3-ditolyltetrazolium
chloride
(CTC,
Sigma-Aldrich, Germany) was utilised as an
indicator of ETS-active bacteria (red in colour). The
DNA/RNA-specific fluorochrome 4’,6-diamidino-2phenylindole (DAPI, Sigma-Aldrich, Germany) was
used as an indicator to obtain the total cell count
(blue in colour). The samples were stained with CTC
followed by DAPI to enumerate total and respiring
cells within the same sample (24). After staining
the samples were filtered on black polycarbonate
membranes (0.2 µm pore size, MilliporeSigma,
Germany)
and
viewed
by
epifluorescence
microscopy (Eclipse 80i, Nikon Corp, Japan). The

Statistical Analysis

Results and Discussion
Model System
From the first day onward, heterotrophic plate
count (HPC), legionellae, pH and TDS values of the
water in the model system were higher than those
observed in the makeup water, even with a regular
blowdown regime (Table I). In this regard, the
model cooling tower system used in this study was
validated as a potential legionellae-contaminated
reference system to investigate its associated
physicochemical and microbiological characteristics
(Table I).

Bacterial Analysis
Heterotrophic Plate Count and
Legionella Analysis
The active residual concentration of 500 mg l–1
chloramine T trihydrate in solutions was determined
to be 317.6 ± 10. Chloramine T trihydrate was tested
as a biocide in this study due to its broad-spectrum
efficacy without the risk of inducing bacterial

Table I Physicochemical Characteristics of Inoculated Real Cooling Tower System Water,
Makeup Water and Model System Water
Months
0
1
2
3
4
5
6
R-CTa M-upb MSc M-upb MSc M-upb MSc M-upb MSc M-upb MSc M-upb MSc M-upb MSc
DO,
mg
7.25
l–1
TDS,
mg
2500
l–1
pH
8.60
a

8.67

9.53 8.55

8.10 7.82

7.26 7.79

8.39 7.65

7.99 7.40

8.02 7.75

7.98

193

430

474

496

503

552

525

555

7.00

7.69 6.80

Real cooling tower system water,

163

286

b

260

8.40 6.90

225

7.96 6.90

216

8.05 6.90

210

8.11 7.00

200

8.13 7.10

8.15

Makeup water, c Model system water

© 2021 Johnson Matthey
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resistance, and it is also noncorrosive to common
materials used in industrial applications (21).
Chloramine T trihydrate is an organic compound that
is produced by chlorinating benzenesulfonamide or
para-toluenesulfonamide, dissolving in water and
ionising to form the chloramine T ion. The biocidal
effect of the chloramine T ion is attributed to its
oxidising activity, and it rapidly destroys cell material
or disrupts essential cellular processes (26).
A ≥1 log reduction, which is considered a
minimum level of performance for biocidal
treatment according to ASTM E645-13 guidelines,
was observed for planktonic cultivable bacteria for
six months (Figure 1(a)) and only for the first
two months for the biofilm-associated bacteria
(Figures 1(b)–1(d)) (27). However, from the
third month onward, the responses of the biofilm
samples to the biocide were convoluted due to their
cultivation and therefore fluctuated (Figures 1
and 2).
No cultivable planktonic L. pneumophila cells were
observed after treatment with the biocide during the
six month test period (Figure 1(a)). In contrast,

(a)

HPC
L. pneumophila

7

HPC control
L. pneumophila
control

the sessile cultivable heterotrophic bacteria and L.
pneumophila responses to the biocide fluctuated
monthly. After the first month, the highest log
decrease value (>3 log) was determined for biofilms
on glass treated with the biocide for 3 h. From the
third to the fourth months, with the maturation of
biofilms, the sensitivity of the biofilms on all tested
materials decreased (≤1 log reduction). In the
fifth and sixth months, higher log reduction values
were obtained in the sessile HPC counts (>2 log
and ≤1 log for the glass or PVC and stainless steel
biofilms, respectively) (Figures 1(b)–1(d)). No
sessile cultivable L. pneumophila were detected
after exposure to the biocide after the third month
for all assayed materials.
Variability or fluctuations in the response of both
sessile and planktonic cells to biocides can be
attributed to biofilm maturation. Biofilm formation
and maturation occur in several stages, and due
to physiological and metabolic changes that occur
at each stage, the antimicrobial susceptibility of
the biofilm, and consequently the bulk water flora,
can vary (16). The dispersal of cells contributes

(b)
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Fig. 1. Log values of cultivable bacteria counts exposed to chloramine T biocide at different contact times and
concentrations: (a) planktonic; (b) glass; (c) stainless steel; (d) PVC
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Fig. 2. Total and free ATP levels of samples exposed to chloramine T at different contact times and
concentrations: (a) planktonic; (b) glass; (c) stainless steel; (d) PVC

to biofilm rejuvenation and recalcitrance toward
antibiofilm agents (28). After maturation, the
sensitivity of the biofilms on all the tested materials
decreased (≤1 log reduction). In the fifth and sixth
months, greater reductions in the sessile HPC
counts were observed again, >2 log and ≤1 log
for the glass or PVC and stainless steel biofilms,
respectively (Figures 1(b)–1(d)).

ATP Measurements
Because cells injured by sublethal levels of
biocides require longer detection times and since
biocidal treatment may induce the development of
viable but nonculturable (VBNC) cells, the colony
counting method results in an underestimation of
viable cell numbers. Thus, the number of live or
metabolically active bacteria needs to be evaluated
by alternative methods, such as ATP measurements
or fluorescence staining (10, 29).

165

The tested biocide concentration achieved a
substantial reduction (p < 0.05) in both total
and free ATP values in the planktonic and biofilm
samples after exposure to the biocide compared to
that observed for the control (Figure 2(a)–(d)).
No definitive differences in the tested surfaces
were observed in terms of the reduction in the ATP
concentration.
According
to
the
DAPI/CTC
fluorescence
staining counts, after a 3 h biocidal treatment,
the percentage of live bacteria was reduced to
1.50–2.63% within the first four months in the
planktonic samples (Figure 3(a)). In contrast,
after the fifth and sixth months, the live bacterial
ratio increased to 7.41% and 8.51% of the total
cells, respectively (Figures 3(b)–3(d)).
The results of supportive tests (ATP measurements
and especially fluorescence staining) showed that
the VBNC state was induced in biofilm-associated
bacteria by biocidal treatment during biofilm
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Fig. 3. Total (live + dead) and live microorganisms count of samples exposed to chloramine T at different
contact times and concentrations: (a) planktonic; (b) glass; (c) stainless steel; (d) PVC

maturation. While an increase in the log reduction
for the cultivation results was observed, in contrast,
the number of viable bacteria in the biofilm samples
increased for all the tested materials. In addition, the
absence of cultivable L. pneumophila after exposure
to the same biocide concentration from the third
month onward suggested that legionellae may have
entered to the VBNC state. These results indicate
that legionellae behaviour was more dependent upon
biofilm density than on the surface material type,
consistent with the results of Långmark et al. (25).
According to public health regulations, testing
for legionellae is required at least once every
three months, with acceptable limits reported as
<10 CFU ml–1 and <104 CFU ml–1 for legionellae
and HPC, respectively. In addition, <300 RLU ATP
values indicate clean tower conditions. The biocide
tested in this study provided clean tower conditions
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for HPC, legionellae and ATP. The correlation
between HPC and microbial ATP was low (p < 0.05,
r = 0.570) and moderate between HPC and
fluorescence staining counts (p < 0.05, r = 0.597).
A high correlation was observed between ATP
and fluorescence staining test results (p < 0.05,
r = 0.986). Although there are no consensus
values or standard limits for viable cell counts after
fluorescence staining or for the risk assessment
limit values of biofilm samples, for effective
evaluations of the microbiological load of systems,
free and total ATP measurement and fluorescence
staining methods may be useful. Furthermore,
according to the fluorescence staining results after
biofilm maturation or the settlement of pollution
in water systems, evaluations based on culturebased methods may be both time consuming and
fail to reflect the actual conditions.
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Since bioadhesion to surfaces and subsequent
biofilm formation are of crucial importance
with respect to both public health and industrial
equipment fouling, evaluations of surface-bacteria
interactions are essential. For this reason, three
different substrata (PVC, glass and stainless steel)
were monitored and compared for their responses
to biocide exposure. Erdem et al. (20) showed
that plastic polymers, such as PVC, polypropylene
(PP) and polyethylene (PE) materials, supported
the lowest HPC values when comparing glass and
stainless steel in a model cooling tower system.
Similarly, Hyde et al. (30) compared the adhesion
rates of biofilms formed by a single species to
different surfaces and observed the following order
of adhesion (from lowest to highest): injection
moulded PFA < polyvinylidene fluoride (PVDF)
< rotationally moulded PFA < perfluoroalkoxy
tetrafluoroetyhylene (PFA) < silicone < glass <
polypropylene < stainless steel. Hyde et al. (30)
also showed that the persistence of biofilms to
removal by sodium hypochlorite exhibited the
same order as the adhesion rate. Dos Santos et
al. (31) observed that the abundance of sessile HPC
was higher on stainless steel and glass surfaces
than on carbon steel coupons in two industrialscale cooling towers. However, the data in these
studies were only obtained using cultivation-based
methods. Furthermore, in the study by Hyde et
al. (30), mixed species or natural biofilms were not
evaluated.
In contrast to these results, Zacheus et al. (32)
observed no significant differences in biofilm
quantity on various surfaces (PVC, PE and stainless
steel) with respect to HPC, acridine orange
staining and organic carbon quantity results.
In the current study, according to the observed
Kruskal-Wallis asymptotic significance values,
there was no significant difference between the
sessile microbiota on the tested materials in terms
of the HPC, fluorescence staining and total or
free ATP level results (0.160, 0.080 and 0.298,
respectively). The responses of biofilms to the
oxidising biocide were similar to those described
in previous reports, both for the microbial load
on different surfaces and biofilm behaviour to the
biocide (9, 32).
These results indicate that both the attachment
and removal of biofilms may not be controlled by a
single factor. Thus, several factors must be taken
into consideration when evaluating a material for
industrial use, including: (i) its effect on the intended
and random microorganisms; (ii) the age and
stage of the biofilm; (iii) the interactions between
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microorganisms and their ecological behaviour in
the biofilm ecosystem; (iv) the mode of action of the
applied biocide; (v) potential chemical interactions
between the biological components and the applied
biocide; and (vi) the surface finish and roughness
of the substratum (16, 25, 30, 33). In these
studies, differences observed between substrata
were potentially based on the possible effect of the
uptake of elements from the substratum by bacteria
during biofilm adhesion or formation or with the
corrosion of the materials through an increase in
disinfectant demand by corrosion products (18,
19, 30, 32). Kröpfl et al. (19) made comparisons
of biofilms grown on different substrata and found
that biofilm production and abundance of algae
were influenced by the substratum parallel with
the concentrations of essential elements and heavy
metal pollutants (zinc, nickel, lead and copper). On
the other hand, the authors also emphasised that
from a bacteriological point of view no substratum
effects were detectable (19). Additionally, Zacheus
et al. (32) have found that there was no difference
in total cell count on PVC, PE and stainless steel
surfaces before and after ozone treatment. In
our study, from a bacteriological point of view
no substratum type effects were detectable on
the bacterial colony counts like Kröpfl et al.’s
study (19) and response to the biocidal treatment,
like Zacheus et al. (32).

Conclusion
As a conclusion, no clear differences were observed
for the biofilm responses to the biocidal treatment.
One reason for this may be the presence of the
same indigenous microbial community which exhibit
similar behaviour in the model system from the first
moment of the experiment. As a matter of fact, in this
study, there was no significant difference between
the sessile microbiota on different substrata in
terms of the HPC, fluorescence staining and total
or free ATP level results. In addition, the effect of
the biocidal treatment decreased with increasing
biofilm age, regardless of the material. Under our
test conditions, with respect to the response to the
biocide, the presence of indigenous biofilms and
the age of the biofilm had a greater effect than the
material type. Thus, other prevailing variables in
the system, such as dominant microbial species,
the quantity of microorganisms and chronic
fouling or the age of the biofilm, appear to be
more important for effective control strategies.
Since variability in the response of both sessile
and planktonic cells to biocides can be attributed
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to biofilm maturation regardless substrata type, it
can be concluded that in biocide activity, the use
of effective biocide concentrations regularly before
the settlement of fouling or biofilm maturation
may be more important rather than the material
type to maintain an effective cooling tower water
treatment programme.
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straightforward approach legislatively, we will
look at oxygenated organic fuels as an alternative
drop-in replacement for hydrocarbons.

Introduction
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The restructuring of the economy post-COVID-19
coupled to the drive towards Net Zero carbon
dioxide emissions means we must rethink the
way we use transport fuels. Fossil-carbon based
fuels are ubiquitous in the transport sector,
however there are alternative synthetic fuels
that could be used as drop-in or replacement
fuels. The main hurdles to achieving a transition
to synthetic fuels are the limited availability of
low-cost carbon dioxide at an appropriate purity,
the availability of renewable hydrogen and, in
the case of hydrocarbons, catalysts that are
selective for small and particular chain lengths.
In this paper we will consider some of the
alternative fuels and methods that could reduce
cost, both economically and environmentally.
We recommend that increased effort in the
rapid development of these fuels should be a
priority in order to accelerate the possibility of
achieving Net Zero without costly infrastructure
changes. As ground transportation offers a more

The concepts of carbon dioxide utilisation (CDU) and
carbon capture and utilisation (CCU) are not new
(1). The first recorded example of a CCU process
dates back to the 18th century when Joseph Priestly
recorded the capture of ‘fixed air’ (CO2) from Leeds
Brewery 1768 (2). The process was so successful
that Priestly sold what would be now known as the
intellectual property (IP) to Jacob Schweppe. To this
day the Schweppes Tonic Water labels contain the
strapline “creator of bubbles since 1783”. Salicylic acid,
a precursor to aspirin was first synthesised from CO2
in 1898. However, it is the synthesis of urea fertiliser
from CO2 and ammonia (Figure 1) that highlights
a major issue in CCU. If we look at the complete
supply chain in reverse, we need ammonia to react
with CO2. The ammonia comes from the catalytic
reduction of nitrogen using hydrogen, which typically
comes from steam methane reforming (SMR). In the
SMR reaction, methane reacts with water at high
temperature and pressure, over a catalyst, to give
hydrogen and CO2 as shown in Equation (i):
CH4 + 2H2O → CO2 + 4H2

O
N2 + 3H2

cat
T, p

2NH3

Ammonia
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Fig. 1. Synthesis of
ammonia using HaberBosch and Bosch-Meisner
chemistry
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If we consider the synthesis of transport fuels
from CO2 then the same problem exists: we need
hydrogen to reverse the combustion process. If
we consider the synthesis of hydrocarbons (3)
built from multiple methylene groups, then the
stoichiometry is shown in Equation (ii):
CO2 + 3H2 → –(CH2)– + 2H2O

(ii)

As the chain length increases, so does the total
hydrogen requirement and this also highlights
another important issue. While three equivalents
of hydrogen are required to reduce each CO2
molecule, only one equivalent is incorporated in
the fuels while two equivalents produce water.
If we consider diesel to be C18H38, then a total
of 55 equivalents of hydrogen are required
for each diesel molecule, also resulting in 36
molecules of water being produced. While
synthetic hydrocarbons will become an essential
component in the transition of aviation jet fuel
from fossil-based to synthetic (4), engines used
in ground transportation are more tolerant to a
more diverse range of chemical species and are
less stringently legislated. Of particular interest
are oxygenated fuels such as alcohols and ethers
(5). As the energy of a fuel is directly related to the
hydrogen content, and so for hydrocarbons the
number of C–H bonds, addition of heteroatoms
such as oxygen will result in a dilution of the
energy density (Table I). However, there is a
balance between the relative energy density
and the number of carbons, and consequently
hydrogen, in the fuel.
In this paper we consider the energy-carbon
balance using methanol, butanol and oxymethylene
ethers as exemplars. We consider the pros and
cons and suggest avenues for future research
where catalysis lies at the centre.

Oxygenated Synthetic Transport
Fuels
Methanol Synthesis
The direct transformation of CO2 to methanol
requires the addition of three equivalents of
hydrogen to generate methanol and water
from CO2. This can be performed at moderate
temperatures and pressures (220–250°C and
10–30 bar) over heterogeneous metal oxide
catalysts, particularly copper and zinc oxides
with alumina (CZA, Cu/ZnO/Al2O3), which are
based on catalysts that date back to the 1930s
(8, 9). This process is now being carried out
commercially by Carbon Recycling International,
producing 4000 tonnes a year of sustainable
methanol from Icelandic geological CO2 and
geothermal energy (10).
For this direct conversion, heterogeneous copperbased catalysts are the most extensively studied
with catalyst performance thought to be generally
dependent on the structure of the copper surface
and also possibly the interface between the copper
and the other transition metal components,
most commonly zinc, zirconium or their oxides
(11). Further weight is also given to the degree
of dispersion of the copper within the catalyst
structure, with increasing copper dispersion and
thus copper surface area correlating directly with
increased methanol yield (12).
Computational studies have suggested that
CO2 reactions on the stepped and close-packed
Cu(211) representative surface gives the primary
low-temperature reaction pathway via both formic
acid and formaldehyde, the route via CO being an
alternative and potentially competitive route (13).
This CO, generated by the reverse water gas shift
reaction (RWGS) can be problematic, particularly

Table I Specific Energy and Energy Density of Selected Fuels that are Derived from Fossil
Oil or Can Be Synthesised from CO2 or Other Waste or Bio-Based Carbon Sources
(6, 7)
Fuel

Reference

Specific energy, MJ kg–1

Energy density, MJ l–1

Heavy fuel oil

(6)

41.8

41.0

LPG

(7)

50.2

25.4

Diesel

(7)

45.6

38.6

Gasoline

(6)

46.4

34.2

Jet-A

(7)

46.4

36.7

Methanol

(6)

23.0

18.2

DME

(7)

31.7

21.0

Butanol

(6)

37.3

30.2
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at higher temperatures, where excess carbon
monoxide is generated from CO2 and hydrogen
(see Figure 2).
Both the CO and the byproduct water can limit
the selectivity to and yield of the desired methanol
product, especially where carbon monoxide side
production increases and the RWGS reaction
dominates (14). While the water that is inevitably
generated while the reaction proceeds can sinter
and degrade the catalyst alone, high CO and H2
concentrations from the RWGS reaction have
also been shown to overly reduce these copper
surfaces, making sintering happen more easily
(15, 16). Additionally, the excess CO production
typically promotes hydrocarbon and also higheralcohol generation via well-understood FischerTropsch chemistry, further increasing hydrogen
consumption and complicating product purification
(17, 18). However, as discussed in the later section
of this article, the production of higher alcohols
and other products directly from CO2 by taking
advantage of the greater propensity for CO to form
new C–C bonds on these catalyst surfaces might be
a way to generate CO2 fuels more effectively than
individual production of methanol and then carrying
out subsequent dimethyl ether (DME), methanol
to gasoline (MTG) or methanol to olefins (MTO)
processes, thereby avoiding multiple individual
processes (19).
One method used to avoid CO production and
to generally promote milder reaction conditions
is the use of precious metal catalysts such as
palladium or platinum instead of, or in addition to,
the traditional copper as these help to reduce the
required temperature for the reaction and therefore
increases reaction selectivity as the RWGS reaction
is less favourable (20, 21). In addition, these

catalysts can promote the hydrogenation of any
CO to methanol, further reducing the CO:CO2 ratio
within the reaction mixture (22). However, these
catalysts typically show poor CO2 conversion,
thought to be due to the lower strength of the
bonding between the CO2 and metal surface (23).
Yet another approach is to use copper encapsulated
in metal organic framework (MOF) catalysts which
further promote the exclusion of water from the
catalyst surface, increasing the catalyst turnover
number. The frameworks can also increase the
effective surface area of the active copper species
by limiting the growth of the metal surface, a result
that can also be achieved by using a hydrotalcitelike compound as the catalyst precursor (24).
For the indirect production of methanol, the RWGS
reaction can alternatively be harnessed to generate
CO as an intermediate that can then be used to
create a sustainable synthesis gas (syngas). This
syngas can then be used for methanol production
separately. Using CO in this way has the benefit of
very high selectivity (over 99.5%) and high yield,
facilitated by the absence of water byproduction
(which in this case would be removed during CO
formation) and the fact that CO is a more reactive
starting material than CO2 (25). In some cases,
when producing methanol from CO, the product
methanol solution could even be used for further
product generation without additional purification
or drying (26). It is due to these advantages that
general industrial (non-sustainable) methanol
production typically uses this syngas route, and it
supplies the overwhelming majority of the global
methanol demand, which was 83 million tonnes
in 2019 (27). The routes for creating the CO
starting material from CO2 are numerous, including
classic hydrogenation (RWGS), disproportionation

Fig. 2. A generalised
scheme showing the
various routes for
production of methanol
from CO2
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reactions with biochar (where elemental carbon
reacts with carbon dioxide to form two equivalents
of CO), electrochemical and even plasmolytic
routes (28–31).

–H2O
2

OH
n-Butanol

Butanol Synthesis
Compared with methanol, producing the fourcarbon chain butanol from CO2 is a far more
challenging synthesis. However, butanol is a valuable
potential ‘drop-in’ replacement for petrol as a liquid
transport fuel and is compatible with existing fuel
infrastructures. It can even be used alone as fuel
for unmodified vehicles, with an octane number of
96 (32). It is hydrophobic enough to prevent water
and salt corrosion in modern engines, which is a
major drawback when using high ethanol content in
road vehicle fuel in much of the world (33). Butanol
in standard petrol engines has also been shown to
have similar or even superior fuel economy than
the petrol it replaces, despite having approximately
11% less energy density. This is due to its nature
as a single-component fuel, rather than the wildly
diverse mixture of compounds that make up fossil
fuels, with the entirety of the fuel burning at the
optimum rate. Unlike both methanol and ethanol,
butanol can also be blended with aviation fuels
in limited amounts and its corresponding diester,
butyl butyrate, shows good compatibility with
aviation kerosene (34). This may be crucial for
decarbonisation of the aviation industry as major
industrial nations move towards net zero CO2
emissions in the coming decades.
While there are biological routes for the creation of
sustainable butanol from carbon dioxide, particularly
acetone–butanol–ethanol
(ABE)
fermentation,
separation of low-concentration butanol from
water is challenging due to the low volatility of the
butanol and the fact that high concentrations of
butanol are toxic to microorganisms, limiting the
extent of the fermentation for butanol synthesis
(35). One method to avoid these issues is to
instead dimerise easily manufactured bioethanol
via borrowed hydrogen or Guerbet chemistry (36)
(see Figure 3).
As with the biological routes above, most potential
methods to synthesise butanol from CO2 will
similarly involve a multistep process. For example,
the Guerbet route could also be appropriate for
a CO2 to fuels approach, by first carrying out the
conversion of CO2 to ethanol and then using the
ethanol as a feedstock for the generation of butanol
or other higher alcohols. This can be carried out
using conventional transition metal catalysis, with
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OH

Ethanol

‘Borrowed hydrogen’
2H2

2

–H2O
O

Acetaldehyde

Aldol condensation

O
Crotonaldehyde

Fig. 3. Scheme showing borrowed hydrogen/
Guerbet condensation of ethanol to produce
butanol (higher alcohols can also be produced by
further condensation of butanol)
reduction being combined with methylation of the
absorbed and partially reduced CO2 to generate
the C2 alcohol. The chemical stability of ethanol,
a quirk of its structure, allows this process to be
carried out under surprisingly mild conditions and
with high selectivity. Catalysts that have shown
good activity have included palladium-copper
nanoparticles and cobalt-alumina catalysts, both
have been able to produce ethanol at over 90%
selectivity under 200°C, with the palladiumcopper nanoparticles achieving production of over
100 mmol ethanol per gram catalyst per hour (37).
Interestingly however, the cobalt-alumina catalysts,
while less active for ethanol production, showed
trace production of butanol directly, suggesting
that a direct conversion of CO2 to butanol may be
possible with the development of the right catalyst
and conditions (38).
CO2-to-ethanol has also been carried out using
both atomically divided copper and traditional Cu/
ZnO/Al2O3 catalysts, used for methanol synthesis,
with electrochemical or plasma assistance. The
former has recently been carried out with a Faradaic
efficiency of over 90% at –0.7V, although both
routes showed very low turnover rates (39, 40).
Once again, the fact that butanol has also recently
been generated directly from CO2 by copper
electrocatalysis in low yield is worthy of note:
in this case, it is thought that the acetaldehyde
intermediate has undergone in situ condensation,
as found in Guerbet chemistry (41).
An alternative method to convert CO2 to butanol,
using Grignard chemistry, has been demonstrated
by the authors (Figure 4). First methylmagnesium
bromide is synthesised, which can be generated
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Fig. 4. A CO2 to butanol route involving Grignard chemistry (with the Grignard generated from CO2
methanol) and Claisen condensation and subsequent hydrogenation of the Grignard product to produce
butanol from CO2 and H2 with all other components regenerated by electrolysis

by the reaction of methyl bromide, produced from
CO2-derived methanol, with magnesium. This then
can be reacted with dilute gas phase CO2 at room
temperature and atmospheric pressure to generate
acetic acid, thus incorporating the CO2 capture
process itself into the fuel generation. This acetic acid
was then dimerised via Claisen condensation and
reduced using copper on zinc oxide and hydrogen
to form a mixture of alcohols including butanol. In
principle the magnesium halide byproduct could
then be recycled by high efficiency electrolysis,
also allowing for the creation of further methyl
halide and an overall electrosynthesis-by-proxy
route (42). The magnesium can be regenerated
in existing electrolysis processes and returned to
the process, an example of stoichiometric metal
looping. As the electrolysis process is routinely used
to produce magnesium from sea water, additional
magnesium halide in the process will increase the
efficiency of the metal production.
As a nascent part of the CO2-to-fuels research
field, other routes could yet be discovered. Some of
these routes could include a selective MTO process
to produce either butenes or ethylene from CO2derived methanol. After dimerisation (if ethylene is
used) the resulting butenes can be simply hydrated
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to produce (primarily) 2-butanol, which is the main
industrial manufacturing method for 2-butanol,
and also the preferred butanol isomer for transport
fuels (43). Finally, butanol can be synthesised
directly from sustainable synthesis gas by Cr/
ZnO catalysts, although as might be anticipated,
selectivity and yield to butanol by this route has so
far been low (44).

Dimethyl Ether and Oxymethylene
Ethers
Synthetic transport fuels will be in increasing
demand as fossil-based fuels are phased out. The
initial focus in this paper has been on methanol,
however internal combustion engines need to
be modified because of the corrosivity of high
concentration methanol fuels (these are generally
limited to below 18% of the fuel as a consequence)
as discussed previously. Drop-in hydrocarbons
such as synthetic diesel and kerosene have
been developed, however these are expensive
approaches and require considerable quantities of
dihydrogen as a major byproduct of the reduction
process is water. Recent developments have
focused on DME, formed by the condensation
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of CO2-derived methanol (45). Indeed, Volvo
(46) and Ford (47) trucks in North America have
developed DME vehicles that have been deployed in
commercial environments. DME has a lower energy
density than diesel but, unlike lower alcohols,
is a direct drop-in fuel at 100% concentration.
As it contains no C–C bonds it has much lower
(approaching zero) particulate emissions than
diesel (5) and as it is not fossil-derived it has
no SOx emissions. DME (CH3OCH3) has less
hydrogen than diesel (C18H38) and so becomes a
more economical proposition as less dihydrogen
needs to be produced in order to reduce the CO2.
One major challenge will be to produce DME in a
single-step process from CO2 and dihydrogen, or
preferably water. Photocatalysis may offer a viable
route to achieve this sustainably.
In many countries, governments are proposing
a transition to electric vehicles (EVs) as a means
to defossilise road transport. However, while there
are advantages such as zero tailpipe greenhouse
gas emissions, there are also many problems. For a
true picture of environmental impact, comparative
‘well to wheel’ and ‘weather to wheel’ technologies
should be compared and the latter should be based
solely on low carbon energy as a changing grid mix
will lead to different carbon intensities (48) with the
actual emissions being transferred to point source
emitters; power stations. Furthermore, we will
need fuels that are compatible with existing internal
combustion (IC) engines for the foreseeable future
if we wish to avoid the risk of creating a social
transport underclass; restricting the use of older
spark injection (SI) and compression injection (CI)
vehicles.
Ford in Aachen, Germany announced the world’s
first original equipment manufacturer (OEM)-built
DME passenger vehicle, a Ford Mondeo, at the DME
Sustainable Mobility Workshop at Landesvertretung
NRW in Berlin in 2019 (49). Ford has claimed
that the well-to-wheel CO2 emissions for a DME
powered CI engine could be as low as 5 g km–1,
compared to a conventional diesel fuel value of
116 g km–1 (4). A technoeconomic analysis (TEA)
of DME derived from CO2 has shown that DME can
be produced at a 740 tonnes per day scale with a
minimum selling price of €2193 per tonne, which
compares well with fossil-derived DME of around
US$3000 per tonne (50).
Conventional DME synthesis relies on the
formation of methanol from natural gas or syngas,
the latter being an exothermic process as shown
in Equation (iii). Direct hydrogenation (Equations
(iv) and (v)) can also be achieved catalytically as
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discussed previously, with the enthalpy of reaction
being less than that of CO.
CO + 2H2 ⇌ CH3OH DH = –90.6 kJ mol–1

(iii)

CO2 + H2 ⇌ CO + H2O DH = +41.2 kJ mol–1

(v)

CO2 + 3H2 ⇌ CH3OH + H2O
DH = –49.4 kJ mol–1(iv)

Acid catalysed dehydration in the condensation
of two molecules of methanol gives DME in an
exothermic reaction (Equation (vi)). In order for
this be considered a sustainable process, the
methanol should be produced from captured CO2 or
from biogenic methanol. Both of these approaches
have been applied to the commercial synthesis
of DME by Oberon Fuels (51). The provenance of
the supply has led to the DME gaining Renewable
Fuel Standard approval from the US Environmental
Protection Agency.
2CH3OH ⇌ CH3OCH3 + H2O
DH = –23.4 kJ mol–1(vi)
Recently, considerable effort has been directed to
the direct synthesis of DME from captured CO2 and
hydrogen (Equation (vii)). The advantages include
a single process operation and a highly exothermic
reaction. However, there is still an issue that of the
six equivalents of hydrogen consumed, half end up
in the water byproduct.
2CO2 + 6H2 ⇌ CH3OCH3 + 3H2O
DH = –122.2 kJ mol–1(vii)
It has been shown that DME can be produced
by the direct reduction of CO2, however a more
exothermic process is the direct hydrogenation of
CO in the form of syngas in a 1:1 stoichiometry
(Equation (viii)) (52, 53).
3CO + 3H2 ⇌ CH3OCH3 + CO2
DH = –244.9 kJ mol–1(viii)
A benefit of this process is that all the hydrogen is
retained in the DME product, however the byproduct
is one equivalent of CO2. There is of course the
opportunity to separate the CO2 and feed it into
a second reactor to produce more DME using the
processes described in the following discussions.
This offers an opportunity to utilise waste gases
from iron and steel industries which contain high
concentrations of CO and CO2 as well as hydrogen
in the furnace off-gas (54).
Bifunctional catalysts, such as Cu-In-Zr-O
with SAPO-34 zeolite (CIZO-SAPO) have been
reported (55) for the direct conversion of CO2 to
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DME at 250°C and 30 bar. While the selectivity
to DME is good (64%) the conversion of CO2 is
disappointing at 4.2%.
Polierer et al. (56) have reported a direct synthesis
of DME from CO2 using a mixed catalyst system
based on Cu/ZnO/ZrO2 produced by continuous
precipitation. The catalyst combines methanol
synthesis with subsequent dehydration using CO/
CO2 mixtures at 230°C and 50 bar. DME synthesis
was enhanced when CO2-rich gas feeds were used.
The use of a hybrid Cu/ZnO/ZrO2-ferrite (CZZ(C)FER) catalyst to produce DME directly from CO2 has
been reported (57). A mechanism was proposed in
which hydrogen is adsorbed onto the copper atom
and CO2 onto the Zn-Zr-FER surface. Formation of
formate on the surface is achieved by hydrogen
transfer which then undergoes dehydration through
further hydrogen transfer to give the surface bound
methoxide. Two methoxides then combine to give
DME, completing the dehydration step.
Modak et al. (58) have recently reviewed the
catalytic reduction of CO2 to give amongst other
things methanol and DME and have included the
use of hydrides and carbon instead of hydrogen as
the reducing agent. An optimised reactor has been
used for the direct synthesis of DME from CO2 (59)
using CuO/ZnO/Al2O3 and γ-Al2O3 as the catalyst
system.
In common with many reports, Kornas et al.
(60) have reported the Cu-ZrO2 system as an
active catalyst for DME direct synthesis from CO2,
modified using a heteropolyacid, montmorillonite
K10 as the acidic motif.
The energy density (MJ l–1) of DME is only 54%
that of diesel, and 60% of its specific energy
(MJ kg–1). However, it also contains significantly
less carbon and so when it burns in air or oxygen
it follows the following stoichiometric reaction,
Equation (ix):
C2H6O + 3O2 → 2CO2 + 3H2O

(ix)

By contrast, the combustion of diesel can be
generalised as follows, Equation (x):
C18H38 + 27½O2 → 18CO2 + 19H2O

(x)

It has been shown that despite the lower energy
density and specific energy, in a conventional
compression engine, DME demonstrates lower
well-to-wheel emissions when compared to fossiloil derived diesel (61).
DME is a gas under ambient conditions so needs
to be stored under slightly pressurised conditions
(5.1 bar at 20°C), but considerably lower than the
pressures required for hydrogen. In the vehicle,
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the DME must be pressurised to 12–30 bar to
ensure the material is in the liquid phase (62).
Oxymethylene ethers (OMEx) may ultimately be a
better option as those with more than three carbons
(OME1 and higher) are liquids that can be stored
in conventional tanks. However, the emissions
reductions decrease as the value of x increases
as while the density becomes similar to diesel the
energy density does not increase proportionately.
Furthermore, as x increases so do the production
costs.
A one-pot synthesis of OME1 by hydrogenation of
CO2 in methanol using a 3% ruthenium catalyst
over the high silica zeolite BEA has been reported
(63) to give good selectivity at 150°C (Equation
(xi)). A mechanistic study also suggests that the
reaction proceeds via a bound formate species.
CO2(MeOH) + 2H2(MeOH) + 2CH3OH(l)
⇌ CH3OCH2OCH3(l) + 2H2O(l)(xi)

Conclusions
While there is a drive towards electrification of the
road transport system, there will still be a need for
fuels to power internal combustion engines for the
foreseeable future. This is because there will still
be legacy vehicles in use if a social underclass is to
be avoided and also where high energy density is
required, for example in long-distance road haulage.
While there has been considerable acceleration in
synthetic hydrocarbon production, there is also an
emerging market for oxygenated fuels with lower
emissions. These include methanol, butanol and
methylene ethers such as DME and OMEx. Of these,
perhaps the greatest promise is shown for DME due
to soot emissions approaching zero and reduced
well-to-wheel CO2 emissions even when compared
to EVs depending on the source of the electricity.
The challenge lies in the synthesis of methylene
ethers through selective oligomerisation (64) and
directly for CO2 using mild reaction conditions and
catalysts based on sustainable elements, such
as iron, nickel and copper. There also needs to
be policy interventions to aid the transition from
fossil-based fuels to synthetic carbon-based fuels
while servicing existing engine architectures until a
new vehicle norm is established.
The challenge is truly interdisciplinary taking
expertise from chemistry, engineering and the social
sciences. The transition will also need sustainable
finance in order to accelerate deployment.
However, perhaps the greatest need is for a
high level of creative thinking to allow paradigm
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shifts in technology rather than slow incremental
development. Whatever happens, catalysis will be
at the centre of these activities.
A range of methodologies have been discussed for
the production of oxygenated synthetic transport
fuels. Each is at a different level of maturity or
technology readiness level (TRL). These range
from the synthesis of butanol from Grignard agents
(TRL3) to the commercial production of DME
(TRL9) which is being deployed at scale through
a recent marketing opportunity between Oberon
Fuels and Suburban Propane in the USA. It is
important that the environmental sustainability of
the new materials is fully evaluated using robust
and open life cycle assessment (LCA), however
this should be carried out in the context of TEA so
that the commercial viability of the process is also
considered. Readers are therefore recommended
to consider recent publications that highlight the
need for harmonisation of such approaches with
respect to carbon dioxide utilisation technologies
(50, 56, 65, 66).
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The reduction of carbon dioxide into useful products
such as fuels and chemicals is a topic of intense
research activity at present, driven by the need to
reduce atmospheric CO2 levels and avoid catastrophic
temperature rises across the world. In this review,
we consider a range of different technological
approaches to CO2 conversion, their current status
and the molecules which each approach is best
suited to making. In Part I, the biological, catalytic
and electrocatalytic routes are presented.

1. Introduction
Anthropogenic CO2 emissions from fossil fuels
use and industry amounted to around 33 billion
tonnes in 2019 (1, 2), mainly arising from the
180

power generation sector. The use of carbon
capture and storage (CCS) is considered a key
contributor in the portfolio of options for achieving
the CO2 emission reduction targets agreed by
the international community in 2015 during the
21st Conference of Parties on Climate Change
(COP21). With the premise of keeping the Earth’s
temperature rise below 2°C (and more ideally
below 1.5°C) above the pre-industrial average
(the ‘two degree scenario’), this will require that
at least 94 billion tonnes of CO2 are captured and
stored until 2050 (3, 4). The extent of deployment
will naturally depend on the economics together
with government support and political will, but
nevertheless a consequence is that CO2 capture
implementation will make large quantities of ‘pure’
CO2 available within the next 10 years. Although
the focus on CO2 is being its contribution to climate
change, value can be obtained from its use as a
feedstock for a range of products and services.
It can either be used directly (unconverted) such
as for enhanced oil recovery (EOR) and for the
food and beverage industry or indirectly through
being converted to fuels, chemicals and building
materials (Figure 1). At present, the annual
consumption of CO2 is approximately 230 million
tonnes, with fertiliser production, namely urea,
being the largest consumer (~130 million tonnes
CO2), followed by its use for EOR (~70–80 million
tonnes CO2) (5). With the growing interest for
further development and investment in some of
the newer (less technically mature) conversion
routes then in the future these indirect CO2 users
could start contributing more towards the CO2
consumption figures.
The use of CO2 as a raw material is viewed in the
literature as becoming much more widespread than
it is currently, possibly generating a ‘CO2 economy’
© 2021 Johnson Matthey
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Fossil fuel

Industrial process

Biomass

Fuels
● Methane
● Methanol
● Gasoline/diesel/
aviation fuel

Underground
deposits

Air

Solvent
● Enhanced oil recovery
● Decaffeination
● Dry cleaning

Chemicals
● Chemical intermediates
(methane, methanol)
● Polymers (plastic)

Yield boosting
● Greenhouses
● Algae
● Urea/fertiliser

Conversion

Building materials
● Aggregates
(filling material)
● Cement
● Concrete

CO2

Non-conversion
(direct use)

Heat transfer fluid
● Refrigeration
● Supercritical
power system

Other
● Food and beverages
● Welding
● Medical uses

Fig. 1. Simple classification of CO2 use pathways. Source: IEA (2019) (5). All rights reserved

(6). Carbon dioxide capture and utilisation (CCU)
has even been proposed as an alternative to CCS
as a climate change mitigation strategy, notably
where CCS opportunities are limited, but the
present scale of applications is too small to have a
large impact in emission reductions, as pointed out
by others (7). In the context of potential mitigation
options this view is also relevant if considering a
widespread electrochemical-based solution to CO2
emissions (viz. CO2 electroreduction) due to the
seemingly inconceivable electricity demands and
scale of marketplace that would be required for it
to be considered a prime choice for addressing the
climate change targets (8). However, directionally
some benefit in emissions is obtained from using
the waste CO2 for the synthesis of fuels, powered
by renewable electricity such as solar, wind,
hydroelectric and geothermal (9). This approach
comes under the umbrella of power-to-X schemes
and has been reviewed in the literature (10–12).
Many of the processes rely on water electrolysis to
produce hydrogen, itself a gaseous fuel, followed
by thermocatalytic reduction of captured CO2
to produce synthesis gas (syngas), formic acid,
methanol, methane (synthetic natural gas (SNG))
or higher hydrocarbons. Power-to-X schemes could
produce carbon-based fuels as storage vectors
at times when electricity production outweighs
demand, which is a significant problem of the
intermittent wind or solar power generation. One
challenge in these schemes is the inevitable
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loss of efficiency when multiple processes are
coupled together. From an electricity perspective
it is more efficient to use electricity directly than
to make chemicals; however, market demand
for sustainable fuels and chemicals means that
these concerns can be overcome, especially when
electricity prices are low. It should be noted that
compared with some of the more niche CO2 uses,
the market sector for fuels is vast and while this
makes the opportunity for deriving them from CO2
appealing it also brings about its own challenges.
The potential scale of deployment is very large, with
a choice of distributed or centralised production,
which also needs to be supported by electrolyser
manufacturing scale-up if water electrolysis is
required. The processes are often energy intensive
leading to high production costs to compete with
their fossil fuel based equivalents. Regulatory
requirements and technical specifications for some
of the products (including whether product blends
are acceptable rather than pure products), would
also need to be met. Nevertheless, with process
improvements gained from further development
and project investment from governments with
industrial support, it’s seen as an important area
to target for CO2 utilisation.
In addition to electrochemical and thermocatalytic
routes other options include biological-based
conversions that use CO2 as the carbon source,
and a co-reagent such as hydrogen for energy
supply, with some technologies already reaching
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commercial status. Examples are LanzaTech’s gas
fermentation technology platform for producing fuels
and chemicals such as ethanol and 2,3-butanediol
(13) and Electrochaea’s methanation process (14).
Both the direct use of CO2, or CO2 conversion,
should not be viewed as a mitigation strategy
per se for reasons already mentioned, but instead
as an enabler for increasing the value of a CO2capture project and helping the ‘business case’.
By displacing the use of fossil fuels and promoting
a more sustainable circular economy, CO2 reuse
can also help improve a country’s energy security.
Furthermore, there is also the positive socialeconomic impact through creation of jobs around
the construction and operation of such a facility.
From the outset, the conversion of CO2 into fuels
and chemicals by chemical reduction presents
a thermodynamically uphill challenge, as is
suggested firstly by its large C=O double‑bond
energy (750 kJ mol–1) and the higher, i.e. less
negative, Gibbs free energies for some of the
main carbon-based reduction products listed in
Table I. The conversion chemistry is driven by the
free energy differences between the reactants and
products indicating their relative stabilities (16).
With CO2 being the most highly oxidised product in
many carbon-based processes, including chemical
and biological pathways, it exhibits the lowest
energy state of all carbon-containing binary neutral
species. The large energy required to reduce it is
a significant obstacle and would be reflected in
the energy consumption costs of any economic
evaluation. This energy can either be supplied as
physical energy, for example thermal or electrical,
or indirectly via the use of reactive chemical species
as reagents, such as hydrogen that exhibit a higher
Gibbs free energy to promote the conversion of
CO2 from a thermodynamics perspective.
One result of the energetic challenges inherent
in the CO2 conversion chemistry is there being
an exciting opportunity for catalyst development
in this area, to generate the reaction rates and

product selectivities required for an economic
process (17).
A question that often arises is which fuels or
chemicals should industry target for scale-up and
production and which conversion technology should
be used, with a realisation that some technologies
are still in early-stage development such as direct
low temperature CO2 electroreduction exhibiting
performance challenges with respect to product
selectivity and energy conversion efficiency. The
answer to this will often be dictated by the process
economics and market demand for the product and
a technoeconomic assessment (TEA) comparing
technologies and target products will be an important
decision-making exercise. The economics depend
on not only the capital cost of the technology
equipment items (including reactant purification,
product separation duties and ancillary equipment)
but also on the availability, intermittency and
costs of energy such as renewable electricity and
heat, which vary depending on location and can
greatly influence the operating costs. Furthermore,
this might be supplemented by any government
incentives that might exist, for example the latest
Renewable Energy Directive (RED II) for transport
fuels in the European Union (EU) (18), which itself
could be revised as a result of the European Green
Deal initiative (19). As a result, a credible business
case for justifying deployment of a particular
technology to produce a target fuel or chemical
product would be dependent on the policies within
the host country (or shared policies between
countries as in the EU) and also site-specific
providing accessibility to the CO2 feedstock and a
suitable energy supply. Such a lined-up scenario is
highlighted by the commercial renewable methanol
facility that is owned and operated by Carbon
Recycling International (CRI). The George Olah
plant is located in Iceland’s Svartsengi geothermal
field near Grindavík on the Reykjanes peninsula and
exploits captured CO2 from the nearby Svartsengi
geothermal power station and renewable electricity

Table I Properties of Target Products That can be Made from Carbon Dioxide (15)
Carbon-containing
target product

Chemical
formula

Oxidation state of
carbon

Carbon dioxide (reactant)
Carbon monoxide
Formic acid
Methanol
Methane
Ethanol
Ethylene
n-Propanol

CO2 (g)
CO (g)
HCOOH (l)
CH3OH (l)
CH4 (g)
C2H5OH (l)
C2H4 (g)
C3H7OH (l)

+4
+2
+2
–2
–4
–2
–2
–2
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Gibbs free energy of formation
(∆Gθf), kJ mol–1
–394.4
–137.2
–361.4
–166.6
–50.5
–174.8
+68.4
–166.7

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16081175586719

from the Icelandic grid to produce electrolytic
hydrogen for use in methanol synthesis via the
direct hydrogenation of CO2. The methanol is used
in gasoline blends with the George Olah plant
effectively recycling 5500 tonnes of CO2 a year.
The renewable methanol product from this facility
is sold under the brand name of VulcanolTM and
is displacing a small amount of fossil fuels in the
transport sector (20, 21).
Greenhouse gas (GHG) emission reduction
often plays an integral part in the justification of
a CO2 utilisation plant and a full and robust life
cycle assessment (LCA) is required to confirm CO2
mitigation benefits compared to the conventional
(often fossil fuel) route, taking into account the
whole value chain from CO2 origin to the final
use of the product: a ‘cradle-to-grave’ analysis.
Any climate change benefits will depend on the
source of the CO2 feedstock (fossil fuel, biomass
or directly from air), the carbon footprint of the
conventional product or process route that is being
displaced, the nature of the energy used for the
conversion, the scale of the CO2-utilising process
and the lifetime of the CO2 in the final product. The
analysis would reflect that the CO2 avoided is not
the same as CO2 used.
In terms of the origin of the CO2 feedstock then in
the first instance it would invariably be from point
sources, for example power stations or industrial
cement or steel works, with CO2 clean-up and
concentration being required for the majority of
utilisation processes. However, there has been
much interest lately in direct air capture (DAC)
of CO2 with differing capture technologies being
developed and showcased (22, 23). Although from
a fundamental analysis (24) the separation energy
would conceivably be significantly higher than that
from an industrial point-source (0.04 vol% CO2 in
atmospheric air vs. for example a power station
flue‑gas containing 8–15% CO2 depending on the
fossil fuel) and hence also the separation cost,
several companies are working on this and have
already attained both demonstration and commercial
operating levels. There have been projections made
for the CO2 capture cost from DAC to come down
to approximately US$100 tonne–1 within a decade
(22, 23), which although encouraging is still high
compared to cost targets for the demonstrated and
in some cases commercialised liquid amine-based
capture systems. However, as well as delivering
a high-purity CO2 stream and reducing the costs
and emissions associated with any transport of the
CO2 feedstock, an obvious advantage of DAC is
that it is not limited to locating the conversion or
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direct utilisation plant close to a CO2 point-source.
This attribute lends itself towards smaller-scale
distributed production rather than necessarily
building a large centralised facility that takes
advantage of the economies of scale. The use of
DAC CO2 would close the carbon loop and likely
provide improved carbon mitigation benefits from
either carbon neutral or carbon negative emissions
(depending on final product), to be quantified by an
LCA. Furthermore, a DAC-based source of the CO2
feedstock could qualify for government incentives
for fuels and chemicals in the future. Currently
the EU’s RED II allows for DAC-derived CO2 for
producing synthetic fuels (renewable fuels of nonbiological origin (RFNBO)), but also accommodates
the use of lower cost CO2 from point-sources
such as power station flue-gas, so not exclusively
incentivising the deployment of DAC (23). Like
for many developing technologies within the CCU
space, government support through grants and tax
credits and robust CO2 accounting frameworks will
ultimately be needed to help drive the technology
through the metaphorical ‘valley of death’ and into
commercialisation with an investable package.
This paper provides a perspective on some of
the different CO2 conversion technologies and
their applicability to target products that are being
developed by both academia and industry. It covers
a range of approaches, which are mainly catalytic in
nature including homogeneous and heterogeneous
(thermo)catalytic, electrocatalytic and biological
methods, each of which are at different technology
readiness levels (TRL) and exhibiting different
strengths and research challenges.

2. Biological Routes from Carbon
Dioxide to Products
In nature, the bulk of CO2 reduction is carried out
by plants and autotrophic microorganisms, that
are capable of converting CO2 and an external
energy source into biomass and side products.
Central to autotrophic metabolism are carboxylase
enzymes, that incorporate CO2 (or in some cases,
HCO3–) to specific organic molecules. Autotrophs
also possess energy harvesting systems, that take
reducing potential from light or inorganic electron
donors for CO2 reduction.
Recent advances in genetic engineering have led
to the use of these biological tools (autotrophic
microorganisms, a variety of carboxylases,
autotrophic energy-harvesting systems) and others
as modular units to create synthetic biological
routes from CO2 to virtually any product of interest.
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This review discusses three such synthetic biology
approaches for CO2 reduction.
The first approach is to use autotrophic
microorganisms with genetic engineering and
process optimisation to maximise yield and purity
of their natural products (C1 to C4) or to add
heterologous enzymatic pathways that lead to
new products (Table II). A commercial example
is LanzaTech’s acetogenic strain Clostridium
autoethanogenum, that naturally converts CO, CO2
and hydrogen to ethanol, acetate, 2,3-butanediol
and other products. Strain selection and evolution
combined with the development of the gas
fermentation process have led to improved ethanol
production. LanzaTech’s first commercial plant was
established in China in 2018 and is located at a
steel mill, using industrial waste gas as feedstock.
Biomass and other organic waste can also be
gasified, giving Clostridia and other acetogenic
bacteria versatility in feedstock. The enzymatic
pathway acetogens use, Wood-Ljungdahl, is the
most energy-efficient natural autotrophic pathway.
Depending on the species, acetate is either the
main product or precursor and hydrogen is used
as the source of reducing energy (25). Other
species of Clostridia have been used to produce
butanol (26).
Photoautotrophic microorganisms such as
microalgae and cyanobacteria are another
example, using light to split water to generate
oxygen, as well as hydrogen and H+ gradient for
energy. This is used for the Calvin cycle (also
known as the Calvin-Benson-Bassham cycle or
the reductive pentose pathway), an enzymatic
pathway that requires a lot of energy to fix CO2.
Microalgae, typically grown in large scale in ponds
and can use wastewater, convert CO2 to biomass
for animal feed and a range of lipids for biodiesel
(27). Chemical production from CO2 has seen

recent advances due to the expansion of available
genetic tools for cyanobacteria. Combined with
improved photobioreactor design, this has enabled
production of 1-butanol at 4.8 g l–1 (302 mg day–1)
from Synechocystis, the highest production rate
of 1-butanol from CO2 (28). Phytonix Corporation
is a producer of biobutanol and biooctanol using
cyanobacteria (29).
The ‘Knallgas’ bacterium Cupriavidus necator also
utilises the Calvin cycle, but takes reducing energy
from hydrogen or formate. This bacterium naturally
accumulates polyhydroxybutyrate, a bioplastic
precursor. With genetic engineering, it has been
exemplified to produce branched-chain alcohols
and alkanes from CO2 (25). C. necator has been
used in microbial electrosynthesis (MES, discussed
later) where formate or hydrogen is produced from
the cathode.
The second approach is to take model heterotrophic
(not able to grow on CO2) microorganisms and
introduce carboxylases or autotrophic pathways
that enable CO2 utilisation. These organisms, with
well-established use in industrial fermentations,
are capable of high growth rates (specific growth
rates of 0.5 h–1 to > 3 h–1) and high productivities
when grown on sugars or other carbon sources.
In addition, their well-characterised metabolism
and a wide range of available genetic tools make
them ideal hosts for genetic engineering. Genetic
modifications and the introduction of the Calvin cycle
including ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) into bacterium Escherichia
coli enabled the phospho-sugar synthesis from CO2
(30). In yeast Saccharomyces cerevisiae, the same
approach led to 10% increased ethanol production
from glucose and galactose, at the expense of
side product glycerol (31). More recently, the
introduction of Calvin cycle components and the
modification of a native metabolic pathway of the

Table II Autotrophic Microorganisms, their Energy Sources, Natural Products and Products
That Have Been Made Possible by Genetic Engineering (25)
Class

Specific
examples

Energy
source

Natural products

Acetogens

Clostridia

Hydrogen

C2 to C4: acetate, ethanol,
Butanol, butyrate, acetone
2,3-butanediol

Cyanobacteria

Synechocystis spp.,
Synechococcus
Light
spp.

>C10, biomass

Propionate isobutylaldehyde,
L-lactic acid, 2,3-butanediol,
1-butanol, acetone

Microalgae

Chlamydomonas

Light

>C10, biomass high in
fatty acid for biodiesel,
animal feeds

–

Knallgas

Cupriavidus
necator

Hydrogen,
formate

>C10,
polyhydroxybutyrate

Branched alcohols, alkanes
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methylotropic yeast Pichia pastoris has enabled
growth on CO2 as a sole carbon source (specific
growth rate of 0.018 h–1). This is a significant
demonstration of conversion of an industrial
heterotroph to a synthetic autotroph. Pichia is
widely used for the production of commercial
enzymes and pharmaceutical chemicals and
can use methanol as a carbon source. This work
facilitates the use of Pichia for CO2 conversion into
commodity or specialty chemicals using methanol
as an energy source (32).
The third approach is to integrate the first two:
a simultaneous or sequential fermentation of
autotroph (to reduce CO2 to a C1 or C2 product, such
as formate, ethanol or acetate) and heterotroph
(to utilise the first product as a substrate for >C2).
This combines the beneficial characteristics of both
types of organisms. An example is the two-stage
process using the acetogen Moorella thermoacetica
to convert CO2, CO and H2 to acetate, which was
then used in a separate bioreactor by the oleaginous
yeast Yarrowia lipolytica to make triglycerides (33).
As genetic engineering and bioreactor designs
continue to improve, certain bottlenecks become
apparent. Limited energy and CO2 uptake occurs
due to inefficient microbial photosystems (in
photosynthesis, only 1% of light energy is utilised
for biomass and product conversion) and the low
solubility of both CO2 and hydrogen in aqueous
solutions. CO2 conversion is also rate-limited by
the carboxylase enzymes in CO2-fixation pathways,
which evolved in environments where fast kinetics
was not a requirement. These bottlenecks are
being addressed through further engineering and
targeted evolution of biological energy-harvesting
systems and individual carboxylases and through
studies of natural CO2-concentrating mechanisms
such as carboxysomes (subcellular compartments

where RuBisCO is localised). Aided by advances
in bioinformatics and high-throughput enzyme
production, more efficient synthetic carboxylation
pathways (featuring faster carboxylases and less
energy-demanding steps) are also being designed,
constructed and tested in either cell-free systems
or microbial organisms.

3. Catalytic Conversion of Carbon
Dioxide to Products
3.1 C1 Molecules
Some key transformations of CO2 into relevant
C1 molecules are well known – reduction to
carbon monoxide, methanol and methane. The
reduction of CO2 to methane is the largest change
of carbon’s oxidation state possible, from +4 to
–4, requiring four molecules of hydrogen or eight
electrons to achieve. This makes it a very energy
intensive transformation, –165 kJ mol–1, but the
consequence is that methane is an energetic fuel,
with 800 kJ mol–1 released on combustion.
Much of the existing technology in methanation is
focussed on the conversion of CO/CO2 mixtures to
methane, conversion of syngas derived from coal or
biomass to SNG or the removal of low levels of CO
and CO2 from gas streams as a purification process.
More recently, the focus has shifted towards storing
and transporting renewable energy and creating
more sustainable fuels through power-to-X type
processes (34). The technology is typically based on
heterogeneous nickel catalysts which are efficient
at the conversion. Scheme I shows chemistries
based on CO or CO2 hydrogenation.
Methanol synthesis (35), by way of contrast,
is performed to make methanol directly. The
feedstock is typically a mixture of CO2, CO and

CO2 based chemistries

CO based chemistries

CH4 + 2H2O → 4H2 + CO2

Steam reforming

CO2 + 3H2 → CH3OH + H2O

Methanol synthesis

CO + 2H2 → CH3OH

CO2 + 4H2 → CH4 + 2H2O

Methanation

CO + 3H2 → CH4+ H2O

CO2 + H2 → CO + H2O

Reverse water gas shift

nCO2 + (3n+1)H2 →
CnH(2n+2) + 2nH2O

Fischer Tropsch

nCO + (2n+1)H2 →
CnH(2n+2) + nH2O

Scheme I. Chemistries based on CO or CO2 hydrogenation
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hydrogen and catalysts are mainly based on
copper or copper/zinc oxide. The precise detail of
the reaction mechanism is still contested in the
literature, but the presence of both CO and CO2 is
generally required (36).
Both methanation and methanol synthesis are
mature technologies, but work is underway to
tune them towards the different requirements
of CO2 conversion driven by the requirements of
climate change. From the process point of view,
hydrogen should be supplied in a sustainable
form. In principle, this could be blue hydrogen
(from steam reforming with CCS) or green
hydrogen (from water electrolysis). Practically, it
seems unlikely to couple blue hydrogen to a CO2
hydrogenation process, since the amount of CO2
generated by the steam reforming reaction could
easily dwarf the amount converted into methane
or methanol. There are challenges today with the
availability of electrolysis at the scale needed to
supply hydrogen to industrial methanol plants,
but significant efforts are being made to scale up
electrolysers.
One important difference between working with
CO and CO2 is that more water is produced from
the CO2-based chemistries (Scheme I) as more
oxygen needs to be removed to access reduced
products. This leads to impacts on the process,
for example changing the separation required, but
also on the catalyst which will need a greater level
of water tolerance. Catalysts and catalyst supports
can be damaged hydrothermally by steam or water
so some level of reformulation is likely to be required
to counter this. Catalysts are developed specifically
for CO2 hydrogenation applications (37). Much of
this work is based on modification to the existing
copper or copper/zinc-based catalysts, but other
metals such as palladium (38) and indium (39) are
promising alternatives.
Homogeneous systems have been developed for
methanol synthesis directly from CO2 and hydrogen.
These are usually catalysed by Ru(II) phosphine
complexes (40), although iron complexes (41)
have also been shown to be active. An amine
additive is used in these systems to capture the
CO2 and is eliminated in the final hydrogenation –
an interesting feature where the carbon capture is
built into the catalyst system.
One interesting consequence of an increasing
conversion of CO2 to methanol could be the further
growth of methanol as a key intermediate. A
number of methanol conversion technologies are
already in commercial practice or at advanced
stages of development (Scheme II) and others
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could be developed. As these are already mature
pathways they present methods of converting CO2
into a range of fuels and chemicals.
The reverse water-gas shift reaction (49) is
receiving increased attention as a method for
converting CO2 into syngas using renewable
hydrogen. This is attractive as it allows existing,
high-TRL processes to be run in two steps from
CO2. However, unlike the forward water-gas shift
reaction, the reverse water-gas shift reaction is
not well commercialised at present. This is due
to issues with equilibria, selectivity to methane,
carbon laydown and the high temperatures needed
to drive the reaction forward. A range of catalysts
are being evaluated at laboratory scale for the
reverse water-gas shift reaction. Many of these
are based on copper (50), especially copper-ceria
(51), but iron (52), nickel (53), platinum (54) and
molybdenum carbide (55) catalysts are also under
investigation. In light of the challenges to develop
a commercialised process, other methods for
activation of CO2 to CO such as electrochemistry or
photochemistry are interesting.

3.2 Larger Molecules
The direct reduction of CO2 to ethanol has not been
widely studied. Most catalysts proposed for this
transformation are either based on modification
of existing methanol synthesis catalysts such as
copper-zinc-alumina, or on Fischer-Tropsch (FT)
type mechanisms, and both give rise to challenges
in selectivity: to methanol in the former case and
to other carbon chain length products in the latter.
One interesting approach is the use of cobalt
aluminium oxides prepared from a precipitated
hydrotalcite precursor which gave over 90%
selectivity to ethanol (56), albeit at laboratory
scale. The main byproducts were other short chain
alcohols, such as methanol and propanol, along
with smaller amounts of CO. A second study (57)
used PdCu/TiO2 catalysts to hydrogenate CO2 to
ethanol with similar selectivity, finding that the
optimal catalyst composition was based on Pd2Cu
nanoparticles.
Homogeneous catalysis approaches have been
applied to use CO2, in particular for the synthesis
of fine chemicals. The interest stems from the
non-toxic nature of CO2 compared with other
potential C1 reagents such as formaldehyde or CO.
Strong reducing agents such as silanes or boranes
are typically used to reduce CO2, although some
reactions have been reported where CO2 and
hydrogen are reacted together using a ruthenium
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Scheme II. Methanol conversion technologies. Methanol is converted using different approaches into olefins
(42), acetic acid (43), hydrogen (44), ethanol (45), gasoline (46), dimethyl ether (47) and formaldehyde (48)

hydride system to convert C–H and N–H bonds
into C–CH3 and N–CH3 respectively (58). In other
systems, CO2 is converted to carbonates (59) by
reaction with simple alcohols such as methanol or
with epoxides (60) to give cyclic carbonates with
significant complexity. A different application of this
technology is in the synthesis of polyurethanes.
The German company Covestro have developed a
process for utilising waste CO2 in polymers used
in mattresses and other applications (61). The
polyurethane synthesis process uses cobalt and
zinc catalysts.
An alternative approach to making larger
molecules is through a FT type mechanism.
Of particular interest are iron catalysts, which
possess reverse water gas shift (RWGS) activity
and so are able to convert CO2 to CO. As the CO
is further reacted, equilibrium does not constrain
the conversion which can be reached. The catalyst
structure is important in determining the products
made. Iron oxide sites are responsible for reduction
of CO2 into CO, which is then converted on iron
carbide sites into a range of hydrocarbon products.
The precise structure is a complex function of the
catalyst precursor and the activation and reaction
conditions (temperature, pressure, conversion
level, gas feed mixture and other factors) as this
determines the distribution of active sites. A typical
iron FT catalyst promoted with zinc and potassium
was tested at 220°C and 30 bar pressure with
H2:CO2 = 1 and a space velocity of 6 l gcat–1 h–1
(62). The products were CO and light hydrocarbons
with a significant proportion of alkenes at a CO2
conversion just below 10%. A cobalt catalyst run
under similar conditions was more active but had a
much higher selectivity to methane.
Modified catalysts can be tailored to produce
alkenes. For example, a potassium-promoted iron
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oxide catalyst activated in H2/CO at 350°C then
used in 3:1 H2:CO2 at 5 bar gave 35% selectivity
to C2–C4 alkenes and 25% selectivity to C3– C9
alkenes (63) with the other major products
being methane and CO. Modifying the catalyst by
addition of a zeolite has been shown to make a
gasoline-range product. This intriguing catalyst
contains three separate types of active sites: iron
oxide to reduce CO2, iron carbide to catalyse the FT
reaction and the acid sites of the zeolite which form
aromatic molecules from the primary products of
the FT reaction (Figure 2).
The process gave 78% selectivity to gasolinerange hydrocarbons (64), although much of this is
aromatics which may not be appropriate in all fuel
applications. The concept can be taken further to
make aromatics from CO2. A similar catalyst was
used (65) to make around 30% of aromatics at
30–40% CO2 conversion. A mixture of aromatics
was produced, with the main components being C9
and C10 products.
Catalysis offers viable routes into many
molecules, characterised by adapting well-known
syngas-based processes for C1 molecules such as
methane and methanol, making use of methanol
conversions to access other molecules and building
on processes such as FT to make fuels.

4. Electrocatalytic Conversion of
Carbon Dioxide to Products
Synthetic fuels from renewable energy sources
(known as ‘e-fuels’) have become increasingly
attractive to achieve GHG emission targets
as discussed in the introduction. Increasingly
abundant low-cost renewable electricity combined
with site specific advantages and policies, has
enabled electrochemical processes to compete
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Fig. 2. (a) Reaction scheme for CO2 hydrogenation to gasoline-range hydrocarbons. The CO2 hydrogenation
reaction over Na–Fe3O4/zeolite multifunctional catalyst takes place in three steps: an initially reduced to
CO intermediate via RWGS; a subsequent hydrogenation of CO to a-olefins intermediate via FT synthesis;
and the formation of gasoline-range hydrocarbons via the acid-catalysed oligomerisation, isomerisation and
aromatisation reactions. (b) Product distribution for Na-Fe3O4 catalyst; (c) product distribution for Na-Fe3O4/
ZSM-5 catalyst. Reproduced from (64) Creative Commons Attribution 4.0 (CC-BY 4.0)

4.1 What are the Possible Products
of Carbon Dioxide?
Pioneering work carried out by Hori and coworkers
(75) in the 1980s marked the birth of CO2 reduction
as a new branch of electrochemical research,
showing that the choice of metal catalyst can give
control over the mechanism and therefore the
product. Figure 3 succinctly plots these metals
based on their hydrogen and CO adsorption energies
(76), realising four groups yielding different CO2
reduction products. Note the correlation between
the binding of the two intermediates (CO and
hydrogen), deemed the scaling relation (76, 77).
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Here we shall examine the CO2 reduction
mechanism at a catalyst surface and explore how
hydrocarbon products may be generated. The
mechanism may be explained in two steps: 2e–
reduction to CO or formate and further reduction
from the CO intermediate (78).
The rate determining step of CO2 reduction to CO
is the adsorption of CO2 onto the surface of the
catalyst (78, 79). The activation energy for CO2
adsorption is large because of the reorganisation

0.5
0.0
∆ECO*, eV

with traditional thermocatalysis methods, for
example the George Olah plant outlined in the
introduction coupling hydrogen through electrolysis
with thermocatalysis to produce methanol. Water
electrolysis is a well-established technology
with many reviews (66, 67), hence this section
focuses on going beyond hydrogen to the direct
electrochemical reduction of CO2. This area, while
much more embryonic, is pushing towards pilot
scale with companies like Siemens and Evonik
Industries (68), Avantium (69), Opus 12 (70),
CERT Systems (71) and Skyre (72) developing
commercial systems. High temperature electrolysis
to produce CO and syngas (73, 74) using solid
oxide electrolyser cell (SOEC) systems could be
advantageous if coupled with thermochemical
processes to reduce heating cycles. SOECs are not
able to reduce CO2 directly to other hydrocarbons
and
oxygenates,
unlike
low
temperature
electrolysis.

–0.5
–1.0
–1.5
–2.0
–0.5

0.0

0.5

1.0

ΔEH*, eV

Fig. 3. CO2 reduction metal classification. Metals
with strong binding energies preferentially
electrolyse water instead of CO2 to produce
hydrogen (bottom left). Weak binding energies
favour HCOOH (top right), while intermediate
binding energies generate CO (top middle). One
metal slightly apart (copper) produces multicarbon products beyond CO. Reproduced from (76)
Copyright John Wiley & Sons Inc
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energy involved in forming a bent CO2.–ads
intermediate (78). The particular catalyst surface
dictates the metastability of different CO2.–ads
coordination modes as the catalyst affects the
overpotential, or activation energy, for CO2 to
CO2.–ads (80, 81).
A catalyst with a high CO2 to CO2.–ads overpotential
has weak CO2.–ads adsorption so coordinates CO2.–ads
through oxygen and favours protonation to HCOOH
shown in Figure 4(a) (78). These catalysts include
mercury, cadmium, lead, thallium, indium and tin,
with tin or SnO generally favoured (82–85). Due to
weak Hads, competitive hydrogen production is not
a major concern, generally giving this route high
Faradaic efficiencies (FEs) >90%.
At materials with a low overpotential for CO2 to
CO2.–ads such as platinum, nickel and iron, the radical
anion intermediate coordinates through carbon (or
mixed carbon/oxygen) and reacts to form COads.
CO eventually coats the metal surface deactivating
the CO2 reduction pathway (75, 78, 81). As
exemplified by Figure 3, these metals also bind
hydrogen favourably, therefore generally turn to
hydrogen production (i.e. low selectivity towards
CO2 reduction products). A few studies have shown
carbonaceous species at very low overpotential
before hydrogen formation dominates but this is
economically impractical, discussed below.
Materials which reduce CO2 at a medium
overpotential bind CO2.–ads through the carbon or
mixed carbon/oxygen, stabilising it for dissociation
to CO on the surface (81). Gold, silver and zinc
are good CO2 to CO examples where CO is very
weakly bound, leaving the catalyst before further
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Fig. 4. (a) Proposed
mechanism for CO2
reduction with H2O to
formate or CO. Mechanism
is dependent on how
the CO2 radical anion
coordinates to the catalyst;
(b) possible mechanism for
ethylene (C2H4) formation
by the coupling of two
chemisorbed CO molecules.
Adapted with permission
from (78) Copyright 2010
American Chemical Society
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reduction (75, 86), likewise Hads remains weak
enough to allow high FEs (>90%) to be achieved.
Silver is generally favoured (83, 85, 87, 88).
Copper also comes under this medium
overpotential category but with a slightly stronger
COads energy, it allows the intermediate to remain
loosely adsorbed meaning it is mobile and able
to undergo C–C coupling reactions to form
products like ethylene (see possible mechanism in
Figure 4(b)), amongst other hydrocarbons and
alcohols (75, 78). With increased COads comes
increased Hads and with it hydrogen production as
a byproduct, limiting the FEs achieved. Kuhl et al.
(89) measured 16 CO2 reduction products on a
copper plate (Figure 5). Because CO2 is a C1 carbon
building block there are numerous mechanistic
pathways to reach a plethora of products and even
more intermediates (90) for the 12e– reduction to
either ethylene or ethanol. In this case how does
one control selectivity to a preferred product while
limiting hydrogen production?
Many variations of copper catalysts have been
studied (81, 85, 91), and these are evaluated
using metrics based on FE (the proportion of
electrons which are used to make the desired
product), current density (which is a measure of
the reaction rate per unit area of electrode) and
overpotential (which is a measure of how energy
efficient the system is and reflects both catalyst
and cell design).
Generally, the most prevalent product is ethylene,
examples go up to 65–75% FE at impressive
partial current densities of 500–1100 mA cm–2 at
high pH (92, 93). By tuning the copper surface
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Fig. 5. Current efficiency for CO2 reduction reaction
product as a function of potential generated on
polycrystalline copper. Reproduced from (89) with
permission from The Royal Society of Chemistry

with CeOx (94) or by addition of a CO forming
cocatalyst such as gold (95) or an iron porphyrin
(96), FE for ethanol can be achieved at up to 43%
at 128 mA cm–2.
Methanol at first appearance seems one of the
easier products to form considering it is a C1
molecule with a 6e– reduction (fewer than for
ethylene and ethanol), but has been particularly
challenging to produce. Albo and Irabien (97)
showed 42% FE at 10 mA cm–2 in a gas diffusion
electrode (GDE) setup, while other methods have
used the combined effort of mixed copper catalysts
(palladium-copper (98) and copper-selenium (99))
to tune electronic properties of the active site
and ionic liquids to possibly increase the CO2:H2O
ratio at the electrode electrolyte interface, to
achieve ~80% FE at 30– 40 mA cm–2. Some claims
on different catalysts such as RuOx have been
disproven (100).
A multitude of other species have been produced
but still at relatively low current densities. Methane
has been produced at 80% FE at a partial current
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density of 9 mA cm–2 (101). Oxalic acid has been
made at 29% FE using silver catalysts (102). C3+
molecules present a greater challenge due to the
range of possible intermediates and products, but
some progress has been made with propanol at 10%
FE at low current densities on copper nanoparticles
(NPs) (103). Remarkably, 2,3-furandiol has been
made with 71% FE using nickel phosphide catalysts
(104).
There is an increasing variety of alternative
catalysts with reviews on homogeneous (105) and
tethered (106) molecular catalysts and metal free
(107) catalysts. It is interesting to note that metal
free catalysts have been able to replicate C–C
coupling. For example, a range of carbonaceous
species including ethylene at up to 31% FE have
been measured on nitrogen-doped quantum dots
(108).

4.2 What are the State of the Art
Systems?
While catalyst optimisation can improve activity
and product selectivity, the catalyst environment
and therefore the cell architecture plays a large
role too (109).
To compare the cell performance, the cell efficiency
is a very useful term which combines the energy
efficiency to produce the molecules (overpotential
in the electrochemical sense) and the current
efficiency or selectivity (the focus of the discussion
above) (110, 111). It is worth noting that in an
electrochemical system the reaction of interest is the
cathodic reduction of CO2, and this needs balancing
with an anodic reaction, generally the oxygen
evolution reaction; the energy efficiency includes
both these reactions. Rate of reaction, measured
as a partial current density to the desired product,
is also important for the electrolyser to operate
with a reasonable plant footprint. Jouny et al. (111)
gave an example target for alcohols of 3 V at 70%
FE cell efficiency (for example, 28% for ethanol) at
a rate >300 mA cm–2. Two other key components,
durability and conversion efficiency, are reported
to a lesser extent and are mentioned in the future
perspectives section.
Table III lists a selection of the most recent
achievements in CO2 reduction to some of the key
products, with cells on the road to commercialisation
reported where possible, else laboratory experiments
are reported to give a feel of the current TRL. Cell
geometry is very important to achieving these
goals (109, 114, 115), with examples of different
cell geometries shown in Figure 6 from laboratory
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Table III A Selection of Current Literature Exemplifying the Status of Electrochemical CO2
Reduction Where Full Cells Have Been Put Together
Catalyst

Cell type

Partial
activity,
mA cm–2

Selectivity
(FE), %

Durability
test, h

Cell
efficiency, Reference
%

Carbon monoxide (2e–) TRL4–5 (TRL7–8 for SOEC)
Silver/MWCNT

Flow cell GDE
cathode

350

>95

–

45

(87)

Silver NPs

MEA (alkaline
membrane)

120

98

90

49

(83)

Silver particles (Covestro)

Flow cell GDE
cathode

150

60

800

25

(88)

Ni-YSZ

SOEC

640

100

7600

80

(74)

Tin NPs

MEA type

140

94

142

40

(83)

SnO2/C

Flow cell GDE
cathode

500

90 (80b)

11

15

(84)

Cu2O NPs

Flow cell GDE
cathode

10

42

1.5

–

(97)

Cu1.63Se(1/3)

H-cell with
ionic liquid

41

78

–

–

(99)

Flow cell

9

80

1

–

(101)

Copper NPs

Flow cell GDE
cathode

150

27

4

15

(112)

Copper NPs + copper on
polytetrafluoroethylene

Flow cell GDE
cathode

1100

65–75

60a

20

(93)

MEA

124

41 (35b)

15

13

(96)

15 nm copper
nanocrystals

H-cell

1.74

8.8

14%
deactivation –
over 12 h

(103)

MoS2 single crystal

H-cell

0.25

3.5

–

(113)

–

Formate (2e ) TRL3–4

Methanol (6e–) TRL1–2

Methane (8e–) TRL1
Copper NPs
Ethylene (12e–) TRL3

Ethanol (12e–) TRL2–3
Fe(TPP)Cl / Cu
–

Propanol (18e ) TRL1

–

Note: this is a comparison of technologies rather than a molecule by molecule comparison due to the very different conditions used
between experimental setups. MWCNT = multiwalled carbon nanotube, SOEC = solid oxide electrolyser cell, YSZ = yttria-stabilised
zirconia, Fe(TPP)Cl = 5,10,15,20-tetraphenyl-21H,23H-porphine iron(III) chloride, GDE = gas diffusion electrode.
a
7 M KOH, this is unlikely to be economical to keep the high pH due to the reaction of KOH with CO2 lowering the pH
b
End of life performance corresponding to its durability time

scale H-cells to more commercially viable flow
cells and membrane electrode assemblies (MEAs).
Vennekaetter et al. (115) discuss the benefits
and drawbacks of different cell geometries. The
MEA (Figure 6(d)) allows the electrodes to be
placed much closer together giving these systems
comparatively higher energy efficiencies. While in
their case a perfluorosulfonic acid (PFSA) based
membrane with either a copper or silver catalyst
gave no CO2 reduction products, others have
shown a tin nanoparticulate catalyst on a PFSA half
MEA can give 94% FE for formic acid at a 40% cell
efficiency and a silver catalyst on an alkaline based
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MEA can give 94% FE CO at a 49% cell efficiency
(83). Alkaline membrane technologies are still in
their early days of development, leading others to
develop flow cells which can achieve similar FEs
for CO and formate with 15–40% cell efficiencies
(84, 87, 88). In addition, flow cells allow control
over the pH and cation which have all been shown
to affect the product distribution (75, 92, 116),
making it the preferred choice for more complex
products (>2e–) (a zero gap anode with a GDE
cathode flow cell can achieve the next highest
energy efficiencies, (Figure 6(c)). For example,
ethylene formation at 65–75% FE achieved
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Fig. 6. Examples of different cell geometries using a cation exchange membrane: (a) H-cell; (b) flow cell; (c)
zero-gap anode flow cell; (d) MEA

20% cell efficiency with a remarkable rate of up
to 1100 mA cm–2 (93). However, this system was
demonstrated at pH 15, raising the question of
how mitigation of carbonate formation would
affect the system economics. Alternatively, for
longevity, would it be better to develop catalysts
and electrodes capable of achieving high FEs at
near neutral conditions?

4.3 Future Perspectives
Much emphasis has been put on catalyst
development in this area and with new materials
and structures coming through, this is still an
important part of development, especially for
the more obscure molecules (methanol, C3+).
However, some target molecules such as CO,
formate and ethylene have shown good FEs at
close to industrially relevant current densities. In
these systems the questions of focus need to be:
how the electrodes or cells can be scaled up, what
degradation routes can be mitigated for longer
running times (117), how production costs can be
driven lower by increasing cell efficiencies and how
conversion efficiencies can be driven up to reduce
additional separation steps afterwards.
Finally, the integration of these reactions needs to
be considered in complete processes as to whether
it is coupled with a CO2 source to create a fuel in
one step (formate, methanol, ethanol or propanol)
or whether it is integrated into a multistep process.
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This could be multiple electrochemical steps
(recent studies have shown ethanol may be formed
from CO at a higher yield (118)) or coupling
electrochemical to thermochemical or biochemical,
for example an electrochemical step to CO is further
upscaled to longer chain hydrocarbons through
FT (119) or an electrochemical step to formate is
then fed to a biocatalyst to form isobutanol and
3-methyl-1‑butanol (120). These ideas and how
processes may be integrated are expanded on in
the discussion section in Part II (121).

References
1.

’Global CO2 Emissions in 2019’, The Energy Mix,
International Energy Agency, Paris, France, 11th
February, 2020

2.

C. Hepburn, E. Adlen, J. Beddington, E. A. Carter,
S. Fuss, N. Mac Dowell, J. C. Minx, P. Smith and
C. K. Williams, Nature, 2019, 575, (7781), 87

3.

A. S. Reis Machado and M. Nunes da Ponte, Curr.
Opin. Green Sustain. Chem., 2018, 11, 86

4.

“20 Years of Carbon Capture and Storage:
Accelerating Future Deployment”, International
Energy Agency, Paris, France, 22nd November,
2016, 115 pp

5.

“Putting CO2 to Use: Creating Value from
Emissions”, International Energy Agency (IEA),
Paris, France, 1st October, 2019, 86 pp

6.

E. I. Koytsoumpa, C. Bergins and E. Kakaras,
J. Supercrit. Fluids, 2018, 132, 3

7.

N. Mac Dowell, P. S. Fennell, N. Shah and

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16081175586719

G. C. Maitland, Nature Clim. Chang., 2017, 7, (4),
243
8.

D. Pletcher, Electrochem. Commun., 2015, 61, 97

9.

M. Aresta, A. Dibenedetto and A. Angelini, J. CO2
Util., 2013, 3–4, 65

10. M. Bailera, P. Lisbona, L. M. Romeo and
S. Espatolero, Renew. Sustain. Energy Rev.,
2017, 69, 292
11. S. Brynolf, M. Taljegard, M. Grahn and J. Hansson,
Renew. Sustain. Energy Rev., 2018, 81, (2), 1887
12. M. Thema, F. Bauer and M. Sterner, Renew.
Sustain. Energy Rev., 2019, 112, 775
13. LanzaTech, Skokie, USA: https://www.LanzaTech.
com/ (Accessed on 20th July 2020)
14. Electrochaea, Planegg, Germany: http://www.
electrochaea.com/ (Accessed on 20th July 2020)
15. “CRC Handbook of Chemistry and Physics”, 89th
Edn., ed. D. R. Lide, CRC Press, Boca Raton, USA,
2008
16. Z. Jiang, T. Xiao, V. L. Kuznetsov and P. P. Edwards,
Philos. Trans. Royal Soc. A: Math. Phys. Eng. Sci.,
2010, 368, (1923), 3343
17. M. D. Burkart, N. Hazari, C. L. Tway and
E. L. Zeitler, ACS Catal., 2019, 9, (9), 7937
18. ‘Directive (EU) 2018/2001 of the European
Parliament and of the Council of 11 December
2018 on the Promotion of the use of Energy
from Renewable Sources’, Official J. Eur. Union,
L 328/82, 21st December, 2018
19. ‘A European Green Deal: Striving to be the First
Climate-Neutral Continent’, European Commission,
Brussels, Belgium: https://ec.europa.eu/info/
strategy/priorities-2019-2024/european-greendeal_en (Accessed on 30th July, 2020)
20. Carbon Recycling International, Kópavogur,
Iceland:
https://www.carbonrecycling.is/
(Accessed on 3rd July 2020)
21. G. Williams, Johnson Matthey Technol. Rev.,
2018, 62, (4), 389
22. D. W. Keith, G. Holmes, D. St. Angelo and
K. Heidel, Joule, 2018, 2, (8), 1573

Johnson Matthey Technol. Rev., 2021, 65, (2)

phytonix.com (Accessed 28th July 2020)
30. N. Antonovsky, S. Gleizer, E. Noor, Y. Zohar,
E. Herz, U. Barenholz, L. Zelcbuch, S. Amram,
A. Wides, N. Tepper, D. Davidi, Y. Bar-On, T. Bareia,
D. G. Wernick, I. Shani, S. Malitsky, G. Jona,
A. Bar-Even and R. Milo, Cell, 2016, 166, (1), 115
31. V. Guadalupe-Medina, H. Wisselink, M. A. H. Luttik,
E. de Hulster, J.-M. Daran, J. T. Pronk and A. J. A.
van Maris, Biotechnol. Biofuels, 2013, 6, 125
32. T. Gassler, M. Sauer, B. Gasser, M. Egermeier,
C. Troyer, T. Causon, S. Hann, D. Mattanovich and
M. G. Steiger, Nature Biotechnol., 2020, 38, (2),
210
33. P. Hu, S. Chakraborty, A. Kumar, B. Woolston,
H. Liu, D. Emerson and G. Stephanopoulos, Proc.
Natl. Acad. Sci., 2016, 113, (14), 3773
34. P. Frontera, A. Macario, M. Ferraro and P. Antonucci,
Catalysts, 2017, 7, (2), 59
35. 35. M. Bowker, ChemCatChem, 2019, 11, (17),
4238
36. L. C. Grabow and M. Mavrikakis, ACS Catal., 2011,
1, (4), 365
37. R. Guil-López, N. Mota, J. Llorente, E. Millán,
B. Pawelec, J. L. G. Fierro and R. M. Navarro,
Materials, 2019, 12, (23), 3902
38. A. S. Malik, S. F. Zaman, A. A. Al-Zahrani,
M. A. Daous, H. Driss and L. A. Petrov, Appl. Catal.
A: Gen., 2018, 560, 42
39. O. Martin, A. J. Martín, C. Mondelli, S. Mitchell,
T. F. Segawa, R. Hauert, C. Drouilly, D. CurullaFerré and J. Pérez-Ramírez, Angew. Chem. Int.
Ed., 2016, 55, (21), 6261
40. J. Kothandaraman, A. Goeppert, M. Czaun,
G. A. Olah and G. K. S. Prakash, J. Am. Chem.
Soc., 2016, 138, (3), 778
41. E. M. Lane, Y. Zhang, N. Hazari and
W. H. Bernskoetter, Organometallics, 2019, 38,
(15), 3084
42. M. R. Gogate, Pet. Sci. Technol., 2019, 37, (5),
559

23. C. Beuttler, L. Charles and J. Wurzbacher, Front.
Clim., 2019, 1, 10

43. A. Haynes, ‘Catalytic Methanol Carbonylation’, in
“Advances in Catalysis”, Vol. 53, Ch. 1, Elsevier
Inc Amsterdam, The Netherlands, 2010, pp 1–45

24. K. Z. House, A. C. Baclig, M. Ranjan,
E. A. van Nierop, J. Wilcox and H. J. Herzog, Proc.
Natl. Acad. Sci., 2011, 108, (51), 20428

44. S. Sá, H. Silva, L. Brandão, J. M. Sousa and
A. Mendes, Appl. Catal. B: Environ., 2010, 99,
(1–2), 43

25. N. J. Claassens, D. Z. Sousa, V. A. P. M. dos
Santos, W. M. de Vos and J. van der Oost, Nature
Rev. Microbiol., 2016, 14, (11), 692

45. Y. Wang, J. Zhang, Q. Qian, B. B. A. Bediako,
M. Cui, G. Yang, J. Yan and B. Han, Green Chem.,
2019, 21, (3), 589

26. P. Dürre, FEMS Microbiol. Lett., 2016, 363, (6),
fnw040

46. E. Kianfar, S. Hajimirzaee, S. mousavian and
A. S. Mehr, Microchem. J., 2020, 156, 104822

27. S. A. Razzak, S. A. M. Ali, M. M. Hossain and H.
deLasa, Renew. Sustain. Energy Rev., 2017, 76,
379

47. H. Bateni and C. Able, Catal. Ind., 2019, 11, (1),
7

28. X. Liu, R. Miao, P. Lindberg and P. Lindblad, Energy
Environ. Sci., 2019, 12, (9), 2765
29. Phytonix Corp, Black Mountain, USA: https://

193

48. A. P. V. Soares, M. F. Portela and A. Kiennemann,
Catal. Rev., 2005, 47, (1), 125
49. Y. A. Daza and J. N. Kuhn, RSC Adv., 2016, 6,
(55), 49675

© 2021 Johnson Matthey

Johnson Matthey Technol. Rev., 2021, 65, (2)

https://doi.org/10.1595/205651321X16081175586719

50. C. Álvarez Galván, J. Schumann, M. Behrens,
J. L. G. Fierro, R. Schlögl and E. Frei, Appl. Catal.
B: Environ., 2016, 195, 104
51. G. Zhou, F. Xie, L. Deng, G. Zhang and H. Xie,
Int. J. Hydrogen Energy, 2020, 45, (19), 11380
52. C.-Y.Chou, J. A. Loiland and R. F. Lobo, Catalysts,
2019, 9, (9), 773
53. L. Yang, L. Pastor-Pérez, S. Gu, A. SepúlvedaEscribano and T. R. Reina, Appl. Catal. B: Environ.,
2018, 232, 464
54. X. Chen, X. Su, H. Duan, B. Liang, Y. Huang and
T. Zhang, Catal. Today, 2017, 281, (2), 312
55. M. Juneau, M. Vonglis, J. Hartvigsen, L. Frost,
D. Bayerl, M. Dixit, G. Mpourmpakis, J. R. Morse,
J. W. Baldwin, H. D. Willauer and M. D. Porosoff,
Energy Environ. Sci., 2020, 13, (8), 2524
56. L. Wang, L. Wang, J. Zhang, X. Liu, H. Wang,
W. Zhang, Q. Yang, J. Ma, X. Dong, S. J. Yoo, J.G. Kim, X. Meng and F.-S. Xiao, Angew. Chem. Int.
Ed., 2018, 57, (21), 6104
57. S. Bai, Q. Shao, P. Wang, Q. Dai, X. Wang and
X. Huang, J. Am. Chem. Soc., 2017, 139, (20),
6827
58. Y. Li, X. Cui, K. Dong, K. Junge and M. Beller, ACS
Catal., 2017, 7, (2), 1077
59. T. Sakakura, Y. Saito, M. Okano, J.-C. Choi and
T. Sako, J. Org. Chem., 1998, 63, (20), 7095
60. R. R. Shaikh, S. Pornpraprom and V. D’Elia, ACS
Catal., 2018, 8, (1), 419
61. J. Hofmann, S. Braun and A. Wolf, Covestro
Deutschland AG, ‘Method for Producing Polyether
Carbonate Polyols’, US Patent Appl. 2019/0085121
62. C. G. Visconti, M. Martinelli, L. Falbo, L. Fratalocchi
and L. Lietti, Catal. Today, 2016, 277, (1), 161
63. C. G. Visconti, M. Martinelli, L. Falbo, A. InfantesMolina, L. Lietti, P. Forzatti, G. Iaquaniello, E. Palo,
B. Picutti and F. Brignoli, Appl. Catal. B: Environ.,
2017, 200, 530
64. J. Wei, Q. Ge, R. Yao, Z. Wen, C. Fang, L. Guo,
H. Xu and J. Sun, Nature Commun., 2017, 8,
15174
65. Y. Xu, T. Wang, C. Shi, B. Liu, F. Jiang, and X. Liu,
Ind. Eng. Chem. Res., 2020, 59, (18), 8581
66. J. Brauns and T. Turek, Processes, 2020, 8, (2),
248
67. S. S. Kumar and V. Himabindu, Mater. Sci. Energy
Technol., 2019, 2, (3), 442
68. ‘CO2 for a Clean Performance: Rheticus Research
Project Enters Phase 2’, Evonik, Essen, Germany,
19th October, 2019
69. ‘Volta
Technology’,
Avantium,
Amsterdam,
The Netherlands: https://www.avantium.com/
technologies/volta/ (Accessed on 12th January
2021)
70. K. P. Kuhl, E. R. Cave and G. Leonard, Opus 12
Inc, ‘Reactor with Advanced Architecture for
the Electrochemical Reaction of CO2 and other
Chemical Compounds’, US Patent 10,648,091;

194

2020
71. Cert Systems Inc, Toronto, Canada: https://
co2cert.com/about/cert-technology/ (Accessed on
12th January 2020)
72. Skyre, East Hartford, USA: https://www.skyreinc.com/ (Accessed on 12th January 2020)
73. Y. Zheng, J. Wang, B. Yu, W. Zhang, J. Chen,
J. Qiao and J. Zhang, Chem. Soc. Rev., 2017, 46,
(5), 1427
74. R. Küngas, J. Electrochem. Soc., 2020, 167, (4),
044508
75. Y. Hori, ‘Electrochemical CO2 Reduction on
Metal Electrodes’, in “Modern Aspects of
Electrochemistry: No. 42”, eds. C. C. Vayenas,
R. White and M. E. Gamboa-Aldeco, Springer
Science and Business Media LLC, New York, USA,
2008, pp. 89–189
76. A. Bagger, W. Ju, A. S. Varela, P. Strasser and
J. Rossmeisl, ChemPhysChem, 2017, 18, (22),
3266
77. Y. Li and Q. Sun, Adv. Energy Mater., 2016, 6,
(17), 1600463
78. W. Li, ‘Electrocatalytic Reduction of CO2 to Small
Organic Molecule Fuels on Metal Catalysts’, in
“Advances in CO2 Conversion and Utilization”, ACS
Symposium Series, Vol. 1056, Ch. 5, American
Chemical Society, Washington, DC, USA, 2010,
pp. 55–76
79. I. V. Chernyshova, P. Somasundaran and
S. Ponnurangam, Proc. Natl. Acad. Sci., 2018,
115, (40), E9261
80. H.-J. Freund and M. W. Roberts, Surf. Sci. Rep.,
1996, 25, (8), 225
81. M. Gattrell, N. Gupta and A. Co, J. Electroanal.
Chem., 2006, 594, (1), 1
82. X. Lu, D. Y. C. Leung, H. Wang, M. K. H. Leung
and J. Xuan, ChemElectroChem, 2014, 1, (5), 836
83. J. J. Kaczur, H. Yang, Z. Liu, S. D. Sajjad and
R. I. Masel, Front. Chem., 2018, 6, 263
84. Y. Chen, A. Vise, W. E. Klein, F. C. Cetinbas,
D. J. Myers, W. A. Smith, T. G. Deutsch and
K. C. Neyerlin, ACS Energy Lett., 2020, 5, (6),
1825
85. A. Liu, M. Gao, X. Ren, F. Meng, Y. Yang, L. Gao,
Q. Yang and T. Ma, J. Mater. Chem. A, 2020, 8,
(7), 3541
86. Y. Ye, H. Yang, J. Qian, H. Su, K.-J. Lee, T. Cheng,
H. Xiao, J. Yano, W. A. Goddard and E. J. Crumlin,
Nature Commun., 2019, 10, 1875
87. S. Ma, R. Luo, J. I. Gold, A. Z. Yu, B. Kim and
P. J. A. Kenis, J. Mater. Chem. A, 2016, 4, (22),
8573
88. P. Jeanty, C. Scherer, E. Magori, K. WiesnerFleischer, O. Hinrichsen and M. Fleischer, J. CO2
Util., 2018, 24, 454
89. K. P. Kuhl, E. R. Cave, D. N. Abram and T. F. Jaramillo,
Energy Environ. Sci., 2012, 5, (5), 7050
90. S.

Nitopi,

E.

Bertheussen,

S.

B.

Scott,

© 2021 Johnson Matthey

Johnson Matthey Technol. Rev., 2021, 65, (2)

https://doi.org/10.1595/205651321X16081175586719

X. Liu, A. K. Engstfeld, S. Horch, B. Seger,
I. E. L. Stephens, K. Chan, C. Hahn, J. K. Nørskov,
T. F. Jaramillo and I. Chorkendorff, Chem. Rev.,
2019, 119, (12), 7610
91. J. Zhao, S. Xue, J. Barber, Y. Zhou, J. Meng and
X. Ke, J. Mater. Chem. A, 2020, 8, (9), 4700
92. C.-T. Dinh, T. Burdyny, M. G. Kibria, A. Seifitokaldani,
C. M. Gabardo, F. P. García de Arquer, A. Kiani,
J. P. Edwards, P. De Luna, O. S. Bushuyev, C. Zou,
R. Quintero-Bermudez, Y. Pang, D. Sinton and
E. H. Sargent, Science, 2018, 360, (6390), 783
93. F. P. García de Arquer, C.-T. Dinh, A. Ozden,
J. Wicks, C. McCallum, A. R. Kirmani, D.-H. Nam,
C. Gabardo, A. Seifitokaldani, X. Wang, Y. C. Li,
F. Li, J. Edwards, L. J. Richter, S. J. Thorpe,
D. Sinton and E. H. Sargent, Science, 2020, 367,
(6478), 661
94. M. Luo, Z. Wang, Y. C. Li, J. Li, F. Li, Y. Lum, D.H. Nam, B. Chen, J. Wicks, A. Xu, T. Zhuang,
W. R. Leow, X. Wang, C.-T. Dinh, Y. Wang, Y. Wang,
D. Sinton and E. H. Sargent, Nature Commun.,
2019, 10, 5814
95. C. G. Morales-Guio, E. R. Cave, S. A. Nitopi,
J. T. Feaster, L. Wang, K. P. Kuhl, A. Jackson,
N. C. Johnson, D. N. Abram, T. Hatsukade, C. Hahn
and T. F. Jaramillo, Nature Catal., 2018, 1, (10),
764
96. F. Li, Y. C. Li, Z. Wang, J. Li, D.-H. Nam, Y. Lum,
M. Luo, X. Wang, A. Ozden, S.-F. Hung, B. Chen,
Y. Wang, J. Wicks, Y. Xu, Y. Li, C. M. Gabardo,
C.-T. Dinh, Y. Wang, T.-T. Zhuang, D. Sinton and
E. H. Sargent, Nature Catal., 2020, 3, (1), 75
97. J. Albo and A. Irabien, J. Catal., 2016, 343, 232
98. L. Lu, X. Sun, J. Ma, D. Yang, H. Wu, B. Zhang,
J. Zhang and B. Han, Angew. Chem. Int. Ed.,
2018, 57, (43), 14149
99. D. Yang, Q. Zhu, C. Chen, H. Liu, Z. Liu, Z. Zhao,
X. Zhang, S. Liu and B. Han, Nature Commun.,
2019, 10, 677
100. S. Mezzavilla, Y. Katayama, R. Rao, J. Hwang,
A. Regoutz, Y. Shao-Horn, I. Chorkendorff and
I. E. L. Stephens, J. Phys. Chem. C, 2019, 123,
(29), 17765
101. K. Manthiram, B. J. Beberwyck and A. P. Alivisatos,
J. Am. Chem. Soc., 2014, 136, (38), 13319
102. R. S. Costa, B. S. R. Aranha, A. Ghosh, A. O. Lobo,
E. T. S. G. da Silva, D. C. B. Alves and B. C. Viana,
J. Phys. Chem. Solids, 2020, 147, 109678
103. D. Ren, N. T. Wong, A. D. Handoko, Y. Huang and
B. S. Yeo, J. Phys. Chem. Lett., 2016, 7, (1), 20
104. K. U. D. Calvinho, A. B. Laursen, K. M. K. Yap,
T. A. Goetjen, S. Hwang, N. Murali, B. Mejia-Sosa,
A. Lubarski, K. M. Teeluck, E. S. Hall, E. Garfunkel,
M. Greenblatt and G. C. Dismukes, Energy Environ.
Sci., 2018, 11, (9), 2550
105. R. Francke, B. Schille and M. Roemelt, Chem.
Rev., 2018, 118, (9), 4631
106. K. Torbensen, D. Joulié, S. Ren, M. Wang,

195

D. Salvatore, C. P. Berlinguette and M. Robert,
ACS Energy Lett., 2020, 5, (5), 1512
107. X. Duan, J. Xu, Z. Wei, J. Ma, S. Guo, S. Wang,
H. Liu and S. Dou, Adv. Mater., 2017, 29, (41),
1701784
108. J. Wu, S. Ma, J. Sun, J. I. Gold, C. Tiwary,
B. Kim, L. Zhu, N. Chopra, I. N. Odeh, R. Vajtai,
A. Z. Yu, R. Luo, J. Lou, G. Ding, P. J. A. Kenis and
P. M. Ajayan, Nature Commun., 2016, 7, 13869
109. S. Garg, M. Li, A. Z. Weber, L. Ge, L. Li,
V. Rudolph, G. Wang and T. E. Rufford, J. Mater.
Chem. A, 2020, 8, (4), 1511
110. H.-R. Jhong, S. Ma and P. J. A. Kenis, Curr. Opin.
Chem. Eng., 2013, 2, (2), 191
111. M. Jouny, W. Luc and F. Jiao, Ind. Eng. Chem.
Res., 2018, 57, (6), 2165
112. S.

Ma,

M.

Sadakiyo,

R.

Luo,

M.

Heima,

M. Yamauchi and P. J. A. Kenis, J. Power Sources,
2016, 301, 219
113. S. A. Francis, J. M. Velazquez, I. M. Ferrer,
D. A. Torelli, D. Guevarra, M. T. McDowell, K. Sun,
X. Zhou, F. H. Saadi, J. John, M. H. Richter,
F. P. Hyler, K. M. Papadantonakis, B. S. Brunschwig
and N. S. Lewis, Chem. Mater., 2018, 30, (15),
4902
114. D. M. Weekes, D. A. Salvatore, A. Reyes,
A. Huang and C. P. Berlinguette, Acc. Chem. Res.,
2018, 51, (4), 910
115. J.-B. Vennekoetter, R. Sengpiel and M. Wessling,
Chem. Eng. J., 2019, 364, 89
116. M. R. Singh, Y. Kwon, Y. Lum, J. W. Ager and
A. T. Bell, J. Am. Chem. Soc., 2016, 138, (39),
13006
117. U. O. Nwabara, E. R. Cofell, S. Verma, E. Negro
and P. J. A. Kenis, ChemSusChem, 2020, 13, (5),
855
118. N. S. Romero Cuellar, K. Wiesner-Fleischer,
M.

Fleischer,

A.

Rucki

and

O.

Hinrichsen,

Electrochim. Acta, 2019, 307, 164
119. X. Li, P. Anderson, H.-R. M. Jhong, M. Paster,
J. F. Stubbins and P. J. A. Kenis, Energy Fuels,
2016, 30, (7), 5980
120. H. Li, P. H. Opgenorth, D. G. Wernick, S. Rogers,
T.-Y. Wu, W. Higashide, P. Malati, Y.-X. Huo,
K. M. Cho and J. C. Liao, Science, 2012, 335,
(6076), 1596
121. A. Alcasabas, P. R. Ellis, I. Malone, G. Williams
and C. Zalitis, Johnson Matthey Technol. Rev.,
2021, 65, (2), 197

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16081175586719

Johnson Matthey Technol. Rev., 2021, 65, (2)

The Authors
Annette Alcasabas is a Lead Scientist at the Biotechnology division of Johnson Matthey. She
has a PhD in Biochemistry from the Baylor College of Medicine, USA and a background in
microbial genetics. Annette worked in industrial synthetic biology prior to joining Johnson
Matthey in 2016. At Johnson Matthey, she is responsible for the molecular biology workflow
used in commercial protein production and protein engineering. Annette also leads a
number of external collaborative projects with the goal of advancing skills, opportunities
and applications for Johnson Matthey in biotechnology.

Peter Ellis was awarded his BSc and PhD in Chemistry from Durham University, UK. Following
postdoctoral research with Professor Robbie Burch into the direct synthesis of hydrogen
peroxide, he joined Johnson Matthey in 2001. With Johnson Matthey, he has worked
extensively on the synthesis of heterogeneous catalysts, notably for the Fischer-Tropsch
process, and also in related materials characterisation methods. In 2017 he moved to
lead a new project identifying opportunities for Johnson Matthey in electrochemistry. He is
currently the Technology Director of Johnson Matthey’s Green Hydrogen business.

Iain Malone is a Research Scientist in the Electrochemistry and Materials group at Johnson
Matthey. He joined Johnson Matthey in 2019 as a placement student for his final year
Masters project with the Department of Chemistry, University of York, UK working on
synthesis and testing of catalyst materials for electrochemical CO2 reduction. After
graduating with MChem from the University of York in 2020 Iain has continued research
on CO2 reduction with Johnson Matthey.

Gareth Williams is a Senior Process Engineer in the Electrochemistry and Materials Group
at Johnson Matthey. He obtained his BEng and PhD in chemical engineering from the
University of Bath, UK, and joined Johnson Matthey in 2003, gaining experience in syngas
catalysts and processes. Within Johnson Matthey he has been involved in research projects
for low carbon technologies including chemical looping. He is a current member of the
Electrochemical Transformations research team who are evaluating new opportunities in
electrochemistry including bulk and fine chemicals production.

Chris Zalitis is a Research Scientist in the Electrochemical Transformations team designed
to introduce electrochemical techniques into new and existing markets of Johnson Matthey.
He earned his Master of Chemistry degree at Southampton University, UK, in 2008 and
his PhD from Imperial College London, UK, in 2012 in the area of fuel cells looking at the
electrocatalytic performance of anode and cathode catalysts under idealised high current
density operation. He joined Johnson Matthey in 2013 where he has worked in areas of
electrochlorination, battery materials, fuel cells and electrosynthesis, with recent focus on
water and CO2 electrolysers.

196

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16112390198879

Johnson Matthey Technol. Rev., 2021, 65, (2), 197–206

www.technology.matthey.com

A Comparison of Different Approaches to
the Conversion of Carbon Dioxide into Useful
Products: Part II
More routes to CO2 reduction
Annette Alcasabas

Johnson Matthey, 260 Cambridge Science Park,
Milton Road, Cambridge, CB4 0WE, UK

Peter R. Ellis*

Johnson Matthey, Blounts Court, Sonning
Common, Reading, RG4 9NH, UK

Iain Malone

Johnson Matthey, Blounts Court, Sonning
Common, Reading, RG4 9NH, UK; Department
of Chemistry, University of York, Heslington,
York, YO10 5DD, UK

Gareth Williams, Chris Zalitis

Johnson Matthey, Blounts Court, Sonning
Common, Reading, RG4 9NH, UK
*Email: peter.ellis@matthey.com
In this review, we consider a range of different
technological approaches to carbon dioxide
conversion, their current status and the molecules
which each approach is best suited to making. Part II
presents the photochemical, photoelectrochemical,
plasma and microbial electrosynthetic routes to
CO2 reduction and discusses the technological
options together with proposals for future research
needs from an industry perspective.

1. Other Approaches to Carbon
Dioxide Conversion
1.1 Photochemistry and
Photoelectrochemistry
In addition to the CO2 conversion technologies
described in Part I (1), there are several other
approaches that are being investigated, although
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in general these are currently at a lower technology
readiness level (TRL). With the sun being a
desirable source of renewable power, the direct
use of solar energy to produce chemicals from
CO2 akin to artificial photosynthesis is instinctively
appealing. This is exploited in photochemistry
using a photocatalytic (PC) reactor, which uses
photons from the visible and ultraviolet spectrum to
generate electrons from irradiating photosensitive
semiconductors and transfers the electrons from a
valence band to a conducting band in connection
with a photocatalyst to promote the reduction of
CO2. Thus, an immediate advantage stems from
not converting the solar energy to electricity
first to supply the electrons, which brings in the
associated upstream inefficiencies, as in the powerto-X type of conversion routes or electrochemical
reduction. Commonly observed products from
the photochemical reduction of CO2 include CO,
methanol, formic acid and methane (Figure 1).
However, the process is complex to understand
involving many mechanisms, especially for multiple
proton and electron transfers for products such as
methanol and methane with ‘CO2 activation’ being
a rate-determining step for many products. Much
research effort is being concentrated on developing
photocatalysts from earth-abundant, low-cost and
less-toxic catalysts such as those based on iron,
nickel, manganese and copper that are more scalable
than those metals on the second and third row of
the Periodic Table, such as rhenium, ruthenium
and iridium (3). There has also been recent work
looking at using metal-free photocatalysts such as
graphene, nitrides and carbides (4). Using solar
energy for CO2 conversion does impart a degree of
inflexibility regarding the energy source compared
with for example an electrochemical route, with
the energy conversion efficiency being key for cost
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Sunlight

Photochemical
transformation

CO2

Methane

Photosensitiser
Carbon monoxide
Electron donor
Formic acid
Catalyst

Fig. 1. Photochemical reduction of CO2. Reprinted from (2) Copyright 2019, with permission from Elsevier

and scalability. Although much promising research
is being conducted in this area, the CO2 conversion
rates often observed in such systems under
development appear impractically low for industrial
implementation with some of the technical research
challenges resting with developing photocatalysts
that promote a high CO2 reduction efficiency and
product selectivity (5, 6).
The
attributes
of
photochemistry
and
electrochemistry can be combined in the approach
known as photoelectrochemistry, conducted in
a photoelectrochemical (PEC) cell, and has been
investigated for CO2 reduction to fuels and chemicals.
A major benefit over a pure electrochemical
approach is that a significant part of the energy
necessary for the conversion is supplied by light,
omitting or at least lowering the transmission and
rectification losses associated with using solely
an electrical supply (7). Fundamentally, PEC cells
comprise an anode and cathode immersed in an
electrolyte, with at least one of the electrodes
being a photosensitive semiconductor that absorbs
light and through photoexcitation provides some
of the required electron flow (the current). The
technology still faces challenges from complex
reaction pathways, mass transfer conditions and
large photovoltage requirements to generate
sufficient product selectivities and solar-tochemical efficiencies (8).

1.2 Plasma Technologies
A process that would utilise renewable electricity
for CO2 conversion is non-thermal plasma (NTP)
technology using a configured plasma reactor.
Similar to a low-temperature electrochemical
reactor, a plasma reactor has the ability to be
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switched on or off in response to the intermittency
characteristic of the energy supply and requirements
for grid-balancing. It also exhibits high reaction
rates, attains steady-state quickly and can produce
a range of hydrocarbon and oxygenated species,
operating at near atmospheric temperature and
pressure. The ability to enable thermodynamically
uphill reactions to occur at ambient conditions
arises from the generation of a low temperature
ionised gas with electrons energised by applying an
electric field to typically between 1 eV and 10 eV.
This range is ideal for exciting molecular and atomic
species and breaking chemical bonds, with the
OC=O in CO2 requiring 5.5 eV (9). Different types of
plasma are being investigated for CO2 conversion,
involving various reactor configurations and how
the electricity is supplied and its power rating, with
the main three being dielectric barrier discharge
(DBD), microwave (MW) plasmas and gliding arc
(GA) plasmas, generating different performance
for CO2 conversion (10). The DBD configuration
is probably the most widely investigated in this
area. Some advantages and disadvantages of the
main plasma technologies for CO2 reduction are
presented in Figure 2.
One of the main CO2 conversion reactions
studied is CO2 splitting and dissociation to CO and
molecular oxygen, with CO being potentially used
as a product itself or as a feedstock for fuels and
chemicals. Other reactions involve a hydrogen
source co-reactant such as methane (dry reforming
of methane mainly to syngas but also forming
hydrocarbons and oxygenates), hydrogen or water
(hydrogenation to added-value fuels and chemicals).
Akin to many processes the energy efficiency,
reactant conversion and product selectivity are
important parameters to evaluate from experiment
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Disadvantages
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~
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• Atmospheric pressure
operation

• Maximum energy efficiency
~15%

• Low temperature/cold
plasma

• Less efficient impact
excitation dissociation
mechanism

• Most mature technology
• Commercialised for ozone
production, television sets

Microwave
Gas inlet

Waveguide

• Demonstrated energy
efficiencies >40%

• Higher temperature/warm
plasma

• More efficient stepwise
vibrational excitationdissociation mechanism

• Requires low pressures for
operation (100–200 torr)

• Atmospheric pressure
operation

• Higher temperature/warm
plasma

• More efficient stepwise
vibrational excitationdissociation mechanism

• Low conversion/gas
residence time

• Low technical maturity

Gas outlet

Gliding arc
Gas outlet

+

–

• Low technical maturity

Gas inlet

Fig. 2. Plasma technology configurations and their advantages and disadvantages for CO2 conversion.
Reproduced from (11) with permission from The Royal Society of Chemistry

and target achieving sufficient values (for example
energy efficiency of >60% (10)) to merit further
scale-up towards industrial commercialisation, with
the specific energy input (SEI) being considered an
important factor for influencing such performance
for plasma technologies. NTP naturally involves
radical-based chemistries, so improving selectivity
of the desired product and lessening the burden
on downstream separation costs is undoubtedly a
challenge. The reported product yields and energy
efficiencies for producing added-value hydrocarbons
and oxygenates are generally lower than for CO
and syngas type products, with the presence of
molecular oxygen (from CO2 dissociation) leading
to the undesired oxidation of formed hydrocarbons
(12). The use of heterogeneous catalysts such as
metal oxides or zeolites to improve performance
including selectivity is one such option, notably
used in a packed-bed DBD configuration (13, 14).
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Any observation of high energy efficiencies appears
to come at the expense of low conversions with
augmenting both representing a long-term challenge
involving further understanding of the complex
plasma chemistry (11, 15). As with many novel
CO2 conversion reactors, the scale-up of plasma
technology would lend itself to being modular,
addressing the needs of small-scale, distributed
production. When considering scale-up there will
however be the need for hazard management
regarding the in situ generation of molecular oxygen
from the CO2 together with flammable products
from the CO2 conversion, with potential ignition
sources from the plasma generation equipment
requiring the necessary safeguarding.
In general, the technologies described in this
section are at lower TRLs than those mentioned
in Part I of this review (1), especially when
compared with the thermochemical routes. They
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each share some of the overall performance
challenges of improving the energy efficiency
and product selectivity to make them viable as
contenders for future industrial scale-up. The use
of realistic CO2 feeds should be evaluated at the
laboratory scale to ascertain the performance
impact of inert or reactive gaseous components
and seek to define tolerable catalyst poison levels,
depending on the CO2 source. Supporting studies
such as technoeconomic assessment (TEA) and
life cycle assessment (LCA) at the early stage
are also recommended for these technologies to
assist in understanding their viability for further
development in the CO2 utilisation space.

1.3 Microbial Electrosynthesis
Microbial electrosynthesis (MES) is a combined
biological and electrocatalytic process, where
reducing energy cells in the form of electricity is
provided to microbial for the synthesis of organic
materials from CO2. In MES, bioreactors fitted with
electrodes transfer electrons to host organisms via
hydrogen, a reduced mediator, or by direct transfer
(Figure 3). This is thought to be an efficient
means of providing reducing energy compared to
the classic fermentative routes (16).
MES was first demonstrated in 2010 with the
production of acetate from CO2 by a biofilm of the
acetogenic Sporomusa ovata on a graphite cathode,
which generated hydrogen (17). This was at a rate
of 1.6 g acetate m–2 day–1 (relative to the cathode
surface area). Since then, several examples using
different wild type or engineered microbes converting
CO2 to chemical products have been published.
With improvement in electrode design, microbial
engineering and strain selection, improved yields of
acetate from CO2 have been achieved. Using a mixed
culture biofilm and three-dimensional macroporous
cathodes, acetate production at 685 g m–2 day–1
was demonstrated (18).
Apart from acetogens, the Knallgas bacterium
Cupriavidus necator, which can use hydrogen or
formate from the cathode as a source of reducing
energy, has also been used in MES. Through genetic
engineering and MES, C. necator has been used for
the production of branched chain alcohols, alkanes
and terpenes.
The use of MES for CO2 conversion is still far from
industrial use due to limitations in productivities
and expense. Electron uptake by microbes is
low, needing a wider cathode surface area and to
be made with more biocompatible and cheaper
materials. Limitations of the biological pathways
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Fig. 3. Schematic of MES. Using hydrogen
produced at the cathode, a reduced mediator, or
direct electron transfer to the microbe. Reprinted
from (16) Copyright 2019, with permission from
Elsevier

themselves (slow carboxylation kinetics, high
acetate products when using acetogens) also lead
to low titres. How successfully these bottlenecks
are addressed will determine whether MES will be
more widely adopted as a means of CO2 fixation in
the future (16).

2. Discussion
In this section, a comparison is made between the
various technology options available for producing
different molecules, which is summarised in
Figure 4.

2.1 Technology Options for C1
Molecules
For the majority of C1 molecules, well developed
routes exist for their manufacture from syngas
which can be adapted to use CO2 and renewable
hydrogen to give a sustainable process. It is
therefore hard for new processes to displace
these existing technologies. Even in the case of
a product such as formaldehyde, which is made
commercially through highly efficient methanol
oxidation processes (19), it is difficult to imagine
a new process displacing the two well-established
methods.
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There are a couple of exceptions to this thinking.
The first is the production of CO or syngas, which are
very important intermediates in the production of
a range of fuels and chemicals. The hydrogenation
of CO2 to CO is not a well-established technology:
it runs at high temperatures and suffers from
equilibrium limitations, problems with carbon
laydown and formation of unwanted hydrocarbons.
Hence there is an opportunity to use new processes
such as electrochemical CO2 reduction to drive
these reactions.
Another molecule which could be of interest to
develop new routes to is formic acid. Currently, formic
acid is largely produced by hydrolysis of methyl
formate, which is in turn made by carbonylation
of methanol (20). Direct routes from CO2 have
been developed based on ruthenium homogeneous
catalysts and on a range of heterogeneous catalysts
(21) as well as electrochemical methods (22, 23).
One challenge here is in the low current demand
for formic acid. Its current uses are mainly as a
preservative for animal feeds and silage, as well as
in the leather and textile industries (20). Proposed
future uses include as a fuel, a hydrogen storage
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and transport medium and also as a feedstock for
biological processes to make higher carbon chain
length products. Given the toxic and corrosive
nature of formic acid (20), it remains to be seen to
what extent these applications are realised.

2.2 Technology Options for C2–C4
Molecules
The next classification of molecules to consider is
those with a few carbon atoms. The key challenge
here is typically selectivity to the chosen product.
Unlike for C1 atoms, there are very few wellestablished catalytic processes for selectively
converting C1 feeds such as syngas into C2–C4
products. The exception to this is dimethylether,
which is produced in two steps from CO2 by
dehydration of methanol using acidic catalysts
such as zeolites or alumina (24). Dimethylether is
unusual as a C2 molecule which does not contain a
C–C bond. It is proposed as a fuel of the future due
to having similar combustion properties to diesel,
although as a gas at room temperature it would
require handling in a different way to current fuels.
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Ethylene is an important intermediate in the
production of chemicals, notably polyethylene but
also a wide range of other molecules, and so a
route from CO2 to ethylene would be very useful
to decarbonise ethylene production. There is no
established direct heterogeneous or homogeneous
catalytic conversion route from CO2 to ethylene.
By far the most progress has been made with
electrochemical conversion, where in contrast to
other molecules such as methanol, ethylene has
been made with 70% Faradaic efficiency (FE)
over copper catalysts (25, 26) at practical current
densities of 500–1100 mA cm–2. With further
commercialisation, this could provide a viable
pathway to a range of fuels and chemicals using
ethylene as an intermediate. The main competing
technology is a two-step method using the
methanol-to-olefins process.
A range of other C2–C4 molecules have been
prepared using electrochemistry, but only at
laboratory scale and generally as part of a mixture
of products. For example, Opus 12 reports having
made eleven different compounds (27) in this
range. Of other molecules formed electrochemically,
ethanol is the best studied but is still only reported
in modest selectivity. Ethanol is also reported as
being produced by heterogeneous catalysis and
biological approaches (see box).
Beyond C2, propanol has been reported as being
made electrochemically from CO2 on a molybdenum
sulfide electrode (28) but only at <5% FE. At C4,
biological systems can be very efficient in producing

a number of molecules, particularly oxygenates
such as butanediols or butyrates. Some systems are
able to produce C3 molecules such as propionates,
but generally even number chains are preferred
due to the C2 coupling mechanism employed.

Comparing Methods for Conversion
of Carbon Dioxide into Ethanol

and electrochemical reactions, while the cofeeding of a modest amount of CO increases
the rate of the biological process significantly.
The direct catalytic conversion route was
shown by Fourier transform infrared to proceed
via formate-like intermediates, but CO was
produced in small amounts by less optimised
catalysts. The catalytic and biological reactions
were reliant on dissolved CO2 (and hydrogen),
which was increased in the catalytic systems by
the use of pressure. The electrochemical flow
reactor meanwhile made use of a humidified
CO 2 stream to increase the partial pressure at
the cathode. Each approach has its merits in
terms of performance and scalability, and there
are features such as working with gas flows and
easier separations which could be transferred
from one approach to another.

Ethanol is one of the few molecules where viable
catalytic, electrochemical and biological routes
exist, and so it is possible to compare processes
for their manufacture (Table I). The range
of coproducts made varies significantly for
the different approaches, due to the different
mechanisms which are in operation. This is
significant because it impacts the separations
required. Removal of water will be a challenge
in all cases, although the biological system is
often especially dilute. Despite the differences
in mechanism, CO plays an important role in
three of the four processes. Ruthenium- or
iron-based reverse water gas shift catalysts are
deliberately added to the methanol coupling
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2.3 Technology Options for C5+
Molecules
For larger molecules, direct synthesis from CO2
becomes increasingly challenging. Biological
systems offer perhaps the best route to making C6
molecules, but only a small number of examples
have been published. However, the biological
approach seems to offer a more selective direct
conversion than is possible by other routes such
as catalysis or electrochemistry. Interestingly,
a number of the examples of C6 and even C8
production have been given through MES (29, 30).
As the product’s carbon chain becomes longer,
using coupled processes becomes more relevant
(Figure 5). It is important to note that not all
molecules need to be accessed in a single step
from CO2, and in many cases it will be preferable to
use two efficient steps rather than one less efficient
one. Some examples of this are already wellknown, for example reduction of CO2 to CO which
can then be converted to fuel range hydrocarbons
by the Fischer-Tropsch (FT) process.
Efficient processes to make larger molecules
tend to be based on a biological coupling of C1 or
C2 molecules which can be prepared in different
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Table I A Comparison of Systems for the Conversion of Carbon Dioxide into Ethanol
Catalytic
(35)

Catalytic two-step
(36)

Biological (37)

Electrochemical
(38)

Reagents

CO2:H2 =
1:3

CO2:H2 = 1:3

CO2:H2 = 1:2

CO2 and water

Pressure, MPa

4

8

Ambient

Ambient

Temperature,
°C

140

160

Ambient

Ambient

Catalyst

CoAlOx,
10 g l–1

[Ru(CO)3Cl2]2 with
Co4(CO)12, 0.5 gRu l–1

Clostridium
autoethanogenum,
0.2 g l–1

Copper metal with
iron porphyrin

Reactor type

Batch
reactor

Batch reactor

Flow reactor

Membrane electrode
assembly (MEA)

Other reagents

Water as
solvent

Methanol, lithium
iodide promoter,
1-ethyl-2-pyrrolidone
solvent

A very dilute aqueous
medium containing a
range of nutrients (39)

0.1 M KHCO3
electrolyte

Ethanol
selectivity,
C-mol%

92

65

55

32

Other products
made

Methanol,
propanol,
small
amounts of
CO

Acetate, biomass

Ethylene, CO,
hydrogen, propanol,
formic acid and acetic
acid

Methane, CO

ways. Catalytic coupling processes such as
Guerbet coupling of ethanol (31) or FT coupling
of syngas tend to give a range of products,
which is acceptable for end uses in fuels and in
some cases solvents, but not for the majority of
applications. Two-step processes with a second
biological step can be based on a wide range of
feedstocks, including formic acid (32), methanol
(33) or syngas (34). An advantage of this
approach is that all these molecules can be made
readily by catalytic or electrochemical reduction
of CO2, enabling efficient processes. One possible
concern is that the feedstock can be consumed
by the microorganism and be converted back
into CO2. Approaches which have the potential
to overcome this include MES, where feeding
(renewable) electrons into the reaction supplies
the microbes with energy without feedstock
being consumed.
There are many viable routes to convert CO2
using sustainable technologies, and many products
are accessible, from C1 through to C10 and
beyond. Different technological approaches suit
different molecules (Figure 4) and have their own
advantages and drawbacks. The use of two-step
processes widens the range of molecules even
further, and in some cases allows more energyefficient syntheses to be developed. Key to making
sustainable processes based on CO2 is the supply
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of renewable energy as light, electricity or another
source. In the case of electricity, intermittency is
an important issue when power from solar panels
or wind turbines is used. Chemical processes in
general do not like to be switched on and off or
turned up and down, although low temperature
electrochemical and biological processes are more
tolerant to this than most. However, low utilisation
rates will stop processes being viable from a capital
cost perspective.

3. Conclusions and Research Needs
A wide range of molecules have been reported
to be prepared from CO2, ranging from those
derived from existing large scale processes such as
methanol or methane production, through to more
embryonic yet promising methods such as MES
or coupled catalytic-biological or electrochemicalbiological processes for the production of longer
carbon chain molecules. While research is certainly
needed in this area, we propose that it should be
focussed in areas which will make the greatest
impact, both in terms of economics and scalability
and of climate change mitigation.
Research should be focussed on developing
routes to molecules where routes do not currently
exist, rather than competing with existing high
TRL processes. This is especially true in the C1
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Fig. 5. Coupled processes to make longer chain molecules in multiple steps from CO2. Key intermediates are
highlighted
space which is dominated by traditional syngasbased processes, although these often need to
be optimised for CO2-based feedstocks, different
contaminants and scales. Consideration should be
given to the whole process, from CO2 purification
to the downstream separations needed to give the
desired products in good purity. It is worth being
mindful of the specifications required for different
products. Which impurities can be tolerated and
which are not acceptable? Can reaction mixtures be
simplified? LCA and TEA should also be used at an
early stage to identify the most promising routes.
We also suggest that most of the C1 molecules
can be made efficiently by adaptation of existing
catalytic processes, with the exception of CO and
formic acid where electrochemical routes also offer
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promise. Electrochemistry appears well suited to
making molecules in the C2–C4 range, especially
C2 at present. Biological processes offer direct
routes to molecules in the C2–C8 range, and
compete with two step electrochemical-biological
and catalytic-biological processes for efficiency.
For fuel synthesis, coupling processes such as
FT or methanol to gasoline are well-established,
although biological routes are interesting too.
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To combat the global problem of carbon dioxide
emissions, hydrogen is the desired energy vector
for the transition to environmentally benign fuel
cell power. Water electrolysis (WE) is the major
technology for sustainable hydrogen production.
Despite the use of renewable solar and wind power
as sources of electricity, one of the main barriers
for the widespread implementation of WE is the
scarcity and high cost of platinum group metals
(pgms) that are used to catalyse the cathodic
hydrogen evolution reaction (HER) and the anodic
oxygen evolution reaction (OER). Hence, the
207

critical pgm-based catalysts must be replaced with
more sustainable alternatives for WE technologies
to become commercially viable. This critical review
describes the state-of-the-art pgm-free materials
used in the WE application, with a major focus
on phosphides and borides. Several emerging
classes of HER and OER catalysts are reviewed
and detailed structure–property correlations are
comprehensively summarised. The influence of
the crystallographic and electronic structures,
morphology and bulk and surface chemistry of the
catalysts on the activity towards OER and HER is
discussed.

1. Sustainable Hydrogen Generation
by Water Electrolysis
Hydrogen is the first element of the Periodic Table
and the most abundant element in the Universe.
Currently, we are witnessing the emergence of
hydrogen gas as an increasingly powerful energy
vector for storing and delivering electricity (1).
Firstly, besides having very low physical density,
hydrogen has the highest gravimetric energy
density of any known non-nuclear fuel (for
example three times higher than gasoline and
150 times higher than a state-of-the-art lithiumion battery), which sets the stage for hydrogen as
an efficient energy-storage solution (2). Secondly,
hydrogen is an environmentally benign fuel, since
only energy and water are the end products of the
reaction between hydrogen and oxygen, giving
access to zero-emission electricity production
when used in fuel cells. These benefits have made
hydrogen a priority area within the “climate and
resource frontrunners” of the European Green
Deal.
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Currently, most hydrogen (ca. 95%) is produced
through energy-demanding steam reforming
reaction of water with natural fossil fuels.
Unfortunately, this translates into undesired
generation of greenhouse gases. As an alternative,
WE (Equation (i)) can be employed for hydrogen
production, providing a completely carbon-neutral
solution when working on renewable electricity from
wind, solar, wave, tide, biomass or geothermal,
thus eliminating carbon dioxide emissions.
2H2O(l)

⇌ 2H2(g) + O2(g)

(i)

Importantly, the resultant high-purity hydrogen
can be stored in a compressed or liquefied form or
in chemical compounds (metal hydrides and liquid
organic hydrogen carriers), and then delivered
as needed for fuelling small- and large-scale
applications (3).
Although the era of WE began more than two
centuries ago, its worldwide implementation is still
limited to hydrogen production up to the megawatt
range using liquid alkaline electrolysis (4). WE is a
kinetically controlled process characterised by slow
charge transfer and insufficient chemical reaction
rates. A large overpotential, defined as the difference
between the required and thermodynamic value of
the WE voltage (E0 = 1.23 V vs. reference hydrogen
electrode (RHE)), needs to be applied to drive this
reaction. Therefore, catalysts, primarily based on
pgms, are used to accelerate WE by reducing the
value of the applied overpotential to conduct the
cathodic HER and the anodic OER, which are the
two half reactions of the WE (5).
The best-performing catalysts for WE are platinum
for HER and iridium oxide/ruthenium oxide for OER,
featuring topmost activity and long-term stability in
both acidic and alkaline electrolytes. Unfortunately,
these pgms are scarce and expensive, having the
status of critical raw materials in the European
Union (EU). Iridium and ruthenium are scarce
even when compared to platinum because both
are byproducts of platinum mining. Hence, the
use of pgms has been recognised as one of the
major bottlenecks for hydrogen production by WE
on terawatt scale, and, therefore, the development
of pgm-free catalysts is an economically sound
strategy towards technological and industrial
expansion of WE.

2. Membrane-Based Water
Electrolysis
On the electrolyser side, the commercially available
technologies for hydrogen generation are based
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on: (a) alkaline electrolysers (AELs); (b) solid
oxide electrolysers (SOELs); and (c) (semi)solid
polymer electrolysers (SPELs) (4, 6–9). The AEL
technology has been commercially available for
>50 years. It is characterised by long lifetime and
low cost. Recent developments of AEL deal with the
employment of high temperatures and pressures,
targeting improvement of efficiency (7). The AEL
electrodes are typically composed of abundant
nickel with a catalytic coating. Shortcomings of the
AEL are the use of corrosive liquid electrolytes (for
example potassium hydroxide), low purity of the
resultant hydrogen due to high cross-permeation
through cathode and anode separator, and long
start-up times not suitable for dynamic operation.
The currently developing SOEL (also known as
steam electrolysis) omits the need for corrosive
liquid electrolyte, but operates at temperatures
above 700ºC, making the whole process energy
demanding. Another issue is the instability and
degradation of the electrode materials at the high
operating temperatures. WE technology based
on SPEL is well-suited to intermittent supply
applications at scale (dynamic operation), offering
high current densities compared to AEL, high-purity
hydrogen at pressures up to 30 bar and efficiency
of ca. 70%. Nevertheless, a number of obstacles,
such as high capital costs, prevent the widespread
use of SPEL (9).
Advantageously,
SPELs
operate
at
low
temperatures (50–80ºC), and the thin humidified
polymer membranes feature high conductivity and
low resistance, resulting in minimal current losses
and low cross-permeation of hydrogen. There are
three SPEL technologies: (a) proton-exchange
membrane (PEM); (b) anion-exchange membrane
(AEM); and (c) bipolar membrane (BPM).
PEM electrolysers are the present state‑of‑the‑art
SPEL technology. Relatively compact PEMWE
systems are available from several small, medium
and large companies, such as ITM Power, NEL,
Giner Labs, Enapter and Siemens. Despite the fact
that PEMWE has high technology readiness level
(TRL), it is still mainly used for demonstration
projects, largely subsidised by local or national
governmental funding organisations. The main
reasons for the limited commercial adoption are
high capital expenditures (CAPEX) and operational
expenditures (OPEX), making the produced
hydrogen economically non-competitive compared
to the traditional steam-reforming process.
More specifically, due to the extremely acidic
protonic matrix of the ionomer and membrane
(for example NafionTM, Aquivion®, Celtec®), the
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due to the pH gradient across the membrane, which
makes it possible to conduct the electrolysis under
applied potential below the standard potential
of WE, thus requiring less current input. BPM
technology is still in its infancy, and more research
is required to improve its design, performance,
stability and cost.
Our research is focused on the development of
pgm-free catalysts for alkaline HER and OER that
could be further translated into real-life application
of AEMWE. Various classes of pgm-free materials,
such as alloys, (oxy)hydroxides, borides, carbides,
nitrides, phosphides, chalcogenides, oxides,
spinels, perovskites, metal-organic frameworks
(MOFs) and metal-free carbon-based compounds
have been investigated as catalysts for alkaline
WE. In this review, we will highlight several titled
prospective pgm-free catalysts that have been
studied in our laboratories.

3. Alkaline Water Electrolysis
In the simple scheme of a AEMWE cell (Figure 1),
the OER and HER catalyst layers are directly coated
on the respective sides of the AEM membrane, thus
forming a membrane electrode assembly (MEA).
Alternatively, the catalysts can be incorporated
into the respective gas-diffusion layer (GDL),
thus forming a gas-diffusion electrode (GDE).
Using porous GDLs is preferential compared to
planar ones, since the porosity accelerates the
mass transfer of the reactant or product over the

O2+H2O

H2+H2O

OH–

H2O

Anode

Gas diffusion
layer

Anion
exchange
membrane

Catalyst layer

Catalyst layer

H2O
Gas diffusion
layer

technology relies on scarce platinum/carbon and
iridium oxide/ruthenium oxide catalysts, which
exhibit high intrinsic activity and durability (10).
Notably, only these materials can withstand the
acidic PEMWE operation conditions over a 20 year
electrolyser lifetime. Additionally, highly acidic
and oxidative operation conditions dictate that the
porous transport layers (PTLs) have to be made
from corrosion-resistant but rather expensive
titanium, which, combined with pgm catalysts,
represents ca. two thirds of the cost of the PEMWE
stack (several individual PEM cells stacked together
to achieve higher hydrogen production).
The alternative AEMWE approach is rapidly
growing from TRL2–3 to the level of TRL6–7
(11–13). AEM combines the advantages of AEL
and SPEL, eliminating the need of corrosive liquid
electrolyte and leveraging efficient membranebased WE (14). Until recently, the main bottleneck
in AEMWE was the lack of highly hydroxide
conductive, stable and durable AEMs as compared
to PEMs (15, 16). Fortunately, several promising
AEMs have recently emerged on the market (17),
such as those from Tokuyama, Fumatech, Ionomr
Innovations, W7energy®, Ecolectro, Dioxide
MaterialsTM and AGC. The non-aggressive AEM
environment at pH ≈ 13 and the possibility to
produce AEMs without the use of fluorine (regulated
in several countries) makes AEM production more
environmentally friendly and safer for workers and
nearby inhabitants (11).
Importantly, AEMWE may occur efficiently on pgmfree catalysts based on inexpensive metals (such
as iron, cobalt or nickel) that can also withstand
prolonged operation in alkaline membrane
environment. Therefore, the development of an
electrolyser based on emerging AEMs and pgmfree catalysts should enable a significant reduction
in both CAPEX and OPEX of electrolysis (18).
Interesting work on AEMWE within the EU Horizon
2020 ANIONE project additionally illustrates these
points very well. Notably, a further CAPEX reduction
can be achieved by replacing the expensive titanium
PTLs by simple stainless steel, which is stable under
AEMWE operation. Nevertheless, the detailed
technoeconomic analysis of AEMWE with pgm-free
catalysts is complicated, and the projected cost of
the as-produced hydrogen strongly depends on the
selected model and input parameters (19, 20).
A third, significantly less explored, avenue for
SPEL is the BPM (21). Here, a PEM and an AEM are
connected in series, thus allowing the use of noniridium or ruthenium catalysts on the anode side.
Notably, BPM provides a thermodynamic advantage

Cathode

Fig. 1. Schematic representation of a single AEMWE
cell
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catalyst layer. The main role of the AEM is to ensure
hydroxide transfer from the cathodic side of the cell
to the anodic side. Normally, AEM electrolysers use
a water feed with the addition of HCO3–/CO32– or
dilute potassium hydroxide electrolytes to achieve
better performance.
AEMWE allows for the direct generation of
hydrogen and oxygen through the following
electrode reactions (Equations (ii)–(iv)):

The proposed alkaline OER (Figure 2(b))
commences with the electrochemical adsorption
of hydroxide anion on the electrode active site
(Equation (viii)), followed by the electrochemical
formation of O- and OOH-bound intermediates
(Equations (ix) and (x)). Finally, O2 molecule is
generated as a result of the last single-electron
charge-transfer step according to Equation (xi).
M + OH– ⇌ M–OH + e–

Cathodic HER:	4H2O + 4e– → 2H2 + 4OH–
(E0 = –0.828 V)
(ii)
–

Anodic OER:	4OH → O2 + 2H2O + 4e
(E0 = 0.401 V)

–

(iii)

Overall WE:	2H2O → 2H2 + O2
(E0 = 1.229 V)

(iv)

As shown in Figure 2(a), HER starts with
electrochemical hydrogen adsorption according
to Equation (v) (Volmer reaction), where H*
designates a hydrogen atom chemically adsorbed
on an active site of the electrode surface (M).
H2O + M + e– ⇌ M–H* + OH–

(v)

The initial adsorption can be followed by either
electrochemical desorption according to Equation
(vi), (Heyrovsky reaction), or chemical desorption
in Equation (vii) (Tafel reaction). The exact
mechanism and rate-determining step of the
HER over certain catalysts can be established by
analysis of the respective Tafel slope data (22).
M–H* + H2O + e– ⇌ M + OH– + H2

(vi)

2M–H* ⇌ 2M + H2

(vii)

(a)

(viii)

–

–

M–OH + OH ⇌ M–O + H2O + e

(ix)

M–O + OH– ⇌ M–OOH + e–

(x)

M–OOH + OH– ⇌ M + O2 + H2O + e–

(xi)

Notably, a scaling relation (23–26) between binding
energies of the reaction intermediates results in a
minimum theoretical excess potential, the so-called
‘overpotential wall’ of 0.37 V (27). This means that
one would need to apply a minimum potential of
1.23 V + 0.37 V (i.e., 1.6 V vs. RHE) to conduct
the OER reaction, which has found experimental
confirmation (28). Breaking the OER scaling relation
and thus reducing or eliminating the ‘overpotential
wall’ still remains a challenge (29).
Table I summarises parameters typically used to
present laboratory half-cell data for the evaluation of
the catalyst performance and comparison between
different catalysts with similar mass loading per
geometric area. A number of these parameters
will be used in the subsequent discussion. Readers
interested in best practice for investigating novel
HER and OER catalysts are referred to (30), while
(31) provides useful guidance on analysing and
presenting the catalytic data. Moreover, some

(b)

2O

H
+

+
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–
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Fig. 2. Mechanistic scenarios for: (a) the HER and (b) the OER in alkaline electrolyte
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Table I Summary and Explanation of Parameters Used to Present Laboratory Half-Cell Water
Electrolysis Data
Parameter

Notation

Interpreted properties or behaviour

Overpotential

ηj

Current density

j

The value of η at a defined current density, j (mA cm–2), reflects catalyst
activity

Tafel slope

b

Reaction mechanism

Exchange current
density

j0

Intrinsic activity of the catalyst

Half-way potential

E1/2

The potential required to achieve current that is half of the mass
transport-limiting current density (½jl,c)

Charge transfer
resistance

Rct

Charge transfer over catalyst/electrolyte interface

Geometric doublelayer capacitance

Cdl

Electrochemically active surface area

Recorded data for
cell electrolysis

E(t) / j(t)

Catalyst stability under galvanostatic/potentiostatic electrolysis conditions

Repetitive cyclic
voltammetry

CV

Accelerated catalyst degradation

Faradaic efficiency

FE

Catalyst productivity towards target reaction. The ratio of the actual mass
of a substance liberated from an electrolyte by the passage of current to
the theoretical mass liberated according to Faraday’s law

critical aspects of electrochemical data evaluation
are reported elsewhere (22, 32–34).

4. From Precatalyst to Catalyst
During Alkaline OER
OER, as a kinetically slow 4e– transfer reaction,
governs the overall efficiency of WE. Since the
largest overpotential stems from OER, catalyst
development for this half reaction will offer the
largest efficiency gains (26).
Interestingly, initial reports employing transition
metal borides, carbides, nitrides, phosphides and
chalcogenides (in general, ‘Xides’) as catalysts for
alkaline OER putatively attributed the observed
catalytic activity to the pristine materials. However,
a careful consideration of following reasons indicated
that all the aforementioned Xides should undergo
oxidation during the OER into the respective oxides
or (oxy)hydroxides (35):
(i) the alkaline OER is conducted under very
oxidative conditions at pH ≥ 13, with the
applied potential of ≈1.6 V vs. RHE;
(ii) the potential- and pH-dependent phase
diagrams
(Pourbaix
diagrams)
indicate
existence of several oxo-containing phases for
the corresponding metals under the conditions
of alkaline OER;
(iii) the enthalpy of the formation of Xides is more
positive than that of the respective transition
metal oxides or (oxy)hydroxides.
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Detailed characterisation studies, including
diffraction, spectroscopy and microscopy analyses
of the catalysts before and after alkaline OER,
provided strong support for in situ oxidation.
Accordingly, all transition metal Xides could be
considered as precatalysts or ‘active’ supports for
alkaline OER. The degree of oxidation could be
different and largely controlled by the chemical
nature of the Xide precatalysts. Moreover, the
size and microstructure of the catalysts play an
important role. If the catalyst nanoparticles (NPs)
are ultrasmall or the active catalyst surface layer
is very thin, the compounds will rapidly undergo
full oxidation. In contrast, if the catalyst NPs or
films are reasonably large or thick, then partial
oxidation of the surface occurs, forming distinct
core@shell NPs and nanoheterostructured films,
preserving the bulk Xide structure underneath.
In other words, in the case of poor catalysts, the
oxidation of the bulk compound occurs forming
non-conductive oxides or hydroxides, while for
the good catalysts the oxide or hydroxide layer
passivates the catalyst surface, preserving the bulk
structure of the original compound.
The surface oxidation yielding the real catalyst
is an unavoidable but crucial phenomenon to
obtain highly active and stable OER catalysts. In
the vast majority of studies, the resultant in situ
formed catalysts show remarkably higher OER
performance than their respective metal oxide
or hydroxide counterparts. Full understanding
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of this performance enhancement is still lacking.
Generally, there are several factors that should be
pointed out: (a) the development of high surface
area due to the formation of amorphous-like
(oxy)hydroxide surface; (b) the high electrical
conductivity of the non-oxide Xide precatalyst
underneath the real catalyst; and (c) synergetic
catalyst−precatalyst electronic interactions within
the as-formed nanoheterointerface (35–37). These
factors give rise to a larger number of catalytically
active sites and faster charge transfer kinetics over
the anode/electrolyte interface, thus beneficially
boosting the OER performance.
Currently, there is a limited knowledge of the
mechanism of surface transformation during OER
because mainly ex situ studies are performed
before and after OER. In situ surface-sensitive
studies (such as spectroscopy, diffraction, imaging,
electrochemical imaging, cyclic voltammetry,
nanoimpacts and combination thereof), despite
being extremely challenging, are crucial for the
rational development of the OER precatalysts
(38–42). Such knowledge will be essential to achieve
control over the formation of the real catalyst, thus
guiding future efforts towards active, stable and
economic catalysts for alkaline OER (Figure 3).
To summarise, the structure of the bulk phase or
core of NPs of a prominent OER catalyst is preserved
during the reaction. The surface is, undoubtedly,
oxidised due to the extreme oxidation potential
applied and the presence of multiple active
species, such as hydroxide radicals. The formed
oxide layer passivates the surface, thus preventing

further oxidation of the bulk of the precatalyst. The
same oxide layer is an active catalyst. Thus, the
formation of the oxide layer should not be avoided
but rather judiciously directed to enhance stability
and activity of the catalysts. A combination of
computational and detailed in situ studies is a
promising strategy in this research direction.

5. Current Industrially-Relevant
pgm-Free Catalysts for Alkaline
HER/OER
Thorough and comprehensive studies conducted by
research groups around the globe have narrowed
down the range of industrially-relevant pgm-free
HER/OER catalysts for AEMWE to: (a) nickel,
nickel alloys and intermetallic compounds as the
most active and stable for the HER side of the MEA
(43–51); and (b) base metal oxides, (oxy)
hydroxides, spinels and perovskites for the OER
side of the MEA (52–58).
In general, the catalysts for alkaline HER are
similar to those used in AEM fuel cells (AEMFC) (59).
Carbon-supported nickel, nickel-molybdenum,
nickel-copper and other nickel-based catalysts
have been synthesised and investigated (43–51).
As a lighter analogue of pgms (especially being
chemically similar to palladium), nickel plays
the main role in HER, while the addition of other
elements increases the cathode durability. Nickelmolybdenum catalysts have been intensively
studied for both hydrogen oxidation reaction and
HER under realistic AEMFC and AEMWE conditions,

Uncontrolled

Controlled
in situ formed catalyst

in situ formed catalyst
Interface

Precatalyst

Controlled
interface

Precatalyst

e–
Slow charge transfer

e–
Fast charge transfer

Fig. 3. Interface engineering approach toward new catalysts for OER
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respectively (45, 48, 50). The nickel-molybdenum
alloys enriched with nickel up to ≈87 at% were
found to be not only active in alkaline HER, but
also less prone to poisoning by functional groups
of ionomers, which is a well-known shortcoming
of pgm catalysts in AEMFC and AEMWE (45, 48).
The properties of carbon supports, such as the
surface area, level of graphitisation, bulk and
surface chemical composition and hydrophobic
or hydrophilic properties, significantly affect the
AEMWE performance and should be carefully tuned
as a function of the type, composition and weight
loading of the HER catalysts (60).
Considering the OER catalysts, nickel (oxy)
hydroxides or oxides with iron impurities in
alkaline electrolyte, as well as nickel-iron (oxy)
hydroxides, have become benchmark catalysts for
AEMWE (61, 62). Although the exact nature of the
active catalytic sites in such systems is not well
understood (63), the nickel-iron-based materials
for alkaline OER deserve a more careful study in
the future, especially with respect to their low
durability issues (64, 65).
Furthermore, a general direction in the
development of catalysts for alkaline OER is to
improve the electronic conductivity of already
established active oxide catalysts, since the
conductivity of the oxides is typically very low. Such
an improvement is critical to reducing the applied
overpotential during real AEMWE operation, where
loading of OER catalysts can often be as high as
4–12 mg cm–2 (53–55). Unfortunately, the oxidative
operation conditions during OER at high potential of
≈1.9–2 V forbid the utilisation of traditional highly
conductive carbon supports, which would simply
oxidise and degrade during prolonged AEMWE. At
the same time, using carbon as a supporting material
for transition metal oxide catalysts is a common
laboratory practice in short half-cell experiments
for the initial assessment of intrinsic catalytic
activity of the materials and performance losses
due to insufficient electronic conductivity (52). For
instance, highly graphitic carbon nanotubes or high

surface area graphenes are widely used during
the screening and selection of promising alkaline
OER materials (12, 52). An alternative strategy
is based on employing non-stoichiometric mixed
oxides, perovskites, delafossites or spinels (58).
Although these materials possess high conductivity
(> 0.1 Ω–1 m–1) (58), specific synthetic methods
should be developed to produce such conductive
oxides on a large scale.
Notably, the commercial metal oxide products
made on the multi-tonne scale are mainly
silica, zeolites and titania. The protocols used to
manufacture these materials are well-matured and
based on the sol-gel, precipitation, hydrothermal,
flame or spray pyrolysis. Nevertheless, these
approaches have a limited ability to control
physicochemical properties required for OER
catalysts, including phase purity (required for high
electronic conductivity), the surface area (required
for higher density of active sites) and the primary
particle size (required for the uniform distribution
in the electrode structure).
For the past eight years Pajarito Powder
redesigned and modified their proprietary
manufacturing platform VariPoreTM for upscaling
mixed oxide catalysts production. The schematic of
the method is shown on Figure 4. The main idea
of this method is to design material by a bottomup approach with the ability to control all required
properties of the final catalyst at every stage of the
process. For example, selecting particle and pore
forming agents (P&PAs) with different morphology
will afford a final catalyst with an inverted structure
of the respective P&PAs. The chemical nature of
the precursors will allow selection of manufacturing
conditions to obtain materials under low energy
demanding regime, substantially decreasing the
cost of final materials.
The method was successfully used for the
preparation of phase-pure CuCo2O4 spinel catalyst
for OER (Figure 5(a)). The P&PAs used in this
design derived from high surface area spherical
silica particles, which prevented NPs from

Engineered catalysts and support

Precursors
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Pore and particle forming agents

Fig. 4. Schematic representation
of VariPoreTM method for the
mass production of pgm-free
HER/OER catalysts
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(a)

3 µm

Fig. 5. (a) SEM and (b) TEM
images of CuCo2O4 catalysts
prepared by scalable approach
(58) Creative Commons
Attribution 4.0 License (CC BY)

(b)

200 nm

agglomeration. The phase purity of the spinel was
achieved by thermal treatment at just 550ºC,
allowing to preserve the unique spherical shape
of agglomerates (Figure 5(b)). The latter is
important for manufacturing dense electrodes for
OER, allowing maximal catalyst utilisation on the
GDEs. At the moment, this method is established
as a robust, flexible and modular manufacturing
platform for making different classes of HER/OER
catalysts and practiced for commercial production
at the kilogram scale per batch (54).
Among the large variety of pgm-free catalysts that
are currently extensively explored, the interest of
our groups have been focused on transition metal
phosphides and borides, which belong to the larger
family of non-oxide catalysts referred to as Xides.
In the next two sections, we focus specifically on
these two groups of Xides, highlighting some of our
results along with important findings from other
research groups. For a more general overview of
pgm-free non-oxide electrocatalysts, the readers
are referred to several recent reviews relevant to
this topic (36, 66, 67).

6. Emerging Transition Metal
Phosphide Catalysts

monocapped trigonal prisms (MoP2) centred by M
atoms. The coordination of M atoms in metal-rich
M2P phosphides is composed of four or five P atoms
forming tetrahedra or square pyramids around the
M atoms (Figure 6).

Ni2P

FeP

b

a

c

NiP2-cubic

a

6.1 Crystal and Electronic Structure
Transition metal phosphides (TMPs) are considered
promising alternatives to pgm catalysts for WE.
Phosphides of earth-abundant transition metals
iron, cobalt, nickel and molybdenum are mainly
studied with stoichiometries ranging from M2P
to MP2. The crystal structures of TMPs are quite
different from the structures of the corresponding
metals. In the crystal structures of phosphorusrich MP and MP2, each M atom is surrounded by
six or seven P atoms forming P6 octahedra (iron,
cobalt, nickel), P6 trigonal prisms (MoP), or P7

214

c
a

Fig. 6. Crystal structures of selected phosphides.
M: white, P: yellow. NiP4 tetrahedra: yellow; NiP5
square pyramids: cyan; FeP6 and NiP6 octahedra:
blue
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Currently, several hundred research papers
describing TMP catalysts for HER and OER are
published annually (37, 69, 70). Despite the large
number of studies, there are two issues in this
field: (a) the reported data are very scattered in
terms of performance, and (b) very few attempts
have been reported that go beyond half-cell
measurements in the research laboratory by
making an actual electrolyser using TMPs. The
former issue is illustrated in Figure 8, which shows
the data published for the HER performance of CoP
catalysts in acidic media. Although in all cases
the material is reported to be single phase CoP,
mainly in the form of NPs, the performance is quite
scattered. While certain variability in the data is due
to different setups, testing protocols, and sample
preparation routines used in various laboratories,
the reported CoP NPs have different shapes, crystal
facets exposed, surface termination by ligands
and surface area, thus making the analysis of the
reported data non-trivial.

–3

8

DOS, states Co2P–1

In all TMPs, strong covalent bonds between
P and M atoms are formed due to substantial
overlap of M–3d / M–4s and P–3p orbitals,
resulting in significant changes in the electronic
structure and chemical properties as compared
to elemental metals. These changes lead to the
higher chemical stability of TMPs under HER/OER
conditions compared to elemental iron, cobalt,
nickel and molybdenum metals. The majority of
the studied phosphides have metallic properties
with non-zero density of states (DOS) at the Fermi
level (EF). Iron, cobalt and nickel phosphides with
identical composition are either isostructural
or closely structurally related, which allows fine
tuning of the Fermi level position, as illustrated
in Figure 7 for M2P compounds. FeP, CoP and
MoP also exhibit metallic properties. In the case
of nickel phosphides, NiP is a high-pressure
phase while at ambient conditions Ni5P4 is a
stable metallic phosphide with excellent catalytic
properties. Further increasing the P content in
TMPs results in semimetallic properties for MoP2
and narrow-bandgap semiconducting properties
for MP2 with M = Fe, Co and Ni. Again, nickel is
a special element due to the existence of a cubic
metallic polymorph NiP2. This compound was
originally assumed to be a high-pressure phase
but recently it has been shown to be a metastable
polymorph that can be synthesised at ambient
pressures (68).
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Fig. 7. DOS normalised to M2P formula unit for
iron, cobalt and nickel phosphides. The red line
shows the dominant contribution of M–3d states
while the P–3p contribution is highlighted in green
The Kovnir and Kolen’ko groups have been
exploring TMPs as an alternative to pgms in WE since
2014, partially through EU Horizon 2020 CritCat
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Fig. 8. Tafel slopes (b) and overpotentials required
for driving current densities of 10 mA cm−2 (η10)
for the selected examples of acidic (0.5 M H2SO4)
CoP HER catalysts (69) Copyright John Wiley and
Sons
project, with significant progress in understanding
the limitations and potential of new pgm-free
catalysts (69). A Ni–P material was synthesised by
gas-transport phosphorisation of commercial nickel
foam (71). The resultant self-supported foam
cathode was highly active toward acidic or alkaline
HER in terms of overpotentials, exchange current
densities and Tafel slopes (71). To reduce the mass
loading of the Ni–P catalyst in the foam cathode
(60 mg cm–2), a thin-film Fe0.2Ni0.8P2 supported on
carbon paper was prepared through combination of
sputtering and gas-transport phosphorisation. The
material demonstrated excellent acid or alkaline
HER performance with only 1 mg cm–2 catalyst
mass density (72).
Notably, surface characterisation of TMPs during
reaction is quite limited. In the vast majority of
cases, the surfaces are characterised before
and after the reaction. X-ray photoelectron
spectroscopy (XPS) and related spectroscopic
techniques often reveal significant presence of
oxides on the surface of the used catalysts. This
observation has led to a common suggestion that
the surface of the TMP catalysts is restructured
or oxidised during the HER. An open question
remains whether this assumption is valid and how
the bulk crystal structure of the phosphide impacts
its catalytic properties. A recent study of two
polymorphs of NiP2 shows that the bulk structure
has a significant impact on the catalytic properties
of the corresponding phosphide (68). One possible
explanation is that the monoclinic polymorph of
NiP2 is a semiconductor, while the cubic polymorph
has metallic properties, which might be sufficient
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to explain the observed difference in reactivity,
without the need to invoke the differences in their
bulk crystal structures.
A recent study on single crystals of FeP and
monoclinic NiP2 has shown that different facets
of the same crystal exhibit different catalytic
activities (73). Moreover, the activity was
demonstrated to correlate with the computed
surface H adsorption energy on the P atoms of the
corresponding facet. This finding clearly highlights
that both the underlying bulk structure and the
specific surface termination play an important role
in the performance of HER catalysts. Formation
of surface oxides may be explained by oxidation
of P–H bonds upon exposure of used catalysts to
ambient conditions.
In contrast to hundreds of papers reporting
fascinating properties of various TMPs, very few
TMPs were tested beyond simple HER half-cell
measurements in solution. To the best of our
knowledge, there are only a few reports, one for
each metal phosphide, NiP2, CoP, FeP and MoP, of
assembling a complete PEMWE single cell using
TMPs as cathodes and iridium or iridium/ruthenium
oxides as anodes (74). An interesting example
of achieving a current density of 0.88 A cm−2
at applied potential of 2 V with CoP NPs as HER
catalyst in a commercial-scale 86 cm2 PEMWE was
reported by King and coworkers (75). Further, it
has been shown that for cubic NiP2 only a 13%
increase in potential was required in gas-phase
PEMWE operation to achieve a current density of
50 mA cm−2 as compared to reference platinum
electrode (1.86 V for cubic NiP2 vs. 1.64 V for
platinum) (68). Very recently, a cathode of highly
crystalline FeP NPs supported on commercial
conductive carbon was used to achieve a current
density of 200 mA cm–2 at 2.06 V cell compared
to 1.71 V with reference platinum cathode,
corresponding to a difference of only 0.07 W cm–2
in the power input (74). Separate experiments
showed up to 100 h of cathode operation in
PEMWE, as well as stable switch-on and shutdown cycle dynamic operation during 36 h.
Importantly, these NiP2 and FeP catalysts show
PEMWE HER performance on par with the best
reported platinum-free materials (75–77).

6.3 Alkaline Oxygen Evolution
Reaction Catalysis
While for HER Pt has not been beaten, TMPs
excel at alkaline OER, outperforming simple
reference iridium and ruthenium oxide catalysts
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Table II Selected Examples of Alkaline OER Performance for TMP Catalysts
Compound

η10, mV

b, mV dec–1 Synthesisa

Ref.

RuO2

310

≈70

commercial source

(79)

IrO2

320

≈90

commercial source

(79)

Cubic NiP2

340

56

NiCl2 + P, 40 h at 773 K; H2O; ball-milling

(68)
(68)

Monoclinic NiP2

410

61

Ni + P, 76 h at 973 K;
ball-milling

Cubic Fe0.2Ni0.8P2

140

49

Fe0.2Ni0.8/C paper + P, 1 h at 773 K, 12 h at 523 K (72)

Ni2P

310

48

Ni/C paper + P, 6 h at 773 K

(78)

Mg-modified Ni2P

280

71

Ni/Mg/C paper + P, 6 h at 773 K

(78)

Ni5P4–Ni2P

250

54

Ni foam + P, 2 h at 873 K

(79)

Al-modified Ni5P4–Ni2P

180

27

Ni foam/Al + P, 2 h at 873 K

(79)

a

Sequential synthetic steps are separated by semicolons. See the cited articles for detailed synthetic procedures

with rutile structure. Table II provides several
examples of TMPs studied as OER electrocatalysts,
summarising their performance characteristics and
the conditions used for the catalyst synthesis. The
surface chemistry of TMPs under OER conditions
is more complex than that for HER. As discussed
in Section 4, under OER conditions the top surface
layers of phosphides undergo oxidation while the
bulk material remains intact. The active catalyst
is thus an oxygen-containing phase, which can
be any combination of transition metal oxide,
hydroxide and phosphate. In the best-performing
OER TMP catalysts, this oxidised layer is relatively
thin and coherently interfaced to the underlying
metal phosphide bulk. The formed heterostructure
is crucial for high performance because simple
catalysts composed of transition metal oxides or
hydroxides show much lower activity. The role of
TMPs is to serve as precatalyst to template thin
in situ oxidised active surface layer and efficiently
supply current to this layer through the bulk
conductivity of the TMPs (37).
At the same time, the importance of the bulk
structure of TMPs for OER catalysis has been
demonstrated by a comparative study of two
polymorphs of NiP2 (68). Cubic NiP2 is a metallic
conductor, while monoclinic NiP2 is a semiconductor.
During the OER reaction both polymorphs are
expected to oxidise to a similar surface phase
because of identical composition. However, the
OER performance of the polymorphs was different
(Table II), emphasising that the bulk structure
of the TMP OER catalysts is an important factor
determining the catalytic activity.
Interestingly, the aforementioned Fe0.2Ni0.8P2
catalyses the OER in alkaline media as well,
showing reasonably high activity (Table II). More
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importantly, Fe0.2Ni0.8P2 serves as precatalyst for
the in situ generation of the active catalyst during
water oxidation. Since the Fe0.2Ni0.8P2 catalyst film
was quite thin, it underwent complete oxidation
during OER into amorphous-like iron-containing
Ni(OH)2, which remained active and stable for at
least 60 h of alkaline OER. Based on the concept
of in situ formation of real catalysts, the activity
and stability of this system was further improved
by interfacing the Ni2P NP precatalyst with
magnesium oxyhydroxide (78). In contrast to the
complete oxidation of Fe0.2Ni0.8P2 observed in the
previous study, it was found that Ni2P NPs form
distinct core@shell structures during alkaline OER
(Figure 9), and the resultant catalyst shows η10 of
only 280 mV (Table II), while being stable over
eight days.
A self-supported aluminium-doped Ni–P foam
cathode has been recently developed as a
highly active material for HER. The substitution
of aluminium for nickel atoms in the crystal
structure of nickel phosphide favourably modifies
the electronic structure of the resultant cathode
(80). The knowledge that aluminium dissolves
in sodium or potassium hydroxides (similar to
selective etching of aluminium from aluminiumnickel alloys to form Raney nickel catalyst)
and the catalyst is formed in situ from the Ni–P
precatalyst has led to implementation of a foam
anode with good physical mixing of aluminium and
Ni–P at the foam surface (79), in contrast to the
chemical doping above. Sacrificial leaching of the
aluminium phase coupled to the oxidation of the
Ni–P precatalyst produced a high-surface area real
catalyst exhibiting an impressive Tafel slope of
27 mV dec–1 and offering anodic current densities
of 10 mA cm–1, 100 mA cm–1 and 300 mA cm–1
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at overpotentials of merely 180 mV, 247 mV
and 312 mV, respectively (Table II). In addition,
the anode demonstrated an excellent stability
during galvanostatic electrolysis, providing steady
j = 10 mA cm–2 at very low η ≈ 185 mV for over
eight days. This is one of the best-performing
pgm-free anodes reported for alkaline OER (79),
marking that aluminium scaffolding plus in situ
precatalyst oxidation has unprecedented potential
towards alkaline OER anodes (81).

7. Emerging Transition Metal Boride
Catalysts
7.1 Crystal and Electronic Structure
Transition metal borides (TMBs) represent
another appealing group of Xides for WE. Similar
to phosphides, borides of various stoichiometries
are known for the majority of transition metals,
including the earth-abundant iron, cobalt and
nickel. A distinct characteristic of TMBs is the
relatively small size and electron-deficient nature
of boron atoms, which result in dense crystal
packing and extensive contacts between metal
atoms (82), even in the structures with a relatively
high boron content (for example MB). Therefore,
in contrast to TMPs, a more appropriate way to
describe TMB structures with more than 50 at% of
M is to consider boron-centred polyhedra of metal
atoms.
Representative TMB structures are provided by
iron borides: Fe3B, Fe2B, FeB and FeB2. As one
traverses this series, the Fe–B distances remain
consistent within the range from 1.95 Å to 2.35 Å,
while each B atom becomes surrounded by fewer
Fe atoms and the B–B bonding becomes more
extensive (Figure 10). The structure of Fe3B is
assembled of tricapped trigonal prisms, Fe9B, that
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O

Fig. 9. High-angle annular
dark-field scanning transmission
electron microscopy (HAADF−
STEM) image showing the
development of Ni2P@NiO
nanostructure after catalytic
testing of Ni2P NPs in alkaline
OER, together with the
energy-dispersive X-ray (EDX)
spectroscopy maps of nickel,
phosphorus and oxygen.
Reprinted with permission from
(78). Copyright 2017 American
Chemical Society

fill up the volume by edge-sharing. The nearest
B–B distance is 3.24 Å, suggesting the lack of any
bonding between B atoms. In Fe2B, each B atom is
enclosed in a bicapped trigonal prism of Fe atoms
that can be also described as a flattened square
antiprism. The antiprisms share basal faces that
are perpendicular to the c axis of the tetragonal
lattice, resulting in short B–B distances of 2.13 Å
along that direction. Thus, linear chains of B atoms
are observed along the c axis. The crystal packing
is completed by the antiprisms sharing edges in
the ab plane. Even shorter B–B distances, 1.79 Å,
are found along zigzag chains observed in the
FeB structure, where each B atom is surrounded
by only seven Fe atoms that form a monocapped
trigonal prism. Finally, a substantial change is
observed in the structure of FeB2, where Fe atoms
are sandwiched between honeycomb layers of B
atoms, which can be considered isoelectronic to
graphene if the oxidation state of +2 is assigned
to Fe while the coordination environment of Fe is
reminiscent of the ferrocene molecule. The B–B
distance in the layer is 1.76 Å, only slightly shorter
than the distance observed in the zigzag chains of
B atoms in FeB.
Other TMBs exhibit structures similar to those
of iron borides. It should be also mentioned that
Fe3B, Fe2B and FeB2 are representatives of the
structure types of Fe3C (cementite), Al2Cu and
AlB2, respectively, while FeB is the parent of its
own structure type.
Due to the smaller size of B atoms, extensive M–M
contacts permeate the crystal structures of metalrich TMBs (MxBy with x/y ≥ 1). As a result, the
electronic structures of these materials feature nonzero DOS at the EF, resulting in metallic behaviour.
High electrical conductivity can be beneficial
when TMBs are used as catalysts or precatalysts
for electrochemical reactions that afford rapid
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Fig. 10. Crystal structures
of selected iron borides. Fe:
brown, B: blue. The tricapped
trigonal prisms BFe9 in the
structure of Fe3B and the B–B
bonded chains of monocapped
trigonal prisms BFe7 in the
structure of FeB are emphasised
with red contours. The
structure of FeB2 emphasises
the honeycomb layers of
boron atoms that sandwich
12-coordinate iron atoms

Fe2B

Fe3B

a
a

c
FeB

b

FeB2

c
b

c
a

transport of electrons between the external circuit
and the catalyst-electrolyte interface. Moreover, the
substantial hybridisation of 3d orbitals in borides of
first transition row metals leads to appearance of
pronounced DOS peaks in the electronic structure.
When the EF is tuned to cross these peaks, the
resulting electronic instability is resolved by
spontaneous spin polarisation that manifests itself
as magnetic ordering in the macroscopic response
of the material (83). For example, metallic Ni3B
can be tuned into ferromagnetic behaviour by
partial substitution of cobalt for nickel, which
lowers the electron count in the system, changing
the position of the EF with respect to the DOS
features (Figure 11). The predictability of such
changes is facilitated by the isostructural nature
of 3d metal borides with specific compositions. A
strong magnetic response may be beneficial for
improving the efficiency of WE in the presence of
an applied magnetic field, as has been shown in
several recent reports (84–87).

7.2 Hydrogen Evolution Reaction
Catalysis
Similar to TMPs, the substantial hybridisation
between the metal d orbitals and boron p orbitals

219

6

Total
Ni1
Ni2

4
2
E – EF, eV

a

EF

0
–2
–4
–6

0

10

20

30

40

DOS, states eV–1

Fig. 11. DOS of Ni3B showing the high peak
positioned below the EF. The arrow indicates the
direction in which the EF will be shifted due to
substitution of cobalt for nickel

results in strong covalent M–B bonding in TMBs.
As a result, the free energy of H atom absorption
is lowered in comparison to pure metal catalysts,
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and such TMBs as RuB2 (88), MoB2 (89), FeB2
(90) and VB2 (91) exhibit high HER activity in
both acids and bases. In fact, RuB2 shows activity
similar to that of platinum metal under acidic
conditions and outperforms platinum under alkali
conditions (92). Besides the higher catalytic
activity, RuB2 was also shown to be more acidand base-resistant as compared to borides with
higher ruthenium content. Lower activities in HER
have been observed for other metal-rich TMBs, for
example MoB (93), Mo2B (94) and Fe2B (95). Yet
again, similar to TMPs, the majority of studies on
the catalytic properties of TMBs have been limited
to the half-cell HER measurements (Table III). A
notable exception is the study of the overall water
splitting in an alkaline electrolyser utilising FeB2,
which achieved the current density of 10 mA cm–2
at 1.57 V (90), comparable to the state-of-the art
systems.
An interesting approach to modifying the catalyst
structure was suggested by Schaak and coworkers,
who studied the HER catalysed by AlMoB (96). The
structure of this material is derived by insertion
of layers of Al atoms into the FeB-type structure
discussed above (Figure 10). This spatial separation
of the [MoB] layers is expected to enhance their
catalytic activity. The HER at pH = 0 proceeded
with a rather high overpotential, η10 = 400 mV.
To increase the access to the catalytic sites, the
authors soaked the material in sodium hydroxide,
which led to partial removal of aluminium. After
treatment with acid, to decrease the concentration
of OH-terminated sites, the overpotential η10
recorded at pH = 0 decreased to 301 mV. These
findings suggest that the spatial separation of the
catalytically active blocks by insertion of other

structural fragments might be a viable strategy
toward enhancing the catalytic activity of Xides, in
general.

7.3 Alkaline Oxygen Evolution
Reaction Catalysis
Recently, TMBs have been shown to exhibit
excellent electrocatalytic activity toward OER under
alkaline conditions. As emphasised in Section 4,
the nature of OER leads to complex chemical
processes that result in inevitable surface oxidation
of the catalyst. Thus, works that attribute the
OER activity to intrinsic behaviour of TMBs should
be taken with a grain of salt. Careful studies of
these reactions confirm the formation of a shell
of catalytically active oxides and hydroxide NPs
around the core TMB structure, which, therefore,
should be classified as a precatalyst. The role of
the precatalyst is similar to that already discussed
for the case of TMPs: it provides the structural
support to the in situ formed oxidised surface shell
and also facilitates electron transport between the
catalytically active surface and the external circuit.
In contrast to HER, where MB2 borides perform
better, in the case of OER (Table IV) higher catalytic
activities have been shown by the systems that
include metal-rich borides, such as M3B and M2B
(M = Fe, Co, Ni). Solid solutions of these borides
have been also explored to optimise the catalytic
performance. While the surface of such catalyst,
quite obviously, undergoes substantial oxidation,
as demonstrated by XPS and TEM measurements
(97, 98), it is worth noting that they exhibit better
performance than corresponding metals (102) or
dispersed metal oxide NPs (98). These observations

Table III Selected Examples of HER Performance for TMB Catalysts
Compound

pH

η10, mV

b, mV dec–1

Synthesisa

Ref.

RuB2

0

16

30

K2RuCl5 + MgB2, 3–10 h at 973–1223 K; 0.5 M
H2SO4; H2O/ethanol

(88)

RuB2

14

25

28

K2RuCl5 + MgB2, 3–10 h at 973–1223 K; 0.5 M
H2SO4; H2O/ethanol

(88)

FeB2

14

61

88

FeCl2 + LiBH4 in THF, 2 h at reflux; centrifugation;
H2O; 2 h at 873 K

(90)

MoB2

0

149

76

Mo + B, 15 min at 2073 K and 5.2 GPa

(89)

VB2

0

192

68

VCl3 + B + Sn, 8 h at 1073 K; 10% HCl;
H2O/ethanol

(91)

MoB

0

212

55

commercial source

(93)

MoB

14

220

59

commercial source

(93)

AlMoB

0

301

–

Al(excess) + Mo + B, 10 h at 1673 K; 3 M HCl; H2O

(96)

Mo2B

0

>400

128

Mo + B, arc-melting; manual grinding

(94)

a

Sequential synthetic steps are separated by semicolons. See the cited articles for detailed synthetic procedures.
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Table IV Selected Examples of Alkaline OER Performance for TMB Catalysts at pH = 14
Compound

η10, mV

b, mV dec–1

Synthesisa

Ref.

AlFe2B2

240

42

Al + Fe + B, arc-melting; ball-milling

(98)

FeB

270

49

Fe + B, arc-melting; ball-milling

(98)

Co2B

287

51

Co + B, ball-milling, 10 h

(99)

FeB2

296

52

FeCl2 + LiBH4 in THF, 2 h at reflux; centrifugation; H2O; 2 h at
(90)
873 K

Ni2B

296

58

NiCl2 + NaBH4 + NaOH in H2O/ethylenediamine,
electrodeposition on Cu foil; 3 h at 473–573 K

(100)

Ni3B

302

52

Ni(OAc)2 + NaBH4 + NaOH in H2O, 10 min; centrifugation;
H2O/ethanol; 0.5–2.5 h at 623 K

(101)

Co3B

≈370

n/a

CoBr2 + LiBH4 in THF, 2 h; filtration; 2 h at 773 K

(97)

a

Sequential synthetic steps are separated by semicolons. See the cited articles for detailed synthetic procedures

(a)

(b)

Fig. 12. (a) The structure of AlFe2B2 acts as a precatalyst toward OER electrolysis in alkaline solution; (b) the
initial activation is associated with the formation of the catalytically active layer of Fe3O4 on the surface of
the precatalyst. Reproduced with permission from The Royal Society of Chemistry (98) Creative Commons
Attribution-NonCommercial 3.0 Unported (CC BY-NC 3.0)

strongly support the hypothesis that the TMB core
underlying the catalytically active shell enhances
the overall stability and activity of such catalyst or
precatalyst nanoheterostructure.
The layered structure of ternary boride, AlFe2B2
(Figure 12), is similar to that of AlMoB, which was
shown to exhibit an increased catalytic activity
toward HER after the aluminium layers had been
partially etched with sodium hydroxide solution.
While AlFe2B2 dissolves rather quickly in acids
(103), it is very stable in alkali solutions. Therefore,
the Shatruk and Kolen’ko groups explored this
material as a potential precatalyst for alkaline OER
(98). The initial electrocatalytic cycles revealed a
slight decrease in the η10 value, which stabilised
at 240 mV after about 20 CV cycles and remained
remarkably constant for 10 days. Examination of
the catalyst after this activation period revealed
that aluminium had been partially etched from
the structure and a stable shell of catalytically
active Fe3O4 NPs had been formed around the
AlFe2B2 core particle. Importantly, much poorer
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performance was observed when Fe3O4 NPs were
used by themselves, without the underlying AlFe2B2
precatalyst.

8. Conclusions and Outlook
Electrocatalysis is a rapidly evolving research area,
and there are plenty of pgm-free catalysts reported
in the literature, including nickel alloys, oxides, TMPs
and TMBs, as detailed here. Recent findings have
shown that, while HER most likely takes place on
the surface of the pristine Xide catalyst, the in situ
formation of oxide or oxohydroxide NPs as the true
catalyst is clearly observed during OER as a result
of surface oxidation of the Xides. Even though
pgm-free nickel alloys, TMPs and TMBs do not
outperform platinum, their promising HER activity
can be of practical importance due to significantly
lower costs. In contrast, many iron-, cobalt- and
nickel-based catalysts outperform the standard
rutile-type iridium/ruthenium oxides in OER
activity, but little is known about the durability of
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these pgm-free materials. This is mainly due to the
fact that the vast majority of the literature reports
the results of laboratory half-cell measurements
and the durability is only tested for a few weeks
at most.
With respect to the synthesis, it is difficult to
formulate the exact key requirements (for example
chemical composition; promoters; crystallographic,
electronic and surface structures; physical
properties; morphology; fine microstructure;
specific surface area; particle size distribution and
supporting material) that should be fulfilled for the
HER/OER catalysts to be economic, active, stable
and durable for AEMWE. This challenge is mainly
explained by the ever increasing complexity of the
reported catalysts, their dynamic reconstruction
during reactions and large scattering of the
resultant half-cell testing data. The way to solve
this shortcoming is to foster the international
community working on WE to follow well-defined
characterisation and testing protocols. Recent
efforts in this direction (30, 31) provide hope
that the aforementioned requirements will be
established in the near-term, also involving the
help of data mining and computation. It would
be also interesting to see how Xides will compete
and, more importantly, participate in the rapidly
developing area of mass-efficient atomically
dispersed catalysts for HER/OER (104, 105).
Considering the discovery of new, more efficient
catalysts, solid-state chemistry offers hundreds
of ternary and multinary phosphides, borides and
other Xides, in addition to the relatively limited
range of binary materials that have been studied
thus far as potential HER/OER electrocatalysts.
Such materials have unique crystal and electronic
structures and may exhibit quite different catalytic
properties as compared to their binary counterparts.
Tuning the transition-metal d-orbital filling, local
metal and non-metal (boron, carbon, nitrogen,
silicon, phosphorus, sulfur, selenium, tellurium)
coordination environments, and the density of
states at the Fermi level is important to optimising
the HER/OER catalytic performance. The large
structural and compositional variety is a challenge
as the synthesis and property characterisation
protocols are tedious. Application of computational
and machine learning approaches can substantially
accelerate identification of the most promising
candidates. Coupling the computational screening,
which accounts for surface dynamics, together with
experimental research should result in emergent
catalysts with improved performance.
Assembling even a single AEMWE cell is a tedious
process that requires expertise not commonly found
222

in academic research laboratories. For instance, to
the best of our knowledge, no full AEM electrolyser
has been tested with promising TMP/TMB cathodes
and anodes. Nevertheless, real AEMWE testing
is quite important to demonstrate the applied
potential of Xides as catalysts. Here, the early
involvement of industry will be highly beneficial,
allowing the real future prospects of the reported
pgm-free catalytic systems to be understood.
Another issue is the lack of benchmarked AEMWE
components (membrane, ionomer, GDL and PTL)
and standard HER/OER catalysts accepted by the
electrolyser community. This state of matters
makes comparison of performances not only
difficult, but in many cases meaningless. Substantial
input from academia, national laboratories and
industry into standardisation of materials and test
protocols is needed. This work has been initiated
in the international US–EU collaboration under the
HydroGEN consortium and has already resulted in
the harmonisation of testing protocols for PEMWE,
which will be followed by expansion to the promising
AEMWE field. Establishing such protocols will allow
the electrolyser community to work at the device
level to engineer AEMWE electrolysers with high
performance and durability (16, 106).

Glossary
AEL

alkaline electrolyser

AEM

anion-exchange membrane

BPM

bipolar membrane

CAPEX

capital expenditure

DOS

density of states

EDX

energy-dispersive X-ray

GDE

gas-diffusion electrode

GDL

gas-diffusion layer

high-angle annular dark-field
HAADF−STEM scanning transmission electron
microscopy
HER

hydrogen evolution reaction

MEA

membrane electrode assembly

MOF

metal-organic framework

NP

nanoparticle

OER

oxygen evolution reaction

OPEX

operational expenditure

P&PA

particle and pore forming agent

PEM

proton-exchange membrane

pgm

platinum group metal

PTL

porous transport layer
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RHE

reference hydrogen electrode

SOEL

solid oxide electrolyser

SPEL

solid polymer electrolyser

TMB

transition metal boride

TMP

transition metal phosphide

TRL

technology readiness level

WE

water electrolysis

Xides

transition metal borides, carbides,
nitrides, phosphides and
chalcogenides

XPS

X-ray photoelectron spectroscopy
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Microbial lipids hold great promise as biofuel
precursors, and research efforts to convert such
lipids to renewable diesel fuels have been increasing
in recent years. In contrast to the numerous
literature reviews on growing, characterising and
extracting lipids from oleaginous microbes, and on
converting vegetable oils to hydrocarbon fuels, this
review aims to provide insight into aspects that
are specific to hydroprocessing microbial lipids.
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While standard hydrotreating catalysts generally
perform well with terrestrial oils, differences in
lipid speciation and the presence of co-extracted
compounds, such as chlorophyll and sterols,
introduce additional complexities into the process
for microbial lipids. Lipid cleanup steps can be
introduced to produce suitable feedstocks for
catalytic upgrading.

Introduction
Oils derived from oleaginous microbes, such as
algae, yeast and bacteria (so-called single-cell
oils (SCOs)) have long held promise as a biofuel
precursor due to the high lipid content (>20%),
high growth rate and the ability of these microbes
to be cultivated on feedstocks or in areas that do
not compete for terrestrial food production (1).
Historically, the availability of microbial lipids has
been quite limited, but technology developments
in food and feed applications may begin to benefit
lipid production for biofuels as well. Corbion
produces an algae oil high in oleic acid for culinary
use, and an algae-based omega-3 fatty-acidenriched product for fish feed. Qualitas Health,
DSM, Evonik and Veramaris also produce omega-3
enriched oils for food and feed applications, though
to our knowledge only Qualitas Health is producing
the algae photoautotrophically. While the target
omega-3 fraction is not ideal for fuel production
due to long carbon chains and numerous double
bonds that would increase hydrogen consumption
during hydroprocessing, the process to enrich
omega-3 oils likely generates a byproduct of
lighter and more saturated fatty acids that may be
more suitable for fuel production than the omega-3
fraction. Additionally, although many oil majors
and startup companies have pivoted away from
algal biofuels, a partnership between Synthetic

© 2021 Johnson Matthey
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Genomics and ExxonMobil to improve algal biology
for fuel production is still active. The increasing
availability of cellulosic sugars may also pave the
way for larger scale cultivation of heterotrophic
oleaginous microbes.
While both the growth and characterisation of
oleaginous microbes (1–13) and the conversion
of vegetable oils to fuels (13–27) have been
extensively studied, there has been considerably
less research on converting SCOs to fuels, and
especially on converting SCOs to so-called ‘dropin’ hydrocarbon fuels that are compatible with
existing fuel infrastructure (28–30). However,
production of hydrocarbon fuels from SCOs is a
growing area of research and hydroprocessing
of these oils requires some considerations that
are unique to the differing composition of SCOs.
Enough recent studies have been published that a
summary of findings and perspective on research
directions is warranted, especially with respect
to the differences between terrestrial oils and
SCOs. In particular, lipid recovery, lipid cleanup
and catalyst selection all appear to play a key
role in hydroprocessing performance, and there
are clear needs for deeper research in each of
these areas.

Lipid Recovery
In most cases, SCOs are produced intracellularly,
and thus necessitate separation from the other
cell components prior to upgrading. Additionally,
the microbial biomass is typically recovered with
a very high water content (≥80%) relative to
terrestrial biomass. Thus, while vegetable oils
can be effectively extracted by pressing, solvent
extraction or a combination thereof, these
operations are usually not effective when applied
directly to microbial biomass. Furthermore, it is
energy intensive to dehydrate microbial biomass
and therefore strategies that can extract oil in high
yields from wet biomass are required. The first
step is commonly to rupture the microbial cell wall
which allows access to the lipids.
Various cell wall lysis methods have been
applied for this application, such as highpressure homogenisation (HPH), bead milling,
ultrasound, pulsed electric field (PEF), osmotic
shock, microwave, subcritical water hydrolysis,
enzymatic hydrolysis, autolysis and chemical
hydrolysis (31). From the perspective of energy
consumption, pretreatment methods such as
HPH, subcritical water hydrolysis, enzymatic
and chemical hydrolysis are more attractive due
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to the relatively lower energy requirements.
Moreover, all these methods can be scaled up to
industrial application (32). Researchers at the
National Renewable Energy Laboratory (NREL)
have shown that dilute acid pretreatment is an
effective, low cost, energy efficient and scalable
means to recover lipids from wet microbial
biomass (31–34).
It is also necessary to consider the compatibility
of the cell lysis method with lipid extraction.
For example, hexane is a commonly employed
extraction solvent, but does not always maximise
extraction yields. In many cases, modification of
solvent polarity (for example employing a mix of
hexane with ethanol or isopropanol) is necessary
for high lipid recovery (35–39). However,
incorporation of a polar solvent also often leads
to more prevalent co-extraction of other polar
materials, such as polar lipids, pigments, proteins
and sterols, that require more severe cleanup of
the lipid phase. In particular, extraction methods
that incorporate chlorinated solvents, such as
the well-known Folch and Bligh-Dyer extraction
protocols, tend to extract significant amounts of
polar lipids and other polar materials (36, 38).
Combinations of hexane with alcohols, such
as ethanol and isopropanol, have the potential
to more selectively extract hydrophobic lipids
while maintaining high extraction yields of these
components (31, 39, 40). The optimal balance is
thus a function of lipid speciation, content and
speciation of other potential co-extractives, the
lipid cleanup strategy and the hydroprocessing
approach.

Lipid Composition
SCOs that are considered for biofuel production
are mainly recovered from oleaginous algae, fungi
(yeast and filamentous) and bacteria, with the
number of known oleaginous species decreasing
by family in the order listed. These microbes
may be cultivated autotrophically (using only
CO2 as a carbon source), mixotrophically (using
a mixture of CO2 and organic carbon sources) or
heterotrophically (using organic carbon sources,
such as glucose and acetate). Several recent
reviews have compiled oil content and broad
composition of oleaginous microbes and their
production of oils with an emphasis on wastes
and lignocellulosic carbon sources (7–9, 11). A
sampling of these compositions is reproduced in
Table I, with comparison to common vegetable
oils. It is important to note that analytical methods
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vary greatly across the references cited in Table I.
The lipid content data, especially, should be taken
with a grain of salt.
Both SCOs and terrestrial plant oils typically
contain high proportions of palmitic (16:0),
palmitoleic (16:1), stearic (18:0), oleic (18:1)
and linoleic (18:2) acids. On the surface, the
similar composition of both oils appears to
make SCOs an attractive feedstock for catalytic
upgrading. However, SCOs can contain a broader
distribution of lipid classes than terrestrial
plant oils, including higher proportions of
polar lipids, free fatty acids (FFA), sterols,
terpenes, carotenoids and chlorophyll, as well
as unidentified compounds, that can be coextracted with the desired monoacylglycerides
(MAG), diacylglycerides (DAG), triacylglycerides
(TAG) and FFA. Examples of these other lipid
classes are shown in Figure 1. The proportions
of each vary greatly depending on the organism,
growth mode, growth condition, growth stage
and postharvest processing conditions, including
biomass and extracted oil storage and solvent
extraction conditions (36, 60). For example,
glycolipids and phospholipids can account for
17–90% of the total lipids in autotrophicallygrown algae (61), compared to ~2% in soybean
oil (62), and lipase enzymes present in the cells
can convert acylglycerides to FFA during lipid or
biomass storage (60).
TAGs and FFAs are usually considered as the
favoured precursors for biodiesel or hydrocarbonbased biofuels such as renewable diesel or
renewable jet fuel. Other components are often
detrimental in catalytic hydroprocessing as they
either increase hydrogen consumption due to a
high degree of unsaturation (for example terpenes,
carotenoids and chlorophyll), contain heteroatoms
that can poison metal or acid catalysts (for example
polar lipids and chlorophyll) or contribute to poor
cold flow properties (for example sterol-derived
cycloparaffins). For example, polar lipids mainly
consist of phospholipids, glycolipids, lipoproteins
and sulfolipids. A phospholipid molecule consists
of a polar phosphorus-containing moiety (such
as
phosphate,
phosphatidylethanolamine
or
phosphatidylcholine),
whereas
a
glycolipid
contains a polar carbohydrate moiety in place
of the phosphor group. The sidechains of polar
lipids (sugars, proteins or phosphorous-containing
molecules) may also include other nitrogen, sulfur
or phosphorus-containing moieties (21).
On the other hand, hydrotreating of some of
these contaminants can be beneficial in that the
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Fig. 1. Lipid classes present in single-cell oils

high degree of branching (for example in terpenes
and the phytol chain of chlorophyll) can potentially
improve cold flow properties and increase the value
of the renewable diesel fuel. Additionally, when
a large proportion of the lipid fraction comprises
nominally undesirable molecules (such as polar
lipids), removal of the entire molecule in a cleanup
strategy would result in low fuel yields. Thus, while
some cleanup of the oils is likely necessary, the
most desirable cleanup strategy is not universal
across SCOs, and tradeoffs between overall yields
and catalyst longevity must be considered.

Lipid Cleanup
Cleanup of SCOs targets many of the same
impurities that are removed in refining of
vegetable oils for human consumption, and thus
cleanup approaches can be broadly categorised
into the same four operations: bleaching to remove
pigments and polar compounds, degumming
to precipitate phospholipids, deodorisation to
remove FFAs and distillation to remove additional
FFAs and other volatile matter. When refining
SCOs for hydrotreating, some modifications may
be necessary. For example, FFAs are one of the
preferred feeds for hydrotreating so deodorisation
and distillation will not always be needed. However,
in some cases it may be advantageous to hydrolyse
the entire lipid stream to FFAs, distil these FFAs
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away from impurities, and route the distillate to
hydrotreating. In these cases, bleaching and
degumming may not be needed. Researchers
have explored to some extent each of these steps
except deodorisation. These techniques and their
advantages and disadvantages are summarised in
Table II.

Bleaching
Crude extracted oils from autotrophically-grown
microbes are often high in chlorophyll content.
The removal of chlorophyll is important in both
hydroprocessing and biodiesel production as
chlorophyll contamination can deactivate catalysts
and degrade fuel quality (60, 63, 64). For example,
the porphyrin head of the chlorophyll molecule
is highly unsaturated and contains the catalystpoisoning heteroatoms nitrogen and magnesium.
The two most common approaches to remove
chlorophyll are adsorption on a solid material and
dealkylation via acid treatment.
Bleaching earths, activated carbon and silica are
common adsorbents for oil refining. Adsorption
of chlorophyll is initiated by ion exchange of the
Mg2+ centre of the porphyrin head with a proton.
The metal-free porphyrin is then protonated
and adsorbed (65). Adsorbents are commonly
pretreated with mineral acids to increase the number
of exchangeable protons (66). Ultrasound-assisted
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Table II Strategies for Cleaning Up Single Cell Oils
Cleanup technology

Advantages

Disadvantages

Adsorbent bleaching

Relatively inexpensive
Established technology
Suitable for broad range of
impurities

May not fully remove impurities
May retain oil on solid, decreasing yields
May retain polar lipids, decreasing yields
significantly for oils high in these components

Acid bleaching

May be more effective than
adsorbents for chlorophyll

Requires additional water to remove acid from
oil
Targets chlorophyll, may not be effective for
other impurities

Degumming

Relatively inexpensive
Established technology
May be simple to integrate with
cell lysis by dilute acid

Targets polar lipids, decreasing yields
significantly for oils high in these components
May not remove polar lipids that are nonhydratable
May not remove impurities other than polar
lipids

Hydrolysis and FFA
distillation

Suitable for broad range of
impurities and lipid compositions

Relatively expensive for cost of alkali
Relatively energy intensive

(Trans)esterification
Suitable for broad range of
and fatty acid methyl
impurities and lipid compositions
ester (FAME) distillation

adsorption has also been demonstrated to increase
the rate of chlorophyll removal from oils (67). It is
worth noting that the loadings of polar adsorbents
to fully remove chlorophyll from SCOs may be
much higher than typically used for edible oil
bleaching due to the higher levels of chlorophyll
(and other adsorbing contaminants). For instance,
Chen et al. employed bleaching earth to adsorb
chlorophyll from microalgal biodiesel at a mass
loading of 16 wt% (60), whereas a typical edible oil
bleaching process uses a mass loading of 1.5 wt%
(68). Increasing adsorbent loading, while effective
in reducing chlorophyll content, decreases yields
due to co-adsorption of lipids. This is particularly
true of bleaching earths, which can retain up to a
third of their mass in oil (69), though even higher
retentions have been claimed (70). Similarly,
Santillan-Jimenez et al. removed chlorophyll
from crude extracted algae oil via adsorption on
K10 montmorillonite clay and activated carbon,
recovering only 58 wt% and 46 wt% of the
original extract mass, respectively (71). Gas
chromatography-mass
spectrometry
(GCMS)
analysis of the recovered materials indicated a
high content of fatty acids, hydrocarbons and
phytol isomers, while ultraviolet-visible (UV-vis)
spectroscopic and inductively coupled plasma
(ICP) analyses revealed complete chlorophyll,
phosphorus and magnesium removal. Notably, the
relative abundance of hydrocarbons in the activated
carbon-bleached material was lower than in the
K10-bleached material, likely due to the greater
hydrophobicity of the activated carbon retaining
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Relatively expensive for cost of alkali, acid or
methanol
Relatively energy intensive

more of the hydrocarbons. This observation is also
consistent with the lower total recovered yield
from the carbon adsorbent. Thus, adsorbents with
higher polarity may be more selective for removal
of the target compounds.
Phosphoric acid-catalysed dealkylation was
originally developed by Diosady to refine Canadian
canola oil, which has anomalously high chlorophyll
content for a terrestrial oil due to weather
conditions in the region (70). The acid bleaching
approach employs anhydrous acids, such as
phosphoric acid or sulfuric acid to cleave the phytol
side chain from the porphyrin structure, the latter
of which is not soluble in oil. Thus, this precipitable
form of pheophorbide can be easily separated from
the oil by filtration while the hydrophobic phytol is
preserved. Retaining the phytol in the oil confers
the additional benefit of improved biofuel yield and
performance due to a high degree of branching.
Dong et al. employed a modified version of Diosady’s
method to remove 99.7% of chlorophyll from algae
oil (63). In a direct comparison of adsorptive and
dealkylative approaches, Kruger et al. found that
phosphoric-acid-catalysed dealkylation was more
effective than adsorption on silica for the removal of
chlorophyll from algae oil (72). In the comparison,
adsorption on silica gel removed 85% of the oil
nitrogen content and still showed a detectable
chlorophyll signal in UV-vis analysis, while acid
bleaching removed 92% of the oil nitrogen and did
not show a detectable chlorophyll UV-vis signal.
Moreover, phosphoric acid bleaching is compatible
with conventional vegetable oil refining practice,
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since phosphoric acid is routinely added for oil
degumming. However, for the same reason and also
because the acid must be washed out of the oil by
adding water, phosphoric acid bleaching may suffer
from yield losses and poor bleaching performance
in oils with high levels of phospholipids.
Apart from adsorption and acid treatment, other
novel methods of chlorophyll removal have been
reported. Sathish developed a multi-step process
to remove chlorophyll from microalgal crude
oil, involving sequential aqueous acid, base and
acid treatments to lyse cells, saponify lipids and
precipitate chlorophyll, respectively (73). Though
the extraction process was not optimised, roughly
20% of the lipids remained with the biomass
solids and another 20% with the precipitated
chlorophyll. However, the purified lipids showed no
chlorophyll signal in UV-vis analysis. The process is
advantageous in that it does not require anhydrous
conditions, but the sequential use of concentrated
acids and bases is likely to be expensive and generate
highly saline wastewater. On the other hand, Li et
al. removed chlorophyll from intact microalgae by
saponification with sodium hydroxide (74).

Degumming
Analogous to chlorophyll, SCOs can have higher
phospholipid content than most terrestrial oils,
and removal of these polar lipids is necessary to
prevent catalyst fouling in downstream processes.
Further complexity arises as a large portion of
phospholipids in SCOs are non-hydratable, namely
phosphatidic acid and phosphatidylethanolamine
(75). These species complex with metal cations
and cannot be removed by conventional water
degumming processes that precipitate hydratable
phospholipids. Other degumming methods have
been developed to remove these non-hydratable
phospholipids (76).
Acid degumming is the most common approach
to removing non-hydratable phospholipids. An
acid is added to decompose phospholipid salts
to improve their hydratability. Phosphoric acid is
routinely used in algae oil degumming given the
co-benefit of chlorophyll reduction (32, 54, 60).
A drawback of acid degumming, however, is that
some decomposed phosphatic acid will remain in
the oil phase (76). Subsequent addition of a small
amount of diluted base – enough to neutralise
phosphatic acid while avoiding saponification –
has been shown to be effective in further reducing
phosphorus content of acid-degummed oils (77).
Other methods which target both hydratable and
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non-hydratable phospholipids, such as membrane
or enzymatic degumming, are in nascent stages of
development. While promising, the cost of these
techniques are prohibitively expensive for SCO
degumming in their current state (76).
Given the potentially high content of microbial
polar lipids, a remarkable amount of microbial
lipid may be lost in the degumming process (60).
Nevertheless, in some SCOs degumming may be
appropriate, and examples of both dilute acid and
solvent degumming exist in the patent literature
(78–80). For SCO streams containing large
fractions of polar lipids, hydrolysis to a FFA stream
is likely preferable for fuel production (34).

Hydrolysis and Distillation
As an alternative to removing impurities from the
lipid stream, approaches have also been developed
to remove only the desired components from the
lipid stream and leave everything else. Within
this realm, hydrolysis and methanolysis are the
primary approaches applied, generating FFA and
FAME, respectively, both of which are distillable.
Hydrolysis can employ acids, bases or high
temperature water to cleave fatty acid and other
esters. Alkaline hydrolysis (i.e. saponification) is
advantageous in that it requires mild temperatures
and short reaction times (typically 80°C and
1 h, respectively). However, the stoichiometric
consumption of alkali likely makes this approach
too expensive for a fuel production scenario.
Acid hydrolysis is favourable in that the acid is
catalytic and mild temperatures are also typically
employed (100°C or less), but reaction times are
typically 8–24 h. Acid hydrolysis was the basis
of the industrial Twitchell process, which was
subsequently superseded by steam splitting.
Steam splitting via the Colgate-Emery process
is the current industrial standard, employing
temperatures of 250–330°C and reaction
times of 2–3 h (81). Higher temperatures can
significantly shorten the reaction time (for
example to ~10 min), but also significantly
increase the operating pressure (for example to
~2500 psig) (82). Steam splitting is effective
with both acylglycerides and with phospholipids
(82). Lawal et al. demonstrated the effectiveness
of hydrolysing algal lipids to FFAs and distilling
the hydrolysed FFAs away from impurities (83).
An alternative approach involves engineering
microbes to produce and excrete FFAs directly into
the growth medium, which could simplify the cell
lysis and lipid extraction operations. This approach
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was recently demonstrated in the cyanobacteria
Synechocystis sp. PCC6803 (45).
Alternatively, microbial lipids can be converted
to methyl esters, which facilitates distillation
without vacuum. The (trans)esterification to
methyl esters is widely used on a commercial scale
to produce biodiesel, and occurs under similarly
mild conditions as saponification. Murzin and
coworkers demonstrated the effectiveness of this
cleanup approach for removing impurities in algae
oil (84–86). However, this approach suffers from
two significant drawbacks, namely that it requires
a dry feedstock and that it consumes methanol
stoichiometrically. Drying of microbial biomass is
much more energy intensive than drying terrestrial
crops, and may be economically untenable for
fuel production. Process engineering may make
it feasible to recycle the methanol (or valorise
it, for example in a methanol-to-gasoline-type
process) though this has not been explored to our
knowledge.

Hydroprocessing of Single Cell Oils
Several types of SCOs have been upgraded to
hydrocarbon fuels with and without prior cleanup.
Among these, algae oils are by far the most
common. Hydroprocessing approaches and cleanup
approaches for use on algae oils have varied
significantly, though many employed techniques to
specifically remove chlorophyll. Hydroprocessing
of yeast oils, which do not contain chlorophyll but
may contain sterols, has also been reported by a
few researchers. Among other microbes, to our
knowledge only lipids from the methanotrophic
bacterium Methylomicrobium buryatense have
been upgraded to hydrocarbons. A summary of
SCO hydroprocessing literature is provided in
Table III.
Lawal and coworkers explored deoxygenation
of algae oils from Nannochloropsis salina and
Chlorella vulgaris over platinum, rhodium and
nickel-molybdenum-based catalysts (83, 87,
88). The oils were obtained from Valicor, which
employed a thermochemical pretreatment of the
algal biomass to render the lipids extractable
(83, 106). Notably, this pretreatment reduced the
amount of phosphorus and iron in the Chlorella
oil by nearly 100%, while sulfur was only reduced
by 30%. For the N. salina oil, however, the sulfur
and phosphorus content remained relatively
high at 2033 ppm and 246 ppm, respectively.
Additionally, the N. salina oil contained only 47%
material that could be identified as acylglycerides
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or FFAs (83, 87). Analysis showed that the oil had
up to 0.8% chlorophyll, 0.5% carotenoids, 5%
sterols, 1–5% mannitol and a large fraction of
unsaponifiable matter that was not identified (83).
While most reaction conditions explored showed
significant catalyst deactivation within 7 h time
on stream (TOS), Zhou and Lawal were able to
find a set of conditions for both a NiMo/Al2O3 and
a Pt/Al2O3 catalyst that did not show significant
deactivation within this timeframe, and obtained
hydrocarbon yields above 60 wt% (87, 88). The
optimal conditions for the platinum and nickelmolybdenum catalyst were significantly different,
underscoring the need for reaction engineering
studies for each combination of catalyst and oil.
Crocker and co-workers explored deoxygenation
of algae oils from Scenedesmus acutus grown on
power plant flue gas as a carbon source using
nickel-based catalysts (71, 89–91). While the
focus of these experiments was generally on model
compounds, all of the catalysts employed with
algae oils (Ni/Al2O3, Ni-Al layered double hydroxide
and Ni-Cu/Al2O3) deactivated faster with the algae
oils (within 4 h TOS) than with vegetable oils or
model compounds such as triolein, despite the
fact that the oil concentration was only 1.3 wt%
in a dodecane solvent. The fast deactivation may
have been in part due to the low temperature
employed (260°C). In particular, the Ni-Al layered
double hydroxide catalyst showed significantly less
deactivation at 300°C. The faster deactivation with
algae oils is also notable in light of the cleanup
procedures employed: the lipids were purified
by column chromatography using either K10
montmorillonite clay or activated carbon with silica
gel, which was effective at removing chlorophyll and
other pigments, magnesium and phosphorus. K10
montmorillonite appeared to be a more effective
adsorbent than activated carbon, resulting in a
greater fraction of products in the diesel range. The
authors hypothesised that several unquantified
components in the algae oil, including FFAs, polar
lipids, sterols or fatty amides could be contributing
to the deactivation (90). However, experiments
with mixtures of model TAGs and FFAs suggested
FFAs were not the culprit (90). A more detailed
analysis of impurities also suggested that the oil
cleanup quantitatively removed phosphorus and
magnesium, though a small amount of nitrogen
remained (71). Santillan-Jimenez et al. (71)
also noted that the residual extraction solvent
(namely chloroform) was likely the source of
chloride detected on the catalyst in post-reaction
analysis (71), underscoring the observation that
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Obtained from
Valicor

Obtained from
Valicor

Modified BlighDyer extraction

Modified BlighDyer extraction

Modified BlighDyer extraction

Modified BlighDyer extraction

Algae,
Nannochloropsis
salina

Algae,
Nannochloropsis
salina

Algae,
Scenedesmus
acutus

Algae,
Scenedesmus
acutus

Algae,
Scenedesmus
acutus

Algae,
Scenedesmus
acutus

(87)

(88)

(71)

(89)

(90)

(91)

1.3 wt% oil
in n-C12H24,
280–360°C,
300–500 psig
H2, flow

1.3 wt% oil
in n-C12H24,
260–300°C
580 psig H2,
flow

1.3 wt% oil
in dodecane,
260°C, 580
psig H2, flow

1.3 wt% oil
in dodecane,
300°C, 580
psig H2, flow
1.3 wt% oil
in dodecane,
260°C, 580
psig H2, flow

1 mm filtration

K10
montmorillonite
clay or activated
carbon in
column
chromatography

Activated
carbon, silica
gel in column
chromatography

K10
montmorillonite
clay in column
chromatography
K10
montmorillonite
clay in column
chromatography

1 mm filtration

Ni-Al
layered
double
hydroxide

Ni-Al
layered
double
hydroxide

Ni/Al2O3,
Ni-Cu/
Al2O3

Ni-Al
layered
double
hydroxide

Pt/Al2O3,
Rh/Al2O3,
NiMo/
Al2O3

1.3 wt% oil in
n-C12H24, 280– NiMo/
360°C, 300–500 Al2O3
psig H2, flow

Table III Summary of Single Cell Oil Hydroprocessing Reports
Deoxygenation
Reference SCO type
Oil recovery
Oil cleanup
Conditions
Catalyst

55–65% hydrocarbon
in product mixture,
lower hydrocarbon
yield but increasing
diesel-range
selectivity with
increasing TOS

95% conversion,
73% selectivity to
C10–C17

76 wt% hydrocarbon
yield (Pt/Al2O3), 56%
hydrocarbon yield
(Rh/Al2O3), 63 wt%
hydrocarbon yield
(NiMo/Al2O3)
Hydrocarbon yields
not quantified, but
GCMS suggested
nearly complete
conversion to
hydrocarbons at 1
h TOS, decreasing
to 65–70% at 4 h
TOS at 260°C, while
conversion remained
nearly complete
through 4 h TOS at
300°C
Hydrocarbon yields
not quantified, but
GCMS suggested
incomplete
conversion to
hydrocarbon even
at 1 h TOS. Catalyst
deactivated faster
with algae oil than
with triolein

63 wt% hydrocarbon
yield

Results

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

(Continued)

N/A

N/A

N/A

N/A

N/A

N/A

Hydroisomerisation
Conditions
Catalyst Results
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Acid
pretreatment,
hexane liquid
liquid extraction

Algae,
Scenedesmus
acutus

Algae,
Scenedesmus
acutus

(96)

(72)

(97)

(98)

Silica gel
in column
chromatography,
H3PO4 bleaching

Acid
pretreatment,
hexane liquid
liquid extraction

Algae, Chlorella
sp.

(95)

Obtained from
Phycal

Silica gel
in column
chromatography,
H3PO4 bleaching

Supercritical
hexane

Algae, Chlorella
sp.

Algae, not
specified

None

Supercritical
hexane

Algae, not
specified

(94)

None

None

Ni/HBEA
zeolite

1 g oil in 100
ml dodecane,
260°C, 580
psig H2, batch

Obtained from
Verfahrenstechnik None
Schwedt GmbH
N/A

100% conversion,
79% hydrocarbon
yield, 40–43% n-C18
yield, 25–27% n-C17
yield

Neat
hydrodeoxygenation
product, 350°C, 800
psig H2

85% of liquid product
stream as n-alkanes
(95% with second
pass), polishing with
Pt/Al2O3 converted
residual oxygenates
Neat oil, 350°C,
Pd/C, Pt/
800 psig H2,
Al2O3
flow

Neat
hydrodeoxygenation
product, 350°C, 500
psig H2

69% liquid
hydrocarbon yield,
21% C4–C11,
79% C12+

25 wt% oil in
hexane, 450°C,
Pd/C
1300 psig H2,
flow

Neat
hydrodeoxygenation
product, 350°C, 500
psig H2

N/A

73–74% liquid
hydrocarbon yield,
15–17% C4–C11,
82–85% C12+

15% conversion, 6%
hydrocarbon yield,
42% FFA yield

25 wt% oil in
hexane, 450°C,
Pd/C
1300 psig H2,
flow

Ni/SiO2

N/A

N/A

N/A

Pt/USY

Pt/
SAPO11

Pt/
SAPO11

N/A

N/A

N/A

N/A

N/A

77–81% liquid
hydrocarbon
yield, 30–
50% isomer
content, –12
≤ CP ≤ –21°C
69% liquid
hydrocarbon
yield, 32%
isoparaffin
content, cloud
point = –3.5°C
50%
isomerisation
conversion,
solvent
dewaxing
resulted in
product that
remained
liquid at –20°C
(Continued)

N/A

N/A

2–3%
isooctadecane
yield

Noted
3.9–11%
isooctadecane
yield in batch
reactions
Noted modest
isomerisation
activity, but
did not report
isomer yields

Hydroisomerisation
Conditions
Catalyst Results

100% conversion,
75% hydrocarbon
yield, 70% n-C17 yield

100% conversion,
78% hydrocarbon
yield, 60% n-C18 yield

Results

Ni/HY
32–49% FFA yield,
zeolite,
4–7% hydrocarbon
Ni/SiO2,
yield
Mo2N/MoO2

Ni/ZrO2

1.3 wt% oil
in dodecane,
270°C, 580
psig H2, flow

Obtained from
Verfahrenstechnik None
Schwedt GmbH

Algae, not
specified

(93)

1 g oil in 100
ml dodecane,
300°C, 440
psig H2, batch
1 g oil in 100
ml dodecane,
300°C, 440
psig H2, batch

Ni/HBEA
zeolite

Algae, not
specified

Deoxygenation
Conditions
Catalyst

(92)

Oil cleanup
1.3 wt% oil
in dodecane,
260°C, 580
psig H2, flow

Oil recovery

Obtained from
Verfahrenstechnik None
Schwedt GmbH

Reference SCO type

Table III (Continued)
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Electroflocculation
Hot water
and osmotic lysis,
hydrolysis
self-separation

Algae, Dunaliella
sp.

(103)

(104)

(105)

Incubation,
high pressure
None
homogenisation,
hexane extraction

Algae,
Nannochloropsis
sp.

(102)

Excreted FFAs,
recovered by
solvent washing
adsorbent

Oil in dodecane,
300°C, 19 bar
Pd/C
6% H2, fed
batch

Extraction with
CHCl2:methanol

Algae,
Scenedesmus
obliquus

(101)

Cyanobacteria,
Synechocystis
PCC 6803

Neat oil, 300–
CoMoP/
375°C, 50–120
Al2O3
bar H2, batch

Obtained from
Solix Biofuels

Algae, not
specified

Recrystallisation,
activated carbon,
saponification,
reverse
phase liquid
chromatography

None

None

None

Extraction with
CH2Cl2

Algae, Chlorella

(100)

1.15 g oil
in 22.5 g
n-C12H24,
300°C, 15 bar
of 5% H2, fed
batch

Pd/C

Neat oil,
NiMo/
290–350°C, 60
Al2O3
bar H2, batch

10 mg oil in 10
ml hexanes,
Fe/MSN
290°C, 440
psig H2, batch

Oil in H2O (ratio
unspecified),
Pt/C
330–370°C,
batch

Co/
natural
clay

None

Algae, not
specified

(99)

Neat oil or 5
vol% oil in
heptane, 260–
300°C, 580
psig H2, batch

Obtained from
Xian Lyphar
Biotech Co Ltd

Deoxygenation
Conditions
Catalyst

Oil cleanup

Oil recovery

Reference SCO type

Table III (Continued)

32–88% alkane yield

98% conversion to
n-alkanes

Yields not quantified,
but increase in heating
value and carbon
content of oil phase,
and highly isomerised
products identified in
liquid product
67% conversion,
16% alcohols,
33% unsaturated
hydrocarbons,
18% saturated
hydrocarbons,
remaining FFAs all
saturated
84–87% liquid yields,
increasing selectivity
toward alkanes at
higher temperature
and catalyst loading
>99% conversion, up
to 80% liquid yield,
giving way to cracking
and polyaromatisation
at higher pressures

84–100% conversion
of oil, 83–86% yield of
alkanes

Results

25 g n-alkane,
300°C, 500 psig
H2

N/A

N/A

N/A

N/A

N/A

N/A

Pt/CaY
zeolite

N/A

N/A

N/A

N/A

N/A

N/A

(Continued)

20–36%
conversion,
18–31%
yield to
isoparaffins,
92–95%
isomerisation
selectivity

N/A

N/A

N/A

N/A

N/A

N/A

Hydroisomerisation
Conditions
Catalyst Results
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N/A
N/A
N/A
100% conversion,
~100% yield to
C13–C17 paraffins
Pd/SiO2

Alkali-acid
Bacteria,
Alkali-acid
pretreatment,
Methylomicrobium pretreatment,
hexane
buryatense
hexane extraction
extraction
(34)

None
(10)

Acid
pretreatment,
hexane liquid
liquid extraction
Yeast,
Rhodosporidium
toruloides

0.5 ml oil in
25 ml decane,
360°C, 40 bar
H2, batch

Pt/
SAPO11
Neat
hydrodeoxygenation
product, 350°C, 500
psig H2
80% liquid phase
yield, 60% C12–C20
hydrocarbons, 12%
C7–C11 hydrocarbons,
25% C20+
hydrocarbons
25 wt% oil in
hexane, 450°C,
Pd/C
1300 psig H2,
flow

Oil cleanup
Oil recovery
Reference SCO type

Table III (Continued)

Deoxygenation
Conditions
Catalyst

Results

Hydroisomerisation
Conditions
Catalyst Results

68% liquid
hydrocarbon
yield, 33%
isoparaffin
content,
70% C12–C20
hydrocarbon,
20% C7–C11
hydrocarbon,
7% C20+
hydrocarbon,
cloud point
–14.5°C (after
cold filtration)
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the extraction protocol can impact downstream
processes through routes other than influencing
the types of lipids extracted.
Lercher and coworkers explored nickel-based
catalysts for algae oil deoxygenation under similar
conditions to those above (though also in batch
mode), using commercial algae oil of an unspecified
species (92–94). In these experiments, support
acidity (HBEA zeolite or zirconia) was shown in
mechanistic studies with model compounds to play
a key role in the reaction kinetics, and the nickel
particle size was also key to catalyst activity. The
oil was not analysed for impurities (only fatty acid
composition), but did not deactivate the catalysts
for at least 72 h (for Ni/ZrO2) (93) or 120 h (for
Ni/HBEA) (92) TOS. Notably, some isoalkanes,
which improve the cold flow properties of the diesel
blendstock, were observed in the products due to
the support acidity.
Nguyen et al. explored both nickel and
molybdenum-based catalysts in deoxygenation
of Chlorella algae oil extracted by supercritical
hexane (95, 96). In these studies, the catalysts
were rapidly deactivated (within 1 h) and produced
less than 10% yield to hydrocarbons. In contrast,
FFAs were the major product, with acylglycerides
featured prominently as well. The authors noted
that the crude extracted lipids comprised only
around 50% fatty acids and 3–4% sterols, with
the remainder unidentified (95). While low
conversion of the FFA and acylglycerides was
observed, no conversion of the sterols or steryl
esters was found (96). Nguyen et al. also noted
that while molybdenum nitride catalysts had much
lower initial activity than nickel-based catalysts,
the molybdenum nitride catalysts did not show
as strong a deactivation as the nickel catalysts
did (95). The low activity of the molybdenum
nitride catalysts represents a significant challenge
nonetheless. However, recovery of the lipids as
methyl esters and purification over a bleaching
clay produced a feedstock that could be readily
converted over a Ni-HY zeolite catalyst (84–86).
Interestingly, a Pd/C catalyst did not perform as
well as the Ni-HY catalyst in deoxygenation of the
purified methyl esters, possibly due to the lower
acidity of the carbon support.
Researchers at NREL demonstrated both
deoxygenation
and
hydroisomerisation
of
Scenedesmus algae oil recovered after acid
pretreatment and hexane extraction (72, 97).
Deoxygenation employed a Pd/C catalyst, while
hydroisomerisation employed a Pt/SAPO-11
catalyst. Kruger et al. found that while relatively
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severe temperature and pressure (450°C and
1300 psig) and dilution of the algae oil in a
hexane solvent were required for complete
conversion and stable performance of the Pd/C
deoxygenation catalyst, bleaching the oils with
either silica gel or with phosphoric acid did not
improve the hydroisomerisation performance, at
least through 10 h TOS (72). The deoxygenation
step also resulted in significant denitrogenation
as well. The severe conditions required for
deoxygenation led to significant cracking and
lower yields to diesel range products, but
hydroisomerisation produced renewable diesel
blendstocks with cloud points below –10°C (72).
The latter step is important to demonstrate given
the non-zero levels of residual nitrogen in the
deoxygenated feedstock that could poison acidic
isomerisation catalysts.
Robota et al. also employed a Pd/C catalyst
for deoxygenation of a neat algae oil, and then
hydroisomerised the resulting alkanes with a Pt/
USY zeolite catalyst (98). Despite the higher
concentration of oil, less severe conditions were
required for nearly complete conversion of the oil
to alkanes than was observed by Kruger et al. (72),
though a second pass and a polishing step to remove
residual oxygenates were used to produce a clean
alkane stream for hydroisomerisation. With the
large-pore Pt/USY zeolite catalyst, isomerisation
and cracking were competitive, resulting in a 40%
or more mass loss to naphtha-range hydrocarbons.
Though cloud points of the resulting products were
not measured, solvent dewaxing yielded a product
that remained liquid at –20°C.
Soni et al. (99) evaluated cobalt/natural clay
catalysts for deoxygenation of a commercial algae
oil, and achieved hydrocarbon yields around 85%
after 8 h in a batch reactor at 580 psig hydrogen.
This oil contained nearly 70% docosahexaenoic
acid in its FFA profile, suggesting that the product
alkanes would require some degree of cracking to
serve as a diesel blendstock.
Fu et al. (100) demonstrated hydrogen-free
decarboxylation of Chlorella oil at 330–370°C
for 2 h in a batch reactor. The heating value and
carbon content of the organic phase both increased
and the organic product contained significantly
isomerised compounds, though conversion, yield,
oil characterisation and catalyst characterisation
were not reported.
Kandel et al. (101) reported the conversion of
an algae oil from Solix Biofuels into hydrocarbons
using a nanoparticle iron catalyst supported on
mesoporous silica. After 6 h at 290°C and 440 psig
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hydrogen, 67% of the algae oil had been converted
to both saturated and unsaturated alcohols and
hydrocarbons. The authors noted that the presence
of unsaturated compounds suggests hydrogen may
have been limiting.
Tang et al. (102) evaluated deoxygenation of a
Scenedesmus algae oil in a batch reactor over a
NiMo/Al2O3 catalyst. As the reaction temperature
increased from 290°C to 350°C (and as catalyst
loading increased from 0 wt% to 50 wt% of
the oil), the product spectrum shifted from
acids, esters and alcohols to paraffins, olefins,
naphthenes and aromatics, with a small amount
of isoparaffins also present. The authors used
multiple solvent combinations to extract the
lipids. Dichloromethane:methanol was the highest
yielding solvent on a weight basis, but the primary
components were sterols and tocopherols rather
than acylglycerides and FFAs. Other solvents were
lower yielding, but the extracts were also not
analysed.
Poddar et al. deoxygenated Nannochloropsis lipids
over a phosphorus-promoted CoMo/Al2O3 catalyst,
achieving nearly complete conversion to alkanes
and nearly 80% yield to liquid-phase products
in 6 h at 375°C and 50 bar hydrogen (103). The
authors conducted a detailed kinetic analysis but
did not report detailed product analysis or postreaction catalyst characterisation.
Wang et al. explored deoxygenation of a FFA
stream derived from Dunaliella lipids (104). The
lipids were hydrolysed in 250°C to release FFAs,
which self-separated from the aqueous phase and
were decarboxylated in fed-batch mode over a Pd/C
catalyst. The catalyst maintained steady operation
over 5 h of reaction, even with a hydrogen-poor
headspace in the reactor.
Finally, Schulz et al. (105) deoxygenated
Synechocystis (cyanobacteria) lipids over a Pd/C
catalyst and isomerised the resulting alkanes over
a Pt/CaY zeolite catalyst. The lipids were unique in
that they were recovered in the form of excreted
FFAs (mainly C12), adsorbed on and eluted from
a resin. Once recovered, the lipids were also
subjected to a number of cleanup protocols,
including
recrystallisation,
activated
carbon
treatment, saponification and preparatory-scale
liquid chromatography. These protocols had varying
effectiveness in reducing sulfur and phosphorus
contaminants in the oils (especially sulfur), which
were reflected in varying performance of the Pd/C
deoxygenation catalyst across FFA streams, giving
33–88% alkane yield depending on the stream.
The two most promising streams gave relatively
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low conversion, but high isomerisation selectivity
over the Pt/CaY catalyst.
Aside from algae lipids, yeast lipids have
also been evaluated for deoxygenation and
hydroisomerisation. Sànchez i Nogué et al. (10)
employed the same conditions as those used
by Kruger et al. (72) and Knoshaug et al. (97)
to deoxgygenate lipids from Rhodosporidium
toruloides yeast. The yeast lipids produced a
renewable diesel blendstock of similar quality as
that from the algae oils. Process optimisation to
determine if the yeast lipids could be satisfactorily
converted under less severe conditions due to
the lack of impurities such as chlorophyll was not
conducted. The lipids were found to contain a small
amount of steryl esters and a significant amount of
polar lipids as well.
Chuck and coworkers have also evaluated
conversion of yeast lipids to fuels, though not
through conventional hydroprocessing approaches
(107, 108). In these studies, the yeast lipids were
either catalytically cracked (107) or metathesised
with ethylene using a Hoveyda-Grubbs catalyst
(108). Although the Pd/C cracking catalyst and
reaction temperatures were similar to those used
for deoxygenation by other researchers, the gas
atmosphere was quite different. Interestingly,
however, the catalytic cracking experiments were
performed with a yeast lipid from Metschkownia
pulcherrima that included 9 wt% sterols, and
the authors inferred that the sterols can act as
hydrogen donors as they undergo aromatisation
at 350–400°C in an argon atmosphere, which
improved the yield to linear alkanes from the
triglyceride fraction.
Among other oleaginous microbes, the only
report of hydroprocessing to our knowledge is that
of Dong et al. (34), who converted polar lipids from
Methylomicrobium buryatense to linear alkanes
over a Pd/SiO2 catalyst. The bacterial biomass was
hydrolysed by a sequential alkaline-acid method
that both ruptured the cell wall (rendering the lipids
extractable) and cleaved the polar head groups off
the predominantly polar lipids, producing a clean
FFA stream for deoxygenation. The high degree
of polar head group cleavage was confirmed by
the presence of only 4 ppm phosphorus in the
oil, though the oil contained sulfur, nitrogen,
sodium and halogens in higher amounts. With a
relatively high catalyst loading and deoxygenation
in batch mode, full conversion to linear alkanes
was achieved. The authors also noted that a
preliminary catalyst screening with nickel- and
copper-based catalysts confirmed the hypothesis
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that these catalysts would be rapidly deactivated
in the presence of phosphorus-containing feeds,
while noble metals performed better.

Summary and Outlook
Several interesting themes emerge in lipid
composition, cleanup and hydroprocessing of
microbially-derived oils. First, the studies reporting
the longest and most stable catalytic performance
have used refined algae oils, for example from
Phycal or Solix. Although the details of the refining
process are not readily available, these processes
appear to sufficiently clean the oils of catalystdeactivating impurities. In contrast, lipid streams
extracted by researchers directly prior to catalytic
processing have tended to deactivate catalysts
more rapidly or perform more poorly, even when
diluted by a factor of 100 into an inert solvent.
Perhaps this is unsurprising given the differing
descriptions of the oils’ appearances, for example
bright orange transparent liquid vs. dark brown
semisolid. The situation is additionally confounded
by the variety of techniques and solvents used to
extract the lipids, which may co-extract different
undesirable components. Hexane is the simplest
solvent employed, but can result in low extraction
yields and form emulsions with wet biomass.
Alcohols, such as methanol and ethanol can
be added to increase the extraction yields and
minimise emulsions, but can also increase coextraction of impurities. Halogenated solvents can
serve the same purpose as alcohols, but further
confound the process by introducing additional
heteroatoms (typically chloride from chloroform or
dichloromethane) that can remain in the extract in
trace amounts even after solvent removal.
Second, studies using noble metal catalysts have
tended to report better performance than those
using base metal catalysts. This is frequently true
in other catalysis applications as well, wherein base
metals such as nickel, molybdenum and copper
are more prone to coking, oxidation by feedstock
oxygen and poisoning by feedstock heteroatom
impurities. Indeed, in the examples where
microbial oils have been thoroughly characterised
for heteroatom impurities, it is tempting to infer
that supported noble metals may even be able to
tolerate some degree of phosphorus, nitrogen and
sulfur in the feedstock. However, times on stream in
the literature reviewed here, less than 200 h TOS,
have typically been too short to make a meaningful
assessment. Nevertheless, while noble metals are
frequently avoided due to the high cost, there may
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be environmental advantages (at least for metals
such as ruthenium and platinum) (109), and some
of the cost can be recouped by regeneration and
recycling of the spent catalysts (110). It is worth
noting that industrial processes producing green
diesel fuels from vegetable oils, such as HoneywellUOP’s Ecofining, Neste’s NExBTL, Axens’ Vegan and
Renewable Energy Group’s Bio-Synfining processes
employ nickel-molybdenum or cobalt-molybdenum
sulfide catalysts similar to those used in petroleum
refining (111). These catalysts tend to favour
hydrodeoxygenation over decarbonylation or
decarboxylation, which preserves carbon in the
product, but also consumes more hydrogen in the
process. At least one evaluation of the tradeoffs
between carbon yield and hydrogen consumption
concluded
that
decarboxylation
would
be
economically favourable, provided that hydrogen
consumption through subsequent methanation and
reverse water-gas shift reactions is not significant
(112). On the other hand, the deployment of largescale wind and solar power has at times resulted
in excess power production and low-cost electricity
that can be used for water electrolysis to produce
inexpensive
hydrogen.
Nickel-molybdenum
catalysts are also frequently employed for
hydrodesulfurisation and hydrodenitrogenation,
which may indicate a higher level of robustness
to heteroatoms than other types of catalysts. In
particular, nickel-molybdenum catalysts typically
require a co-fed source of sulfur, often hydrogen
sulfide or dimethyl disulfide, to mitigate conversion
of the active sulfide phase to a less-active oxide.
Concomitantly, these catalysts tend to leach sulfur
into the product (21), which may inhibit the ability
of these catalysts to meet increasingly stringent
sulfur limits in fuels. It is unknown whether the
sulfur-containing species in microbial oils can
satisfy this requirement of nickel-molybdenum
catalysts.
Third, lipid stream cleanup by a number of
approaches appears promising, but all of the
techniques have some drawbacks and only a few
can be reasonably expected to apply universally
across microbial lipids. Saponification of the lipid
stream to FFA followed by distillation is perhaps the
most robust as it should be effective even with lipid
feeds containing high levels of polar lipids, sterols,
chlorophyll and metals. However, the distillation
step is energy intensive compared to most of
the other bleaching methods and the cost of the
alkali is high. Methyl esterification and distillation
should be similarly effective, but the methanol
would need to be recovered for high material and
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economic efficiency, or else recovered as methane
after hydrotreating. Degumming (precipitation of
phospholipids) and phosphoric acid bleaching can
work well for lipid streams that are low in polar
lipids, but would suffer from significant yield
losses otherwise, and the phosphoric acid must be
thoroughly washed out of the cleaned lipid stream
to avoid contamination from the bleaching agent.
In lipid streams with high polar lipid content,
hydrolysis to FFAs may prove more economical.
Adsorption on a polar material such as silica,
bleaching clay or activated carbon appear effective
for some target impurities (for example chlorophyll
and some metals), but similar to degumming,
may result in unacceptable yield losses for lipid
streams that contain large amounts of polar lipids.
Additionally, post-adsorption oils have still tended
to deactivate the catalysts. Interestingly, even
when chlorophyll is removed to below detection
limit, some nitrogen frequently remains in the oils,
likely in the form of hydrophobic protein. There is
thus a clear need for both fundamental science and
process development on this topic.
Looking forward, converting microbial lipids
to fuels is a promising approach to displace
conventional fossil fuels, especially for diesel and jet
fuels which share the same carbon number range
as the microbial lipids. While previous research has
focused primarily on algae lipids, the advent of
third generation cellulosic sugars may spur further
development of heterotrophic oleaginous microbes
as well. Finally, to best allow for economicallyviable biofuels production from SCOs, it is
critical to design an integrated process, in which
certain complementary units can be intensified to
maximise the yield of high quality products for a
given step. For example, the lipid hydrolysis step
can be integrated with the biomass pretreatment
or cell wall rupture step to simultaneously rupture
the cell walls for bulk oil extraction and liberate
FFA from polar lipids. In addition, the selectivity
of the extraction solvent should be carefully
considered to increase extraction of fatty acids
while reducing the co-extraction of impurities. With
these considerations, SCOs are poised to make a
significant impact in sustainable fuel production.
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2007, 189, (3), 918

65. W. Zschau, Eur. J. Lipid Sci. Technol., 2001, 103,
(8), 505

49. I. Voss and A. Steinbüchel, Appl. Microbiol.
Biotechnol., 2001, 55, (5), 547
50. A. Arabolaza, E. Rodriguez, S. Altabe, H. Alvarez
and H. Gramajo, Appl. Environ. Microbiol., 2008,
74, (9), 2573

66. F. Hussin, M. K. Aroua and W. M. A. W. Daud,
Chem. Eng. J., 2011, 170, (1), 90
67. A. A. Aachary, J. Liang, A. Hydamaka,
N. A. M. Eskin and U. Thiyam-Holländer, LWT Food Sci. Technol., 2016, 72, 439

51. G. Venkata Subhash and S. Venkata Mohan,
Bioresour. Technol., 2011, 102, (19), 9286

68. D. D. Brooks, S. A. Brophy and G. R. Goss,
Oil-Dri Corporation of America, ‘Oil Bleaching
Method and Composition for Same’, US Patent
1991; 5,004,570

52. H. Gema, A. Kavadia, D. Dimou, V. Tsagou,

69. V. Kuuluvainen, P. Mäki-Arvela, A.-R. Rautio,

244

© 2021 Johnson Matthey

Johnson Matthey Technol. Rev., 2021, 65, (2)

https://doi.org/10.1595/205651321X16024905831259

K. Kordas, J. Roine, A. Aho, B. Toukoniitty,
H. Österholm, M. Toivakka and D. Y. Murzin,
J. Chem. Technol. Biotechnol., 2015, 90, (9),
1579
70. L. L. Diosady, Int. J. Appl. Sci. Eng., 2005, 3,
(2), 81
71. E. Santillan-Jimenez, R. Pace, S. Marques,
T. Morgan, C. McKelphin, J. Mobley and
M. Crocker, Fuel, 2016, 180, 668

(1), 262
88. L. Zhou and A. Lawal, Catal. Sci. Technol., 2016,
6, (5), 1442
89. R. Loe, E. Santillan-Jimenez, T. Morgan,
L. Sewell, Y. Ji, S. Jones, M. A. Isaacs, A. F. Lee
and M. Crocker, Appl. Catal. B: Environ., 2016,
191, 147
90. E. Santillan-Jimenez, T. Morgan, R. Loe and
M. Crocker, Catal. Today, 2015, 258, (2), 284

72. J. S. Kruger, E. D. Christensen, T. Dong, S. Van
Wychen, G. M. Fioroni, P. T. Pienkos and
R. L. McCormick, Energy Fuels, 2017, 31, (10),
10946

91. M. H. Wilson, J. Groppo, A. Placido, S. Graham,
S. A. Morton, E. Santillan-Jimenez, A. Shea,
M. Crocker, C. Crofcheck and R. Andrews, Appl.
Petrochem. Res., 2014, 4, (1), 41

73. A. Sathish and R. C. Sims, Bioresour. Technol.,
2012, 118, 643

92. B. Peng, Y. Yao, C. Zhao and J. A. Lercher, Angew.
Chem. Int. Ed., 2012, 51, (9), 2072

74. T. Li, J. Xu, H. Wu, G. Wang, S. Dai, J. Fan, H. He
and W. Xiang, Marine Drugs, 2016, 14, (9), 162

93. B. Peng, X. Yuan, C. Zhao and J. A. Lercher,
J. Am. Chem. Soc., 2012, 134, (22), 9400

75. S.
Paisan,
P.
Chetpattananondh
and
S. Chongkhong, J. Environ. Chem. Eng., 2017,
5, (5), 5115

94. W. Song, C. Zhao and J. A. Lercher, Chem. Eur.
J., 2013, 19, (30), 9833

77. O. Zufarov, Š. Schmidt and S. Sekretár, Acta
Chim. Slovaca, 2008, 1, 321–328

95. H. S. H. Nguyen, P. Mäki-Arvela, U. Akhmetzyanova,
Z. Tišler, I. Hachemi, A. Rudnäs, A. Smeds,
K. Eränen, A. Aho, N. Kumar, J. Hemming,
M. Peurla and D. Y. Murzin, J. Chem. Technol.
Biotechnol., 2017, 92, (4), 741

78. S. Franklin, A. Somanchi, K. Espina, G. Rudenko
and P. Chua, Solazyme Inc, Renewable Fuels
Produced from Oleaginous Microorganisms, US
Patent 9,062,294; 2015

96. H. S. H. Nguyen, I. Hachemi, A. Rudnas, P. MäkiArvela, A. Smeds, A. Aho, J. Hemming, M. Peurla
and D. Y. Murzin, Ind. Eng. Chem. Res., 2016,
55, (40), 10626

79. A. Kale, L. C. Zullo and S. Shinde, Heliae
Development LLC, Methods of and Systems for
Producing Biofuels from Algal Oil, US Patent
8,313,648; 2012

97. E. P. Knoshaug, A. Mohagheghi, N. J. Nagle,
J. J. Stickel, T. Dong, E. M. Karp, J. S. Kruger,
D. G. Brandner, L. P. Manker, N. A. Rorrer,
D. A. Hyman, E. D. Christensen and P. T. Pienkos,
Green Chem., 2018, 20, (2), 457

76. Y. C. Sharma, M. Yadav and S. N. Upadhyay,
Biofuels, Bioprod. Biorefining, 2019, 13, (1), 174

80. A Kale, Extraction of Polar Lipids by a Two Solvent
Method, US Patent 8,475,660; 2013
81. H. L. Barnebey and A. C. Brown, J. Am. Oil Chem.
Soc., 1948, 25, (3), 95
82. E. N. Coppola, S. Nana and C. Red, Applied
Research Associates, Inc, ‘Hydrothermal Cleanup
Process’, US Patent 10,071,322; 2018
83. A. Lawal, J. Manganaro, B. Goodall and
R. Farrauto, “Pt-Based Bi-Metallic Monolith
Catalysts for Partial Upgrading of Microalgae
Oil”, US DOE Office of Energy Efficiency and
Renewable Energy (EERE), Washington, DC,
USA, 2015, 130 pp

98. H. J. Robota, J. C. Alger and L. Shafer, Energy
Fuels, 2013, 27, (2), 985
99. V. K. Soni, P. R. Sharma, G. Choudhary, S. Pandey
and R. K. Sharma, ACS Sustain. Chem. Eng.,
2017, 5, (6), 5351
100. J. Fu, C. Yang, J. Wu, J. Zhuang, Z. Hou and
X. Lu, Fuel, 2015, 139, 678
101. K. Kandel, J. W. Anderegg, N. C. Nelson,
U. Chaudhary and I. I. Slowing, J. Catal., 2014,
314, 142
102. S. Tang, Z. Shi, X. Tang and X. Yang, Green
Chem., 2019, 21, (12), 3413

84. I. Hachemi, K. Jeništová, P. Mäki-Arvela, N. Kumar,
K. Eränen, J. Hemming and D. Y. Murzin, Catal.
Sci. Technol., 2016, 6, (5), 1476

103. M. K. Poddar, M. Anand, S. A. Farooqui,
G. J. O. Martin, M. R. Maurya and A. K. Sinha,
Biomass Bioenergy, 2018, 119, 31

85. I. Hachemi, N. Kumar, P. Mäki-Arvela, J. Roine,
M. Peurla, J. Hemming, J. Salonen and
D. Y. Murzin, J. Catal., 2017, 347, 205

104. W.-C. Wang, E. Allen, A. A. Campos, R. K. Cade,
L. Dean, M. Dvora, J. G. Immer, S. Mixson,
S. Srirangan, M.-L. Sauer, S. Schreck, K. Sun,
N. Thapaliya, C. Wilson, J. Burkholder,
A. M. Grunden, H. H. Lamb, H. Sederoff,
L. F. Stikeleather and W. L. Roberts, Environ.
Prog. Sustain. Energy, 2013, 32, (4), 916

86. C. V. Viêgas, I. Hachemi, S. P. Freitas, P. MäkiArvela, A. Aho, J. Hemming, A. Smeds,
I. Heinmaa, F. B. Fontes, D. C. da Silva Pereira,
N. Kumar, D. A. G. Aranda and D. Y. Murzin, Fuel,
2015, 155, 144
87. L. Zhou and A. Lawal, Energy Fuels, 2015, 29,

245

105. T. C. Schulz, M. Oelschlager, S. T. Thompson,
W. F. J. Vermaas, D. R. Nielsen and H. H. Lamb,

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16024905831259

Johnson Matthey Technol. Rev., 2021, 65, (2)

Sustain. Energy Fuels, 2018, 2, (4), 882

109. M. Bystrzanowska, P. Petkov and M. Tobiszewski,
ACS Sustain. Chem. Eng., 2019, 7, (22), 18434

106. T. J. Czartoski, R. Perkins, J. L. Villanueva and
G. Richards, Kohn & Assoc PLLC, Algae Biomass
Fractionation, US Patent Appl. 2010/233,761

110. M. Marafi and E. Furimsky, Energy Fuels, 2017,

107. J. L. Wagner, V. P. Ting and C. J. Chuck, Fuel,
2014, 130, 315

111. B. Zhang, J. Wu, C. Yang, Q. Qiu, Q. Yan, R. Li,

108. R. W. Jenkins, L. A. Sargeant, F. M. Whiffin,
F. Santomauro, D. Kaloudis, P. Mozzanega,
C. D. Bannister, S. Baena and C. J. Chuck, ACS
Sustain. Chem. Eng., 2015, 3, (7), 1526

31, (6), 5711
B. Wang, J. Wu and Y. Ding, BioEnergy Res.,
2018, 11, (3), 689
112. B.

Donnis,

R.

G.

Egeberg,

P.

Blom

and

K. G. Knudsen, Top. Catal., 2009, 52, (3), 229

The Authors
Jacob S. Kruger is a research engineer at NREL. Prior to joining NREL in 2013. He studied
biodiesel chemistry at Hamline University, Saint Paul, Minnesota, USA (BA, 2007),
autothermal reforming of renewable feedstocks at the University of Minnesota, USA (PhD,
2011) and carbohydrate dehydration over zeolite catalysts at the University of Delaware,
USA (postdoctoral research, 2013). His current work involves catalytic processing of
lignocellulose and other renewable feedstocks, with a focus on conversion of lignin residues
and microbial biomass to high-value products.
Eric P. Knoshaug is a Group Manager/Scientist at NREL with a BA from the University of
Colorado Boulder, USA, in Environmental Studies/Economics and an MS in Microbiology
from Oregon State University, Corvallis, Oregon, USA. His current work involves biological
conversion of pretreated algal biomass to fuel and chemical precursors, genetic engineering
of green microalgae and data analytics of pilot-scale algae cultivation.

Tao Dong is a research engineer at NREL. Prior to joining NREL in 2013, Dong studied
Food Chemistry at Jiangnan University, China, (BA, 2005; MS, 2008) and Biological
Systems Engineering at Washington State University, USA (PhD, 2013). His current work
involves downstream processing of algal biomass to produce precursors for fuel and valueadded coproducts, and development of fully renewable bio-based polymers for industrial
applications.

Tobias C. Hull is a PhD candidate in the Advanced Energy Systems programme at the
Colorado School of Mines, USA. Previously, he studied chemical engineering at the
Rochester Institute of Technology, New York, USA (BS, 2018). His thesis aims to explore
the role of bioenergy in the ongoing energy transition.

Philip T. Pienkos earned a BS in Honours Biology at the University of Illinois, USA, and
his PhD in Molecular Biology at the University of Wisconsin–Madison, USA. He co-founded
two companies (Molecular Logix and Celgene), prior to joining NREL in 2007 as a Principal
Group Manager. At NREL, Pienkos worked in various aspects of cellulosic ethanol and algal
biofuels production, and helped establish new biofuels research and development areas
including biological methane upgrading and waste to energy. He is currently the CEO of
Polaris Renewables, established as a platform for his consulting business, and Emeritus
Scientist at NREL.

246

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16013966874707

Johnson Matthey Technol. Rev., 2021, 65, (2), 247–262

www.technology.matthey.com

State-of-the-Art Iridium-Based Catalysts for
Acidic Water Electrolysis: A Minireview of
Wet-Chemistry Synthesis Methods
Preparation routes for active and durable iridium catalysts

Himanshi Dhawan

Department of Chemical and Materials
Engineering, University of Alberta, 12th Floor,
Donadeo Innovation Centre for Engineering,
9211 – 116 Street, NW Edmonton, Alberta,
T6G 1H9, Canada

Marc Secanell

Department of Mechanical Engineering,
University of Alberta, 10-203 Donadeo
Innovation Centre for Engineering,
9211 – 116 Street, NW Edmonton, Alberta,
T6G 1H9, Canada

Natalia Semagina*

Department of Chemical and Materials
Engineering, University of Alberta, 12th Floor,
Donadeo Innovation Centre for Engineering,
9211 – 116 Street, NW Edmonton, Alberta, T6G
1H9, Canada
*Email: semagina@ualberta.ca

With the increasing demand for clean hydrogen
production, both as a fuel and an indispensable
reagent for chemical industries, acidic water
electrolysis has attracted considerable attention in
academic and industrial research. Iridium is a wellaccepted active and corrosion-resistant component
of catalysts for oxygen evolution reaction (OER).
However, its scarcity demands breakthroughs in
catalyst preparation technologies to ensure its
most efficient utilisation. This minireview focusses
on the wet-chemistry synthetic methods of the
most active and (potentially) durable iridium
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catalysts for acidic OER, selected from the recent
publications in the open literature. The catalysts
are classified by their synthesis methods, with
authors’ opinion on their practicality. The review
may also guide the selection of the state-of-the-art
iridium catalysts for benchmarking purposes.

1. Introduction
Hydrogenations and hydrotreating reactions with
molecular hydrogen are critical operations in
chemical and related industries. Regardless of the
nature of the hydrotreated reactants and products,
as society walks away from fossil fuels, the need
for hydrogen will remain indispensable. With the
increasing access to surplus renewable electricity,
the hydrogen production by water electrolysis may
take its rightful place not only in transportation
and energy storage, but also as a clean hydrogen
supply for chemical and related industries (1),
replacing greenhouse gas (GHG)-producing methane
steam reforming. Among the commercialised and
emerging technologies, acidic proton exchange
membrane (PEM) electrolysers can operate at up to
20 A cm–2 current density and deliver up to 700 bar
hydrogen at high efficiencies (2). Active and durable
electrocatalysts are required to reduce the power
input, the bottleneck being the sluggish anodic OER.
The acidic environment, however, demands corrosionresistant materials at high potentials. The winner
so far is the OER-active conductive and corrosionresistant iridium at typical loadings of 1–2 mg cm–2.
Lower iridium requirements were demonstrated,
for example, for a PEM electrolyser with the 3 M
nanostructured thin film (NSTF) catalyst reaching
2 A cm–2 current density at 1.86 V at 0.25 mgIr cm–2
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accessible in a research environment. Figure 1 and
Table I summarise the catalyst synthetic routes
and selected catalysts, addressed in this review;
this is not a comprehensive summary of all possible
routes and catalysts, but rather a careful selection
of studies demonstrating promising combination of
activity and stability in acidic OER.
The catalyst layer preparation methods, such
as deposition methods, are out of the scope of
this work, although they significantly affect the
catalyst performance. Gas-phase catalyst (layer)
preparation techniques (13, 14) are omitted for
the same reason, as they require specialised
equipment and feature simultaneous catalyst
formation and its deposition. The review is based
only on published research works; we acknowledge
that it may become obsolete due to the rapid
developments in the field or may miss some critical
proprietary information. The citations are chosen
only to support our viewpoints; they cannot be
considered as a comprehensive list of the relevant
works. Herein, we aim to provide comprehensive
insights in selected promising wet-synthesis
methods. We hope that the review may help the
reader in the selection of a state-of-art catalyst
for benchmarking purposes, as well as to assist
in further developments of potentially scalable
synthesis of active and durable iridium catalysts.

(3), which translates into ca. 100 tonnes iridium for
the production of 1 TW hydrogen (4). It is obvious
that with the current technologies, the terawatt-scale
hydrogen production cannot be met with the annual
supply of scarce iridium of less than 10 tonnes (4).
The annual global demand of hydrogen was reported
as 73.9 million tonnes in 2018; as it is almost entirely
supplied from fossil fuels, its current production emits
830 million tonnes of carbon dioxide per year (5).
The hydrogen production replacement in chemical
industries with water electrolysis is relatively wellpositioned as a target area for decarbonisation of the
industrial sector.
Hundreds of research papers have been focussed
on the development of active and durable iridium
catalysts, deposition techniques and associated
catalyst layer components, which may limit the
performance of the most active iridium catalyst
formulations. Recent reviews classified iridiumcontaining catalysts for acidic OER (6) and the
variety of methods for the synthesis of iridium
oxide (7). Commercial catalyst production
methods must be scalable, preferably not require
specialised equipment apart from what is available
in the catalyst production industries, not produce
significant waste and lack the need for large
amounts of chemicals, especially those that are
hazardous to the environment. With this in mind,
the objective of the current minireview is to select
a number of the most efficient state-of-the-art
iridium catalysts for acidic OER within reported
wet-chemistry synthesis methods, focussing on
the practicality and scalability of the techniques.
We address only wet-chemistry routes, as they
are most frequently reported, being relatively
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Table I Summary of the State-of-the-Art Activities of Selected Catalysts Prepared by WetChemistry Synthesis and Tested in a Rotating Disk Electrode
Catalyst (method) and
section vide infra

Loading on
the electrode,
mgIr cm–2

Overpotential
at 10 mA
Activity
cm–2, mV

3.2 Surfactant-assisted

0.061

~290

References

100 A gIr–1 at 1.51 VRHE
gIr–1

3.3 Surfactant-free colloids

0.0071

345

205 A

4. Supported on GCN

0.07

278

580 A gIr–1 at 1.55 VRHE

4. Supported on TaTO
5.2 Selective leaching

0.02
0.0277

gIr–1

at 1.5 VRHE

~300

250 A

N/A

810 A gIr–1 at 1.51 VRHE,
3353 A gIr–1 at 1.55 VRHE

at 1.51 VRHE

(8)
(9)
(10)
(11)
(12)

Note that the data are mostly reported for the fresh catalysts. Stability data, where available, are discussed in the text

transitioning to fuel cell vehicles fuelled by
renewable hydrogen, the metal loadings on the
anode of polymer electrolyte water electrolysers
should be decreased to 0.05 mgIr cm–2. This
loading can meet the demand for approximately
150 GW year–1 installed capacity while using only
50% of the annual iridium production. In order to
meet this requirement and also use electrolysis for
other needs, such as energy storage and chemical
industry supply, the specific iridium activity must be
increased substantially. An ideal OER catalyst would
have negligible overpotential; a highly desirable
catalyst would be one that requires 200– 300 mV
overpotential (1.43–1.53 V) at 10 mA cm–2 current,
with catalysts achieving this same current density
at overpotentials of 300–400 mV (1.53–1.63 V)
being acceptable (17). As a durability criterion,
if the overpotential is maintained for 10 h, the
catalyst may be suitable for real device fabrication,
taking into consideration the catalyst nature and
mass loading as well (17). The high activity would
manifest itself in a low Tafel slope at real operating
potentials. The catalyst specific activity (specific
current for electrocatalysis) is the product of the
following catalyst characteristics, assuming ideal
kinetics with no transport limitations (Equation (i)):
Specific activity [A/gIr] = Intrinsic activity
    (TOF)[A/molactive sites] * Active/surface
    site stoichiometry[molactive sites/molsurface atoms]
    * Ir dispersion[molsurface atoms/molIr total] /
    192 [gIr/ molIr]
(i)
This equation clarifies that it is not enough
to develop highly dispersed iridium catalysts,
which would be a relatively easy task to do by
synthesising sub-2 nm iridium particles with
>50% dispersion but that a proper type of iridium
species must dominate the surface. Furthermore,
the involved parameters must be stable over the
device lifetime.
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The activity of the catalyst is usually dependant
on the OER pathway, which has been shown to
depend on the treatment of the iridium catalyst.
In general, two mechanisms have been proposed,
with the main difference being the predominant
involvement of electron-deficient electrophilic
oxygen (denoted as OI–) and as activated lattice
oxygen in the reaction. The OER on rutile-type
IrO2 proceeds by means of the classical oxide,
electrochemical oxide or electrochemical peroxide
pathways involving M–O, M–OH and M–OOH
intermediates (18, 19) (Equations (ii)–(vii)):
M + H2O

M-OHads + H+ + e–

(ii)

2M-OHads

M-Oads + M + H2O

(iii)

M-OHads

M-Oads + H+ + e–

(iv)

2M-Oads

2M + O2

(v)

M-Oads + H2O
M-OOHads

M-OOHads + H+ + e–
M + O2 + H+ + e–

(vi)
(vii)

where M represents the metal oxide IrO2; the
oxide pathway involves reactions (ii), (iii) and (v),
the electrochemical pathway involves reactions
(ii), (iv) and (v), and the peroxide pathway
involves reactions (ii), (iv), (vi) and (vii). The
peroxide pathway has recently been shown
to provide trends that are in agreement with
experimental observations by Schuler et al. (19).
The electrochemical oxide path is highlighted in red
in Figure 2.
Catalyst featuring an electrochemically grown
porous hydrous oxide layer, also known as oxyhydroxide layer or amorphous IrOx catalysts, exhibit
an OER mechanism that involves an electrophilic
OI– species (21) and an activated lattice oxygen
pathway (22, 23). According to Geiger et al. (22),
a simplified pathway highlighting the need for the
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Fig. 2. OER and deactivation pathways in acidic
OER, with green route being preferable at lower
potentials, red route at higher potentials, while the
blue route is potential independent. Reprinted with
permission from (20), copyright John Wiley and
Sons 2018

outer layer of the catalyst to be involved in the
reaction could be Equations (viii)–(x):
Ir-x-Ir + H2O

Ir-O-Ir + 2H++ 2e–

Ir-O-Ir + H2O

IrO2 + 2H++ 2e–

IrO2

Ir-x-Ir + O2

(viii)
(ix)
(x)

where x is a vacancy in the porous hydrous
oxide layer. Other references have attributed the
increased activity to electrophilic OI– species (21).
Ir-O-Ir would play a similar role to the proposed
highly reactive, electrophilic oxygen OI– species
(21, 24). The second step would have a similar
function to the preliminary reaction proposed by
Pfeifer et al. (24) (Equation (xi)):
IrOxO + H2O

IrOx-O-O-H + H+ + e–

(xi)

where IrOxO represents the IrO2 matrix with an
adsorbed oxygen. The pathway involving the
electrophilic OI– species is also highlighted in
Figure 2 in green, where HIrO2 would loosely
represent the OI– intermediate.
The OER has been shown to be more active for
the pathway involving the electrophilic OI– species
and activated lattice oxygen. Unfortunately, this
pathway tends to be deactivated due to the lattice
oxygen evolution leading to iridium dissolution,
and to the transformation of the oxo-hydroxide
to less active anhydrous species (22, 25–27).
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Stabilisation of the iridium atoms in the pathway
involving the electrophilic OI– intermediate via
enhanced crystallinity (26) or the use of mixed
oxides could minimise stability issues. Crystalline
IrO2 has a lower intrinsic activity but is more stable
due to strong Ir–O bonds between IrO6 clusters,
with only topmost layers of the rutile contributing
to both processes (25). The superior stability of
thermal IrO2 is explained by slower kinetics of IrO3
hydrolysis as compared to its decomposition (20).
It has been suggested that both pathways occur
during the OER with the activated lattice oxygen
pathway being dominant at low potential, due to
its high activity, and the classical pathway being
dominant at higher potential (20). At potentials
relevant to the OER, it is possible that the oxohydroxide layer slowly transforms to anhydrous
oxide with a subsequent loss in activity and
enhancement in stability as recently shown by
atomic probe tomography (27).
Speaking of which iridium phase is to be
synthesised and introduced into the electrochemical
device, the literature features metallic iridium
with a variety of predominant crystallographic
orientations, amorphous hydrous IrO2, crystalline
rutile IrO2, their mixtures, as well as multimetallic
iridium composites. The metallic iridium may be
oxidised by calcination in air before the catalyst
layer assembly (28) or electrochemically in situ
(26, 29). Thermal iridium oxidation to IrO2 occurs
between 200°C and 500°C (30), the higher the
temperature, the higher the crystallinity and
electrochemical stability, but the surface area and
the activity decrease (31). The 400–500°C region
was recommended to strike a balance between
activity, stability and conductivity (28).
Many state-of-the-art catalysts, as shown below,
use electrochemical in situ oxidation. The iridium
(110) surface evolves into two chemically different
iridium species, with an active accessible oxidemetal interface (32). The most dense (111) iridium
surface is more resistant to the oxidation, and
once the oxide is formed, the metallic interface is
buried. Although the kinetics of oxide formation
and redox properties of the two surfaces are
different, their final reached OER activities are
rather similar. The same work (32) recommends
that for the formation of a porous hydrous IrO2,
the in situ Ir(0) activation should include oxidisingreducing cycles, instead of conventionally used
electrooxidation, although another study argues
that the repetitive electrochemical oxidation
and reduction unavoidably leads to dissolution
(33). The electrochemical oxidation proceeds via
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to the used electrochemical cell (Figure 3); for
example, oxygen bubble accumulation, a common
occurrence in rotating disk electrode (RDE), could
make the stability studies not a reliable predictor
for the catalyst lifetime in a PEM electrolyser longterm behaviour (16). In a PEM electrolyser, iridium
dissolution might result in both iridium ions in the
water feed, and migration and redeposition at the
anode/membrane interface, membrane (40–42)
and possible deposition on the cathode leading to
platinum deactivation, especially at high current
densities and overpotentials (42).
Last but not least, even if the most ideal active
and stable iridium phase is developed, the benefits
will only manifest if other occurring phenomena
are not rate-limiting. The high intrinsic activity
and stability may be masked by the limitations
in the characterisation technique used, or by
the electrode fabrication methodology (43, 44).
For example, the commonly used RDE technique
might be subject to inert backing passivation (44),
and catalyst coated membrane (CCM) fabrication
techniques, such as spray-coating, doctor blade
and inkjet printing method, could result in very
different electrode structures for full-cell testing.
Inadequate RDE or CCM fabrication, or nonoptimal electrolyte loading can result in excessive
charge and mass transport limitations. Further,
possible causes of loss of activity are poisoning of
the catalyst surface by NafionTM (45), impurities
in the electrolyte in RDE. In the presence of noniridium components, cations place-exchange with
sulfonic acid groups in the polymer electrolyte
resulting in decreased proton conductivity (46). All

2.1
2.0
1.9
E, V

hydroxide to the irreversible Ir(IV) oxide formation
in the nanoparticles, while bulk iridium preserves
its metallic subsurface with porous Ir(IV) surface
layers (34). Thus, one must be mindful of the
iridium dissolution during electrochemical oxidation
via hydrous IrO2 growth (33). When 20 nm iridium
films are used for the acidic OER, their lifetime is
similar to the lifetime of the hydrous IrO2 and is
significantly lower than for crystalline IrO2 (22).
To produce highly crystalline IrO2, which is more
stable but less active than hydrous IrO2, preliminary
annealing in air may be recommended, whenever
possible. The exceptions, of course, include
unsupported
polymer-stabilised
nanoparticles
(26), where annealing would result in particle
agglomeration, as well as metal carbides, where
it would lead to oxidation and loss of conductivity
(35). In such cases, the electrochemical oxidation
procedure must be optimised as it affects the
catalyst stability.
Fine
tuning
of
the
oxide
crystallinity,
crystallographic orientation, number of oxygen
defects and length and strength of Ir–Ir and Ir–O
bonds via thoughtful synthetic approaches may
diminish the gap between the active but unstable
and stable but less active phases. Some such
examples, leading to state-of-the-art catalysts, are
given below.
Thus, the treasure hunt for the most efficient
iridium OER catalyst is a simultaneous optimisation
of activity vs. stability. In addition, in order to
achieve high iridium utilisation, the catalyst must
be easy to integrate into a catalyst layer in order
to yield a layer that has both low loadings, and
excellent charge and mass transport. Charge
transport should include both electronic and
protonic in-plane and through-plane conductivities.
Proton transport can be optimised by controlling
the amount of electrolyte in the layer (36, 37),
while improving electron conductivity can be
achieved with the use of a conductive support and
interconnected IrOx network. Similarly, good inplane conductivity could be maximised by using a
porous transport layer (PTL) with a microporous
layer (38).
The catalyst lifetime depends on its operating
current density and overpotential. It may be
estimated using the so-called activity-stability
factor (39) or stability number (S-number) (22)
i.e. the ratio of evolved oxygen to dissolved
iridium at constant overpotential (39). Geiger
et al. reported that IrO2 powder features a one
year lifetime at 200 A gIr–1 vs. one month for
hydrous oxide (22). The numbers are specific

1.8
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MEA
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Fig. 3. Evaluation of IrO2/TiO2 catalyst stability
in an RDE and membrane electrode assembly at
70 A gIr–1. Reprinted from (16) under the Creative
Commons Attribution License, copyright 2019 The
Authors
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these complicate not only the scale-up, but also the
assessment of the intrinsic catalyst performance in
laboratory-scale devices. It is possible that efficient
catalysts have not been identified because of these
limitations. Some benchmarking procedures for
the OER evaluation have been proposed in RDE
(26, 47) and alternative liquid-flow (44, 48, 49) or
vapour-fed cells (19) and are urgently needed to
be followed.

3. Synthesis of Unsupported
Iridium/IrOx/Ir-OOH Catalysts
3.1 Adams’ Fusion Method
Adams’ method was originally developed to
conquer the issues of irreproducible platinum
catalyst synthesis; it was successfully scaled up
and is used industrially for platinum (Adams’)
catalyst production (50, 51) and thus is well
positioned for potential scalability. It also appears
to be one of the most used methods reported for
the synthesis of IrO2 for OER, including supported
and multimetallic composites. The method is based
on the synthesis of iridium nitrate from an iridium
molecular precursor heated in a solid mixture with
sodium nitrate, followed by the iridium nitrate
high-temperature decomposition to IrO2. The side
products include poisonous nitrous oxides, which
release must be appropriately managed. Synthesis
parameters include the temperature and duration
of the calcination, nature of the iridium precursor
and its fraction in the mixture with NaNO3, all of
which affect the crystallinity, oxidation state and
surface area of the produced material and thus,
the OER performance. The higher is the calcination
temperature, the higher is the crystallinity of the
produced oxide. However, the amount of active
surface hydrous IrO2 decreases, as well as the
catalyst surface area. Although the increase in
the calcination temperature leads to the lower
iridium dispersion (larger particle size) and lower
turnover frequency (TOF) due the formation of less
active crystalline IrO2, the latter is more stable
towards dissolution. This indicates the existence
of the optimal calcination temperature to achieve
the activity-selectivity balance for the maximised
iridium utilisation (31). Electrical conductivity
is also improved with increased crystallinity at
annealing (52). The highest reported surface area
of an IrO2 produced by a modified Adams’ method
is 350 m2 g–1, which was obtained from iridium
acetylacetonate and calcined in air at 350°C for
30 min (31). The oxide consists of nanodisks with
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surface partially covered by active Ir(OOH), which
however retained only 55% of its activity after 500
potential cycles due to mass loss and restructuring.
When the original sample was further heated at
400°C for 1 h, the catalyst retained 70% of its
activity after 500 potential cycles. Increased
calcination temperature, however, led to a
decrease in surface area to 250 m2 g–1. At the
catalyst loading of 0.1 mgIrOx cm–2, the specific
current of 26 A gIrOx–1 could be achieved at 295 mV
overpotential before the stability tests (0.1 M
HClO4). For both catalysts, the same activity loss
(of 30%) occurred due to the partial oxidation of
active sites, but due to the decreased leaching
from the 400°C treated sample, the latter strikes
the balance between the activity and stability (31).
The increase in calcination temperature leads not
only to the surface area decrease but also changes
the particle morphology to rods with dominating
{110} surface terminations (53).
Among other promising reported modifications
of Adams’ method, the addition of cysteamine
to the iridium precursor solution resulted in the
formation of IrO2 nanoneedles of 2 nm diameter
(6–8 layers of (110) plane, Figure 4) and 30 nm
length after 450°C calcination (54). Although
the needles possessed lower Brunauer–Emmett–
Teller (BET) surface area than the catalyst formed
without cysteamine (141 m2 g–1 vs. 197 m2 g–1),
their electrical conductivity was six-fold higher. An
overpotential of 313 mV was required to achieve
10 mA cm–2 at the catalyst loading of 0.21 mgIr cm–2
(1M H2SO4, 25°C) before and after a 2 h durability
test. The needles were also tested in a PEM
electrolyser and found more active and stable than
the spherical IrO2 synthesised without cysteamine
(54). Most likely, the less dense and well-connected
structure of iridium needles contributed to the
improved porosity and electrical conductivity. Thin

(a)

(b)

(110)

101
110
011

10 nm

5Å

110
011
101

Fig. 4. (a) Ultrathin IrO2 nanoneedles; (b) ultrathin
IrO2 nanoneedles consisting of eight (110) layers.
Reproduced from (54) with permission from John
Wiley and Sons. Copyright 2017
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needles with near-zero sphericity form packed beds
with the highest near-100% porosity as opposed to
40% for the spherical particles.

reducing agent to produce metallic nanoparticles
and is often used in the colloidal synthesis. In a
protic solvent, borohydride decomposes to gaseous
hydrogen, which, depending on the conditions, may
proceed in a violent manner. To reach 10 mA cm–2
current, ca. 290 mV overpotential was required
at only 0.061 mgIr cm–2 loading in an RDE (0.5 M
H2SO4, 25°C). The catalyst demonstrated a similar
Tafel slope of ca. 40 mV dec–1 as the calcined
catalyst prepared by the Adams’ fusion method
(31). However, the specific current at 1.51 V was
an order of magnitude higher (100 A gIr–1). The
nanoparticles formed a nanoporous structure with
well-connected particles, which retained their
metallic core but featured an active thin surface
oxide layer (Figure 5(a) and 5(b)). Authors
stressed the importance of complete IrCl3 removal
by adding excess of reducing agent to prevent
inhibition of electron transfer. Although the catalyst
showed an order of magnitude higher specific
current than Ir black (Umicore, Belgium) in an
RDE, it required only 250 mV lower potential to
reach 2 A cm–2 current (1.85–1.9 V) when tested in
an unoptimised PEM electrolyser with 1 mgIr cm–2
loadings. This again indicates the effect of various
factors in a PEM electrolyser.
The
use
of
tetradecyltrimethylammonium
bromide (TTAB) during IrO2 precipitation from
H2IrCl6 by NaOH, followed by reduction by NaBH4,
resulted in the formation of 1.7 nm metallic iridium
seeds that self-assembled into nanodendrites with
34% porosity at 39 m2 g–1 BET surface area (29).
The high crystallinity favoured stability toward

3.2 Iridium Nanoparticles Stabilised
by a Capping Agent
If one has to produce monodisperse near-spherical
nanoparticles with high dispersion (>50%, i.e.,
smaller than ca. 2 nm) to increase metal utilisation
or form anisotropic nanostructures to increase the
catalyst layer porosity or promote the formation of
certain crystal terminations, colloidal synthesis in
the presence of a capping agent is a popular method
in academic research (55). Halogen-containing
stabilisers, such as cetyltrimethylammonium
bromide (CTAB), are known to act also as a
growth-directing agent by the halogen selective
adsorption on (100) surfaces resulting in rod-like
structures. The produced structures are usually
pre-washed from the excess chemicals, while the
in situ electrochemical preconditioning removes
the surfactant, for example, by 50 potential sweeps
from 0.05 VRHE to 1.5 VRHE (RHE = reversible
hydrogen electrode) (29). Since the metallic iridium
is oxidised electrochemically, it is likely to possess
a higher proportion of activity-relevant hydrous
IrO2 on the surface, as opposed to calcined rutile
IrO2.
One of the most successful examples in this category
is the 2.0 ± 0.4 nm iridium nanoparticles formed by
IrCl3 reduction in ethanol with excess NaBH4 in the
presence of CTAB (8). NaBH4 is a strong and fast

(a)

(b)

(c)
IrOx monolayer
on metallic Ir

20 nm

5 nm
(d)

(e)

(f)
–11]
rection [1
Growth di

200 nm
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ZA = [110]

(–111) 0.22 nm
(1–11) 0.22 nm

(002) 0.19 nm

Fig. 5. (a)–
(b) Stabilised
interconnected
iridium nanoparticles
(8); (c) iridium
nanodendrites (29)
(reproduced from
(8) and (29) under a
Creative Commons
Attribution 3.0
Unported License,
published by The
Royal Society of
Chemistry); (d)–(f)
highly-crystalline
nanopompons
(26) (reproduced
from (26) under a
Creative Commons
License, published by
Elsevier)
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dissolution. The 10 mA cm–2 current was achieved
at 410 mV overpotential (RDE, 0.05 M H2SO4) but
at only 0.0102 mgIr cm–2 loading. At 1.51 V, the
catalyst activity was 70 A gIr–1. Similarly to the
CTAB-stabilised particles (8), the formed structure
featured high porosity and well-connected
individual particles (Figure 5(c)).
When a slow reducing agent is used for synthesis
(such as glucose (26)), the CTAB suppressed the grain
growth in (100) directions; the nanodendrites selfassembled into nanopompons (Figure 5(d)– (f)).
Those highly crystalline structures with a high
proportion of low-index crystal terminations were
relatively resistant to dissolution but showed lower
activity as compared to the hydrous IrO2 (26).
The stabiliser-assistant synthesis techniques are
easy to implement in a wet laboratory without
specialised equipment for academic research. This
method of iridium synthesis is also used to preform
iridium nanostructures prior to their deposition
on a support. One must be mindful of a typically
low metal concentration in the synthesis solution,
the relatively large use of solvents, reductants,
stabilisers and washing solutions, many of which
are manufactured from fossil resources and
expensive. Such synthesis methods are usually
too cumbersome for industrial production, the
improvements being feasible though for certain
stabilisers (56).

3.3 Stabiliser-Free Wet Chemical
Synthesis Methods
This category features one of the most active
catalysts reported to date, although the electrodes
were fabricated without NafionTM. Synthesis of
1.6 ± 0.3 nm iridium particles was performed
without a stabiliser by heating a solution of IrCl3
in methanol, which reduces IrO2 precipitated
by co-added NaOH; the resulting solution was
used without purification (9, 57). At a loading of
0.0071 mg cm–2 achieved by drop casting of the
native solution, the particles formed a uniform layer
on a glassy carbon (GC) disk. In 0.1 M HClO4, in
an RDE, the catalyst demonstrated an outstanding
205 A gIr–1 activity at 1.5 VRHE and 1130 A gIr–1 at
1.55 VRHE (57). The electrochemically active surface
area (ECSA) was found to be 140 m2 g–1 (at a
loading of 0.0071 mgIr cm–2). The overpotential to
reach 10 mA cm–2 was 345 mV at 0.0071 mgIr cm–2
loading, or 325 mV at 0.0143 mgIr cm–2 loading
(9). The iridium loading on the electrode was
of vital importance: loading increase above
0.0071 mg cm–2 resulted in significant drop of the
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ECSA and thus specific current (9). The specific
activity at the optimal loading surpasses the activity
for the surfactant-mediated catalysts (8), and
features a significantly easier, cheaper and scalable
preparation. In addition to being surfactant-free
and using a low-boiling easily recoverable solvent,
the method is scalable to high metal concentrations
(5 g l–1) (57).The fate of Na+ (10:1 Na:Ir) is to be
investigated, as well as the catalyst durability and
performance in a PEM electrolyser.
Many studies feature a similar iridium nanoparticle
synthesis without a surfactant with the use of
a base (NaOH) in other reducing solvents, but
typically such particles are deposited on a support,
and are discussed in Section 4.

4. Wet Synthesis of Iridium Catalysts
on Powdered Supports
In heterogeneous catalysis, supports, typically with
a high specific surface area, are used to stabilise
highly dispersed active metal nanoparticles, both
during catalyst synthesis and to ensure their
stability against agglomeration during a reaction.
In the case of electrolysers, the supports can
also be used to enhance the electrode electrical
conductivity as they will reduce the contact
resistance between particles. The acidic OER
environment dictates specific requirements to the
type of support: it must be resistant to chemical
and electrochemical dissolution, and preferably
must have a high electronic conductivity. The
latter need is mandatory if iridium loading is low;
however, if IrO2 covers most of the support, it may
provide sufficient percolative transport for the
electrons (3). The film, however, must be as thin as
possible to provide advantages over unsupported
IrO2 nanoparticles. In this subsection, we focus on
the wet synthesis of iridium catalysts on powdered
supports, which could be mixed with a NafionTM
solution for catalyst layer preparation.
In recent years, carbon and metal carbides have
been receiving less and less attention because of
carbon oxidation and volatilisation to CO2 at high
applied potentials (58). As a notable exception, one
of the most active iridium catalysts reported so far
features a carbon-based support (10). A 40 wt%
iridium catalyst was prepared by impregnation of
graphitic carbon nitride (GCN) nanosheets with
the metal precursor followed by annealing in air at
350°C. Thus embedded IrO2 possesses compressed
Ir–Ir bonds and decreased coordination numbers
of Ir–O and Ir–Ir, which was suggested to weaken
the adsorption of oxygen intermediates leading
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to increased OER activity. The reported specific
currents are 580 A gIr–1 at 1.55 V and 1493 A gIr–1
at 1.6 V. The catalyst required the overpotential of
278 mV at 10 mA cm–2 at 0.07 mgIr cm–2 loading
(in RDE in 0.5 M H2SO4). Authors demonstrated
only 35 mV potential increase at 20 mA cm–2 for
ca. 4 h in an RDE; and 78.5% current retention
in a laboratory water splitting device after a 24 h
operation at 1.6 V. The fate of GCN was assessed
by holding 2.2 VRHE for 2 h with intermediate
cyclic voltammetry (CV) measurements between
0.4 VRHE and 0.6 VRHE; the double-layer capacitance
decreased by 10% in the first 0.5 h and remained
stable up to 2 h (10); apparently, the graphitic
support nature with nitrogen heteroatom provides
its stability in acidic electrolysis. Given the high
catalyst activity and a rather easy and potentially
scalable preparation of GCN and Ir/GCN, the
studies of the catalyst durability and performance
in a PEM electrolyser are warranted.
Among oxidation-resistant conductive metal
oxide supports, antimony tin oxide (ATO), indium
tin oxide (ITO) and fluorine tin oxide (FTO) have
been the focus of the most research because of
their relatively high conductivity. Unfortunately, the
dopant’s corrosion brings down the conductivity,
increasing ohmic losses and decreasing the
energy efficiency (59). Dissolved cations may
also ion-exchange with the membrane and lead
to its degradation (46). A recent study observed
neither activity nor stability benefits from the
dopant addition (60). Although FTO possess the
lowest conductivity, it was found to be the most
stable material between –0.34 VRHE and 2.7 VRHE,
followed by ITO and ATO. The stability is assigned
to the oxygen atom exchange in SnO2 with fluorine,
instead of cation exchange in the case of ATO and
ITO synthesis (59). ATO, in turn, was suggested
to mitigate iridium dissolution by preserving it in
lower oxidation states (61). Commercially available
samples usually feature low surface areas; several
synthetic techniques were suggested in literature
for the preparation of mesoporous doped SnO2
with relatively high areas (for example, between
125 m2 g–1 and 263 m2 g–1) (62). To deal with toxic
NH4F for the FTO synthesis, safety measures must
be in place, as in any chemical and engineering
process. A number of iridium catalysts supported
on doped SnO2 with high activities and low
overpotentials at low iridium loadings were recently
reported.
A popular method for the preparation of
supported iridium OER catalysts is a colloidal
precipitation of IrO2 from an iridium molecular
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precursor by means of NaOH; the synthesis may
proceed in ethylene glycol (29), which serves both
as a solvent and a reducing agent, or, for example,
in a hydrothermal microwave reactor (63). Small
2–3 nm particles may be obtained (61), or even
smaller (1.5 ± 0.2 nm) if a stabiliser is added
(64). The support may be added to the colloidal
dispersion either during synthesis, or after the
nanoparticle formation. The use of high-boiling
ethylene glycol, though, complicates the potential
process scale-up because solvent removal
under vacuum is usually used (57), instead
of centrifugation or filtration of highly diluted
suspensions, as practiced in laboratories. As an
example of such preparation method, when SnO2
was doped with tantalum to produce tantalum
tin oxide (TaTO) and used to deposit preformed
1.7 nm IrOx nanoparticles at 11–18 wt% iridium
loading, the OER activity of the fresh catalysts
after electrochemical conditioning approached
250 A gIr–1 at overpotentials of 280 mV and
370 mV at 0.020 mgIr cm–2 loading (25°C, 0.05 M
H2SO4) (11). Although the electronic conductivity
of TaTO was two orders of magnitude lower than
that of ATO, its use did not result in decreased
activity, which was ascribed to the conducting
role of well dispersed IrOx nanoparticles. In
accelerated ageing tests at 1.2–1.6 V potential
steps, the IrOx/TaTO catalysts demonstrated
between 70% and 90% activity retention vs.
60% for the ATO-supported catalyst. The loss of
the dopant was one or two orders of magnitude
lower for tantalum as compared to antimony,
while the loss of tin was not affected. The iridium
dissolution was found dependent on the tantalum
loading: the higher loading decreased iridium
oxidation state contributing to its dissolution,
while at lower loadings tantalum shell suppressed
IrOx nanoparticle detachment. This study (11) also
demonstrates that the use of a support contributes
to enhanced iridium leaching, as compared to
commercial IrO2. As a result, although the activity
of unsupported IrO2 is significantly lower than
that of the developed catalysts, its stability to
dissolution contributes to high S-numbers (ratio
of evolved oxygen to dissolved iridium) (22). For
example the S-number for IrO2 was twice as high
as that for selected IrOx/TaTO catalysts at 1.6 V
and similar at 1.5 V (11). When hydrous IrOx was
supported on ATO, its S-number was also lower
than the one for unsupported IrOx, but the calcined
supported samples demonstrated up to two orders
of magnitude higher S-number as compared to
IrO2 (60).
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When the above-mentioned (Section 3.2)
surfactant-stabilised
iridium
nanodendrites
2 –1
(39 m g area) were deposited on high-surfacearea ATO (235 m2 g–1), an initial overpotential of
260 mV at 10 mA cm–2 at only 0.0102 mgIr cm–2
loading (RDE, 0.05 M H2SO4) was observed
while accelerated durability test showed a minor
overpotential increase by 30 mV over 15 h
compared to an abrupt increase for other tested
catalysts at earlier times (29). The specific current
at 280 mV overpotential was reported at 70 A gIr– 1
vs. 8 A gIr–1 for Ir black. In a PEM electrolyser,
the catalyst demonstrated the current density
of 1.5 A cm–2 at 1.8 V and 1 mg cm–2 loading
compared to 0.8 A cm–2 for Ir black.
An atomically dispersed iridium on ITO with
ultimate iridium dispersion was developed by
grafting 0.86 wt% iridium as an organometallic
iridium complex followed by calcination in air
at 400°C (65). The specific current of 156 A g–1
iridium was reached at 280 mV overpotential
and 0.021 mgIr cm–2 loading (0.1 M HClO4). An
overpotential of 350 ± 20 mV was required to
drive the 10 mA cm–2 current at such low metal
loadings over the course of 2 h; some iridium
agglomeration was observed in the used catalyst
and its consequences on the long-term performance
requires further analysis.
From the catalyst synthesis viewpoint, one
must be mindful that the support’s chemical
composition may change during the synthesis,
affecting the electrochemical performance. For
example, if Adams’ method involving hightemperature calcination is used to produce IrO2
on a carbide support, the support oxidation leads
to the loss of conductivity (for example, TaC lost
its conductivity from 120 S cm–1 to 10-8 S cm–1
at such circumstances) (35). A similar carbide
oxidation to a less-conductive oxide was reported
for iridium nanoparticle synthesis in the presence
of a support by a polyol method (heating in a
reducing ethylene glycol with precipitating NaOH)
(58). Moreover, iridium, tin and indium oxides may
form mixed oxides; the lattice vacancies are thus
produced upon tin and indium in situ dissolution,
improving the initial activity but jeopardising the
durability (66) due to enhanced iridium dissolution.

5. Mixed Metal Oxides
Development of multimetallic iridium-containing
catalysts has recently attracted considerable
attention as a means of enhancing the OER catalyst
performance, as had proven beneficial for catalyst
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development for fuel cells and alkaline water
electrolysis. However, with iridium being the most
corrosion resistant metal and still dissolving under
the acidic OER conditions, any other metal would
have an even higher dissolution rate. A rather
popular combination of iridium and ruthenium
features high activities due to the higher OER
activity of ruthenium than that of iridium, but is
not practical because of low corrosion resistance
of ruthenium, which is also a scarce and expensive
metal. The studies of the mixed oxide OER catalysts
do typically address (and inevitably show) the
dissolution of the catalyst components, but there
is a lack of studies on the effect of the leached
ions on the PEM system level. It is likely that the
non-iridium cations may not only ion-exchange on
NafionTM changing its properties (67), but may also
travel to the cathode side and poison the platinum
cathode as was shown for iridium (42). Membrane
degradation may also occur due to the attack of HO•
and other radicals, whose formation is catalysed
by transition metal cations (46). For example,
iron and copper ions were shown to dramatically
enhance membrane degradation (68).
Thus, a practical mixed oxide catalyst for an acidic
OER application may be envisioned as one of the
following composites (Figure 6): (a) an IrOx shell
fully covering the core with an earth-abundant
metal increasing the iridium dispersion. In this
case, electrolyte contamination with the second
metal may be delayed as compared to the mixed
alloys until the iridium shell atoms leach exposing
the core atoms; (b) iridium nanostructures
produced by the preliminary removal of a sacrificial
second component from a bimetallic composite,
either by potential cycling or chemically. The
selective leaching of the second component
leads to surface restructuring (69), porosity
enhancement (39), formation of lattice vacancies
(70) and ECSA increase (71). Lattice vacancies
formation via secondary metal leaching is a unique
opportunity to modify the electrophilicity and Ir–O
bond length leading to the enhanced OER activity
as compared to IrOx synthesised only from an
iridium precursor (70, 72). Some works report,
though, that iridium leaching from the composites
may even be increased due to the created lattice
vacancies, as compared to monometallic iridium
catalysts (39).
Below, we provide some examples for such
catalyst synthesis and performance. We note that
the direct deposition methods, such as reactive
sputtering and physical vapour deposition, are
very frequently used for the mixed oxide studies

© 2021 Johnson Matthey

Johnson Matthey Technol. Rev., 2021, 65, (2)

https://doi.org/10.1595/205651321X16013966874707

or

As synthesised
X core-Ir shell

As synthesised
mixed Ir-X alloy

Ir surface segregation,
protected X core

Leaching of X

or
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(39, 71–75), because they ensure structures with
well-controlled composition and stoichiometry,
thus, enabling the fundamental understanding of
the composite’s behaviour. As this review does
not cover the catalyst layer preparation methods,
we only focus on the production of metal oxide
powders or colloidal dispersions which were or
could be mixed with the NafionTM solution.

5.1 Core-Shell Bimetallic
Nanoparticles
Multimetallic composites can be synthesised using
all the techniques applicable for monometallic
catalyst synthesis (see Section 3) with the addition
of the second precursor, with the fine tuning of the
reaction conditions. Very often, both precursors are
added together during the synthesis. Simultaneous
reduction of different ions with different redox
potentials leads to the formation of either mixed
alloy particles or core/shell nanoparticles (76).
For the core-shell synthesis, methods like ionic
substitution (galvanic replacement) can be used
(77) where a precursor of the second metal is
deposited onto the metallic nanoparticles of the
other metal based on the standard electrochemical
potential (78), or a hydrogen-sacrificial method
(79) where a core metal is hydrogenated, followed
by the second ion reduction by the surface
hydrides and shell formation. It is important to
understand that thermodynamically unstable
bimetallic structures can be synthesised (in terms
of metal distribution) but how fast they rearrange
into the thermodynamically stable composites (for
example, where a metal with a lower cohesive
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energy segregates to the surface) depends on
temperature, chemical and electrical environment.
Metals can even change their location in situ
depending on the catalysed reaction or treatment
conditions
via
so-called
adsorbate-induced
segregation (80–82). Under the OER conditions,
the restructuring may be expected to be an ongoing
process with transient equilibrium states due to the
different rates of metal dissolution.
According to the Hume-Rothery substitution rule,
in order to form a continuous solid solution, it is
imperative that the difference between the atomic
radii of the solvent and the solute not exceed 15%
of each other and they should possess similar
crystal structures (83). One of the most common
metals alloyed with iridium is ruthenium, but
regardless of the efforts being made to inhibit
ruthenium leaching, literature report continuous
ruthenium dissolution, irrespective of methods
of synthesis and structure of the mixed metals
oxides. Ruban et al. reported a comprehensive
table of surface segregation energies in transitionmetal alloys, which can help predicting the final
dealloyed structure of iridium composites (84).
In bimetallic alloys with iridium, metals such as
copper, zirconium, rhodium, palladium, silver,
hafnium, platinum and gold would segregate to
the surface, while iridium would surface-segregate
from alloys with titanium, vanadium, chromium,
manganese,
iron,
cobalt,
nickel,
niobium,
molybdenum, technetium, ruthenium, tantalum,
tungsten, rhenium and osmium (84). Indeed,
for example, in ruthenium-iridium alloys iridium
formed a protective shell, offering an extended
stability to ruthenium (85).
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Another example, conforming to the iridium
surface segregation prediction, relates to the
iridium-nickel composite. Bimetallic 7 nm IrNi3.2
alloy nanoparticles were prepared by a simultaneous
reduction of iridium and nickel precursors in the
presence of a stabiliser (70). The followed potential
cycling from 0.05 VRHE to 1.5 VRHE for 50 cycles
resulted in partial nickel leaching, dealloying and
oxidation with the formation of a metallic IrNi
alloy(core)-IrOx(shell) nanostructure. The IrOx
shells are doped with holes (originated from nickel
leaching); they feature shorter Ir–O bonds and are
more electrophilic than conventional IrO2, which
affects the rate of O–O bond formation during
OER and enhanced intrinsic activity per iridium
site. A specific current of 676 A gIr–1 was reported
at 300 mV overpotential with 0.0102 mgIr cm–2
loading, which is one of the highest in the above
presented examples (70). This example shows
an extraordinary combination of increased
iridium utilisation due to its preferential location
in the nanoparticle shell, as well as its beneficial
electronic and thus catalytic activity modification
upon dealloying.

5.2 Selective Leaching of the
Sacrificial Component (Hard
Templating)
When a secondary metal in bimetallic composites with
iridium is selectively removed, the process results
in the formation of porous iridium nanostructures
with high accessible active site density and modified
IrOx electronic and geometric properties, which
cannot be achieved via a monometallic iridium
catalyst synthesis. Some examples of a sacrificial
metal are nickel (12, 86), cobalt (86) and osmium
(39). Among different leaching methods, the most
common are acid leaching (12) and potential cycling
(39, 71). For example, iridium was deposited
on nickel nanowires via galvanic displacement,
followed by the nanowires (‘hard template’) removal
by acid leaching (12). The residual composite with
90.5 wt% iridium demonstrated a specific current of
1650 A gIr–1 at 0.0306 mg cm–2 loading at 300 mV
overpotential in RDE in 0.1 M HClO4. A parent
mixed metal structure can be prepared as stabilised
nanoparticles in a colloidal solution, such as an
iridium-osmium oxide (39). The potential cycling
resulted in dealloying and fast osmium dissolution,
leaving behind a nanoporous architecture of iridium
metal core and IrOx shell with an optimised stability
and conductivity (39). An important observation
was that a high amount of Os–Ir bonds in the parent
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alloy led to the maximum iridium dissolution upon
fast osmium leaching.
This
category
features
some
of
the
most
architecturally-sophisticated
porous
nanostructures, such as hollow nanocrystals
synthesised via formation of a iridium-cobaltnickel solid nanoparticles, followed by cobalt and
nickel etching with Fe3+ (86), or double-layered
nanoframes produced in a solution via reduction of
nickel, copper and two types of iridium precursors
with different reduction kinetics followed by acid
leaching (87). Theoretically, this approach may
produce highly porous connected iridium-only
nanostructures, but its practical implementation
is complicated by the nuances in the size and
structure control, as well as secondary component
complete leaching without the structure collapse.
It appears that the main achievement of the
selective etching is not in the improvement of
iridium surface area and dispersion, as the thussynthesised catalysts do not feature areas above
100 m2 g–1 as compared with monometallic IrO2
synthesised by Adams’ method with 250 m2 g–1
(31). Instead, the etching allows for modification
of the IrOx electronic structure and vacancies,
affecting its OER activity and stability.

6. Conclusions
The fast-growing pool of published studies on the
iridium-catalysed acidic OER continually contributes
to the mechanistic understanding of iridium activity
and durability, the role of the second metal in alloys
and metal-support interactions. As a myriad of
more or less sophisticated methods and structures
emerges, one must keep in mind the method
practicality, safety, ease and scalability, and that
it must use as little resources and produce as little
waste as possible. This, most likely, precludes the
use of surfactant-assisted routes of wet catalyst
synthesis and might jeopardise stabiliser-free
colloidal synthesis in vast amounts of organic
solvents.
Despite the many advances on catalyst synthesis,
and recently proposed metrics to assess catalyst
activity and stability, such as the S-number and
the activity-stability factor, a lack of consensus on
the metrics used to report catalyst performance, as
well as the electrochemical testing benchmarking
procedures, make the comparison of different
catalysts challenging. Activity studies reviewed for
the fresh catalysts are not always accompanied
by meaningful stability assessment, and high
reported activities should be regarded with care,
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as the most active (hydrous) amorphous IrOx is
less stable than the less active crystalline IrO2.
With such considerations, it appears, to our
subjective opinion, that Adams’ fusion method
(or other thermal methods) producing relatively
stable rutile, deserve closer attention and further
modifications. To take advantage of the enhanced
activity of electrophilic oxygen sites, as follows
from the multioxide studies, modification of the
electrophilicity and Ir–O bond length via secondary
metal leaching is a possible way to bridge the
gap between the activity and stability. The use of
supports may increase the stability of the calcined
catalysts, however, the addition of dopants to
improve electrical conductivity must be used with
care.
One must keep in mind that the catalyst layer
fabrication can have a tremendous effect on the
activity observed in a real electrode. The ionomerto-catalyst ratio, particle size, the use of a support,
catalyst-ionomer-solvent
interactions
in
the
dispersion, and deposition technique, can have a
significant impact on the electrode electrochemical
surface area, ion and electron conductivity and
its ability to transport reactant and byproducts in
and out of the cell. Gas-phase catalyst synthesis
and deposition methods, for example (13), which
were not reviewed here, may provide a promising
alternative to the wet-chemistry techniques.
Moving forward, not only the catalyst synthesis,
but also development of common characterisation
techniques and metrics to assess activity and
stability in RDE, and optimal electrode fabrication
methods must become paramount in our collective
effort to develop the most efficient OER catalyst,
and OER electrode.
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Long-distance air travel requires fuel with a high
specific energy and a high energy density. There
are no viable alternatives to carbon-based fuels.
Synthetic jet fuel from the Fischer-Tropsch (FT)
process, employing sustainable feedstocks, is
a potential low-carbon alternative. A number
of synthetic fuel production routes have been
developed, using a range of feedstocks including
biomass, waste, hydrogen and captured carbon
dioxide. We review three energy system models
and find that many of these production routes are
not represented. We examine the market share of
synthetic fuels in each model in a scenario in which
the Paris Agreement target is achieved. In 2050, it
is cheaper to use conventional jet fuel coupled with
a negative emissions technology than to produce
sustainable synthetic fuels in the TIAM-UCL and
UK TIMES models. However, the JRC-EU-TIMES
model, which represents the most production
routes, finds a substantial role for synthetic jet
fuels, partly because underground CO2 storage is
assumed limited. These scenarios demonstrate a
strong link between synthetic fuels, carbon capture
and storage (CCS) and negative emissions. Future
model improvements include better representing
blending limits for synthetic jet fuels to meet
international fuel standards, reducing the costs of
synthetic fuels and ensuring production routes are
sustainable.

263

1. Introduction
In 2015, the global community committed to
limiting warming to “well below 2ºC” and to
pursuing efforts to limit warming to “1.5ºC above
pre-industrial levels” (1). Global CO2 emissions
must halve by 2030 if we are to have a chance
of reaching the 1.5ºC target (2). This will require
dramatic transformations in all aspects of energy
systems around the world. The UK Government,
for example, has responded by enacting a new
target of net zero greenhouse gas (GHG) emissions
by 2050 (3).
Much more stringent climate targets set
worldwide has brought renewed attention on
the environmental burdens of aviation. The
emissions impact of international flying can be
30 times greater than the low-carbon alternative
of international rail per passenger kilometre (4).
The global aviation industry is responsible for 2%
of all anthropogenic CO2 emissions, but sectoral
emissions are set to grow at an annual rate of 4%
along increase in international and domestic air
travel demands (5), notwithstanding the impacts of
the COVID-19 pandemic. In addition, the warming
effect of aviation is doubled due to nitrous oxide
and water vapour emissions at high altitudes.
While previous decarbonisation efforts for aviation
were provided by other sectors via carbon offsetting
schemes (5), this is more difficult to justify under
net-zero futures. Decarbonising aeroplanes via
new technologies is challenging as high energy
density fuel is required for long-distance air travel.
Electrification of aircraft has shown some progress
as of late, but only for small-scale aircrafts
(~20 seats), and it is set to remain focused on
short-distance air travel for the foreseeable future
(6). Without reliance on early-stage technologies
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and heavy infrastructure investments, low-carbon
replacement (i.e., ‘drop-in’) fuels that meet
jet fuel specifications are desirable. Bio-based
and synthetic jet fuels have strong potential for
decarbonisation. These options would have low or
zero CO2 emissions over their lifecycle. Recognising
this, ASTM International, USA, has internationally
certified several sustainable aviation fuels (SAF)
for commercial use.
Table I lists the five alternative jet fuel (AJF)
pathways approved so far for commercial airlines.
In all cases, neat AJF must be blended with
conventional jet fuel (i.e. fossil-based) before it can
meet specific properties and molecular components
that of standard jet fuel. At this time, the highest
possible blend percentage of AJF is 50% by volume.
This limit is expected to be increased over time
(8), for example through efforts to modify certified
routes and pursue enhanced conversion strategies
to include additional hydrocarbon products, such
as aromatic content, to allow for greater blending
volumes of the AJF product (9). Possible feedstocks
are of biomass origin, with varying pre-treatment
and conversion processes. FT synthetic paraffinic
kerosene (FT-SPK) and FT synthetic paraffinic
kerosene with aromatics (FT-SPK/A) pathways are
the most favourable options in terms of technology
maturity and versatility of feedstock, and can take
in virtually any carbon based raw material (10).
Many of the AJF pathways involve synthetic
products. The term ‘synthetic fuels’ is widely used
as an umbrella definition describing fuels produced
from coal, natural gas or biomass through chemical
conversion into synthetic crude or synthetic

liquid products. Recently, the term is increasingly
associated with relatively clean fuels produced
from low-carbon feedstocks. These types of fuels
have various potential applications across the
energy system in line with net zero ambitions (11),
with some organisations envisaging up to 15% of
final energy consumption from synthetic fuels in
their modelling scenarios (12).
There are many processing options in the
production of synthetic fuels. Typically, a carbon
source is converted into synthesis gas (syngas,
a mixture of carbon monoxide and hydrogen)
through gasification. This in turn is synthesised
into useful hydrocarbons, which are refined
or upgraded for end use. Synthesis is usually
via either FT synthesis or methanol synthesis.
These syngas platforms produce premium
alternative fuels that are compatible with existing
infrastructure. Much of the current industry and
academic focus is on FT synthetic fuels from
sustainable feedstocks: biomass (13–15), waste
(16–18) and captured CO2 (19, 20). Therefore,
this paper centres on FT jet fuel applications in
energy system models.
Energy system models are often used to inform
low-carbon energy policies (21). They model the
entire energy system from domestic production
of fuel resources, commodity processing, to
secondary energy carriers and end-use energy
service demands across the economy (22). Energy
system models balance various interactions,
delivering energy services at minimum global
cost while meeting GHG targets. Such modelling
methods allow for systematic experimentation

Table I Current Options for Alternative Jet Fuel Approved by ASTM International (7)
Alternative jet fuel

Abbreviated

Possible
feedstocks

Maximum
blending ratio by
volumea, %

Year
approved

FT synthetic paraffinic kerosene

FT-SPK

Biomass and waste

50

2009

Hydroprocessed esters and
fatty acids synthetic paraffinic
kerosene

HEFA-SPK

Lipids

50

2011

Hydroprocessed fermented
sugars to synthetic isoparaffins

HFS-SIP

Sugars

10

2014

FT synthetic paraffinic kerosene
with aromatics

FT-SPK/A

Biomass and waste

50

2015

Alcohol-to-jet synthetic
paraffinic kerosene

ATJ-SPK

Starch/sugar or
cellulosic biomass

30

2016

Catalytic hydrothermolysis
synthetic kerosene

CH-SK or CHJ

Lipids

50

2020

Hydroprocessed hydrocarbons,
esters and fatty acids synthetic
paraffinic kerosene

HHC-SPK or
HC-HEFA-SPK

Algae and lipids

10

2020

a

Maximum blending ratio is with conventional fossil-derived jet fuel
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of multidimensional variables corresponding to
climate, technology, economy and policy (23).
In this paper, we examine whether there is a
need to improve the representation of the role of
synthetic fuels in energy system models, using
three models as case studies: UK TIMES, JRCEU-TIMES and TIAM-UCL. The paper is organised
as follows. Section 2 reviews synthetic jet fuel
manufacture through the sequence of gasification
and FT processes, including all three sustainable
feedstocks that can be processed through
this route, i.e. biomass, waste and hydrogen
and captured CO2. Section 3 presents current
available technologies in the three models and
compares model outputs of jet fuel production
in decarbonisation scenarios that are consistent
with the Paris Agreement. It outlines the role
of synthetic jet fuel in aviation according to the
models through to 2050. Section 4 discusses the
scenario outputs and recommends improvements
in model design and evaluates challenges and
opportunities for synthetic fuels in the future of
energy systems modelling. We draw conclusions
in Section 5.

2. Synthetic Jet Fuel Manufacture
Synthetic jet fuel is produced from biogenic sources
(for example, biomass and waste) in three stages.
First, syngas is produced through gasification
of the feedstock and is cleaned and conditioned.
Alternatively, syngas components could be
collected from elsewhere, for example by mixing
hydrogen from electrolysis with CO2 from industrial
flue gases. Second, middle distillates are produced
from the syngas through FT synthesis. Third, the

FT liquids (or ‘syncrude’) are refined and upgraded
to high-quality jet fuel. Syngas from non-biogenic
sources are conditioned to suit FT synthesis and
subsequently processed through the same steps as
the above. Figure 1 shows the schematic line-up
of possible FT routes to synthetic jet fuel.

2.1 Biomass Conversion to Synthetic
Fuels
Biomass gasification FT to synthetic fuels is one
of the most sought-after and technologicallyadvanced routes to producing liquid fuels. Owing
to the potential to compete with other land uses,
particularly food production, globally and in the
UK, the production of primary biomass feedstock
raises sustainability concerns (24). As the global
bioeconomy grows, a relatively wide range of
sustainable biomass supply options will be needed.
Many studies have evaluated the feasibility of
biomass to jet fuel applications from secondgeneration biomass sources (13, 14).
There are many successful pilot and demonstration
scale biomass to liquid (BTL) plants (25). Yet none
have been scaled-up to a commercial size (26,
27). One major factor is that BTL plants are only
economical at large-scale of greater than 30,000
barrels per day (bpd), so an operator needs to
secure substantial biomass resources, which
have high transportation costs (15). A company
has developed microchannel FT technology to
circumvent this issue, which is commercially-viable
at production capacities of as low as 1500 bpd (28).
The merit of owning several smaller production
facilities instead of a single large one has not yet
been evaluated.

(a)

(b)
Biomass
or waste

Gasification
(syngas generation)

Syngas clean-up and cooling
Syngas conditioning
(ready for FT reactor)

Hydrogen

Electrolysis

Captured CO2

Water

(c)
Product recovery

Product upgrading or refining

FT synthesis

Synthetic jet fuel

Fig. 1. Schematic of the FT process to produce synthetic jet fuel. First, a syngas is produced by: (a) biomass
or waste gasification; or (b) hydrogen generation through electrolysis and combination with captured CO2;
(c) the syngas is converted to longer-chain hydrocarbons via FT synthesis and upgraded or refined into
synthetic jet fuel. Commodities are in grey and processes are in clear boxes
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2.2 Waste Conversion to Synthetic
Fuels
Another pathway under investigation is the
production of synthetic jet fuel from waste
feedstocks (16, 29). In contrast to crop-based
feedstocks, waste for alternative fuel production
does not require additional land and does
not compete directly with food production. In
particular, municipal solid waste (MSW) could offer
significant environmental advantages by displacing
petroleum-derived fuels while also avoiding CO2
emissions associated with landfill, where waste
of biogenic origin decomposes to methane which
escapes to the atmosphere.
One of the challenges of using MSW as feedstock
comes from its variable composition, which varies
from place to place. Reasons include the type and
efficacy of local recycling schemes, the culture
of the urban population and the time of year, so
pose a challenge from a feedstock management
standpoint during gasification. For modelling energy
generation, MSW is often assumed to contain a 50%
organic fraction. Despite the potential advantages
of and commercial interest in MSW jet fuels, only
three peer-reviewed studies have considered
the economic and environmental feasibility for a
limited number of pathways (17, 18, 30). There
are no studies available that focus on the role of
MSW to liquid fuels from the perspective of energy
modelling.

2.3 Hydrogen and Carbon Dioxide
Conversion to Synthetic Fuels
Hydrogen to synthetic fuels with captured CO2 as
feedstock is another possible pathway to producing
synthetic jet fuel. Due to the relative novelty and
broad technological coverage, the semantics of
hydrogen and captured CO2 to liquid fuels varies in
literature. They are known as electrofuels (e-fuels),
power-to-liquids (PtL) or synthetic fuels (31).
There are many variants to producing e-fuels,
but all pathways commonly follow three key
processing steps: (a) hydrogen production; (b)
CO2 capture; and (c) synthesis (for example,
FT or methanol synthesis). In industry, steam
methane reforming (using natural gas and steam
to produce hydrogen and CO2) is most commonly
used to produce hydrogen. But there would only
be an emissions reduction if no CO2 were produced
during hydrogen synthesis. It is therefore most
likely that the hydrogen would be produced
through electrolysis – splitting water or steam into
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its chemical constituents (hydrogen and oxygen) –
which has the potential to be deployed in producing
low-carbon hydrogen in the near- to mid-term if
renewable electricity is used (32). There are three
main types of electrolysis technology, differentiated
by their cell electrolyte: (a) alkaline electrolysis;
(b) proton exchange membrane (PEM); and (c)
solid oxide electrolysis cell (SOEC) (33). Sources
of electricity will have a big impact on the cost
of electrolysis (i.e. intermittent sources will have
higher cost). However, in time, electrolysis options
are likely to become more commercially viable,
as the price of sustainable electricity falls and the
technology matures to be more efficient.
CO2 capture could be from any high-concentration
CO2 source, such as industrial processes or power
generation plants. Alternatively, CO2 could be
captured directly from air using direct air capture
(DAC) technologies such as amine absorption.
However, capture from air requires two to four
times more energy compared to from flue gases
even with strong bases for scrub (31).
The CO2 and hydrogen undergo FT synthesis
to produce ‘e-crude’ (a renewable crude oil
substitute). A renewable energy-focused company
called Sunfire, Germany, operates a facility for
the purposes of producing e-crude, which can be
refined to generate synthetic jet fuel. The role of
hydrogen in the global energy system has been
studied extensively but using hydrogen as an
intermediate for synthetic fuels is not the focal
point in any study due to high cost and difficulties
faced in processing (34).

3. Synthetic Fuel in Energy System
Models
Although
technoeconomic
assessments
of
sustainable synthetic fuels have been performed
(9, 35, 36), their role in low-carbon energy systems
is not well understood. A recent study (37) touches
on the importance of biomass-derived synthetic
transport fuels in a global energy system, but is
focused on the role of bioenergy and CO2 removal
technologies. A study (38) examined the potential
role of FT synthetic fuels in the global energy
system as a major alternative energy carrier, but
their assumptions on relatively new technologies
are outdated or they are not represented at
all. European Union (EU) (39) and global (40)
energy system modelling studies that focus on
the competitiveness of PtL production pathways
have model limitations. The global study does not
differentiate between synthetic manufacturing
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processes (such as FT and methanol synthesis),
but instead includes a proxy for all synthetic fuels
that does not reflect their varying feedstocks
and costs. This model also assumes gasoline,
diesel and jet fuels are indistinguishable, yet fuel
standards for each of these are quite different
in reality. The EU study uses the JRC-EU-TIMES
model, whose assumptions are examined in
Section 3.1. A national-scale study (41) explores
the opportunities for power-to-gas and PtL using
an energy system simulation model (EnergyPLAN),
but here we examine cost-optimisation models as
we aim to understand whether synthetic fuels are
likely to be economically-viable in the future.
We examine the role of synthetic fuels in three
energy system models operating at different
spatial scales: TIAM-UCL (global), JRC-EUTIMES (EU) and UK TIMES (national). The TIMES
Integrated Assessment Model was developed by
the International Energy Agency (IEA, France)
Energy Technology Systems Analysis Program
(IEA-ETSAP). This ETSAP-TIAM model has 15
regions representing global decarbonisation to
the year 2100 (42). A version was subsequently
developed at University College London (UCL), UK,
that included a UK region (TIAM-UCL), as well as
a number of improvements particularly around
resource availability (43). The JRC-EU-TIMES
model represents the 27 EU countries and close
neighbours (for example Norway, Switzerland, UK)
as separate regions (44). The single-region UK
TIMES energy system model is jointly developed
by UCL and the UK Government, and has informed
a number of UK decarbonisation policies including
the Clean Growth Strategy (45).
All three models use TIMES model generator,
which is developed by IEA-ETSAP (46). TIMES is
a bottom-up (i.e. technology-rich) technoeconomic
least-cost optimisation model. It is used to identify
decarbonisation pathways for energy systems, over
long time horizons that meet all projected energy
service demands across the economy.
TIMES includes detailed representations of both
current and potential future energy technologies.
Technologies are characterised by their efficiency
(input and output), cost (capital expenditure
and operating expenditure) and lifetime. Energy
commodities are produced and consumed by
technologies, and can be traded between regions.
Commodity shadow prices are endogenously
calculated through supply and demand curves (47).
In this section, we first examine which synthetic
fuel production technologies are included in each
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model and how they are parametrised, in order
to identify whether the approaches and data
assumptions are consistent. We then examine
a comparable decarbonisation scenario in each
model to investigate which of these technologies
are deployed, in order to understand whether these
technologies might have a substantive role in future
energy systems. Through these two analyses, we
can ascertain whether there is a need to improve
the representation of these technologies in these
models.

3.1 Representation of Synthetic Fuel
Routes
Table II summarises the technologies that are
available to produce synthetic fuels. Figure 2
displays the jet fuel production technologies that
are represented in each model.
TIAM-UCL represents FT reactors with or without
CCS that produce synthetic fuels from either fossil
sources (coal, natural gas) or biomass (agricultural
and forestry residues, or energy crops). It does not
represent the possibility of using captured CO2 and
hydrogen to manufacture jet fuel.
JRC-EU-TIMES represents a much broader range
of FT technologies. It represents jet fuel as a blend
of oil-derived kerosene, hydrotreated vegetable oil,
FT biodiesel and synthetic kerosene from hydrogen
and captured CO2. The model assumes diesel
and kerosene are interchangeable, thus it mixes
various types of synthetic diesel and kerosene in
any proportions for the blendstock. It is not clear
that the flexibility over blends of different fuels in
jet fuel that is assumed in the model would meet
international fuel quality standards. The FT plants
have versions with and without CCS.
The UK TIMES model represents only a single FT
plant that produces 50% diesel and 50% kerosene
from biomass. There is no carbon capture and
utilisation (CCU) route in UK TIMES to produce jet
fuel from hydrogen and captured CO2.
The capital costs of FT plants in TIAM-UCL and
JRC-EU-TIMES are similar, while the process
efficiency is assumed higher in JRC-EU-TIMES. The
UK TIMES FT process has a much lower capital cost
and a substantially higher process efficiency. The
JRC-EU-TIMES technologies producing synthetic
diesel from hydrogen and CO2 have surprisingly
low costs and high efficiencies. TIAM-UCL and UK
TIMES assume 30 year plant lifetimes, while JRCEU-TIMES assumes a lifetime of only 20 years for
all plants.
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Table II Comparison of Synthetic Fuel Production Technologies in the UK TIMES, JRC-EUTIMES and TIAM-UCL Energy System Models
Model

Description

Main feedstock

Capital cost,
€ PJ–1 yr–1 jet
fuel

Efficiencyc,
%

Lifetime,
years

UK TIMES

FT diesel and kerosene
production

Pellets

27.0

0.75

30

JRC-EU-TIMES

FT diesel production

Wood

132.5

0.56

20

JRC-EU-TIMES

FT diesel production with
CCS

Wood

132.5

0.56

20

JRC-EU-TIMES

Hydrotreated vegetable oil
production

Oil crop

4.8

0.75

20

JRC-EU-TIMES

Diesel production from
electricity and captured
CO2a

Electricity

32.6

0.55

20

JRC-EU-TIMES

Diesel production from
hydrogen and captured
CO2b

Hydrogen

14.4

0.78

20

JRC-EU-TIMES

Diesel production from
electricity and atmospheric
CO2

Electricity

130.4

0.33

20

TIAM-UCL

FT diesel and kerosene
production

Agricultural and
forestry residues

35.5

0.50

30

TIAM-UCL

FT diesel and kerosene
production with CCS

Agricultural and
forestry residues

49.6

0.42

30

TIAM-UCL

FT diesel and kerosene
production

Energy crops

35.5

0.50

30

TIAM-UCL

FT diesel and kerosene
production with CCS

Energy crops

49.6

0.42

30

Note: Capital costs are converted to Euros in the year 2018. All costs and efficiencies are projections for the year 2050. Higher heating
values are used for all efficiencies.
a

Technology includes an integrated electrolyser

b

Technology includes integrated DAC and electrolyser

c

Efficiency is petajoule of fuel produced per petajoule of input (biomass, hydrogen or electricity)

3.2 Economic Viability of Synthetic
Fuel Routes in the Long Term
The Paris Agreement aims to keep the global
temperature rise well below 2ºC compared to
pre-industrial levels (1). TIAM-UCL has a climate
module that links global temperature with global
emissions. We examined a decarbonisation scenario
in TIAM-UCL in which emissions are constrained
so that the global temperature does not exceed
1.5ºC this century. This approach cannot be used
for regional models such as JRC-EU-TIMES and UK
TIMES. We instead assumed that Europe would
adopt a net zero emissions target for the year
2050, as proposed by the European Commission
in the European Climate Law. Since JRC-EU-TIMES
represents only the energy system, we estimated
emissions in 2050 from industrial processes, land
use, agriculture and waste, and concluded that
these would need to be offset by 400 million tonnes
CO2 equivalent of negative emissions from the
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energy system. UK TIMES represents all emissions
from these sectors, including mitigation options,
so we set a target of net zero GHG emissions in
that model. Since every country has agricultural
and land use emissions that cannot be mitigated,
it is necessary for the energy systems to have net
negative emissions in order to meet the overall net
zero target (48).
With such challenging emission targets, CCS has
important roles in the scenarios from all three
models. As these are least-cost optimisation
models, synthetic fuels are undermined if it is
cheaper to use oil-derived kerosene and offset
the emissions using a greenhouse gas removal
(GGR) option. Thus, it is important to understand
the capacity of captured CO2 in the models.
Table III shows the model results of the
source of captured CO2 in each model for 2050.
All three models represent negative emission
technologies, which sequester atmospheric CO2
underground, and both DAC and biomass have
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A

Fuel supply

Conversion process

Oil/LPG

Oil refinery

Biomass

Gasification/FT

Biokerosene

Oil/coal/
natural gas

Gasification/FT with
CCS

Oilkerosene

B

Intermediate carrier

UK TIMES

TIAM-UCL

Demand

JRC-EU-TIMES

Jet fuel

CO2

D

Aviation

Synthetic
kerosene

FT (CCUS)
C

Fuel

Hydrogen

Hydroprocessing

Bio-oil

E

Bio-HVO

Fig. 2. Simplified technology coverage of jet fuel production in UK TIMES, JRC-EU-TIMES and TIAM-UCL
energy system models. A: Each model has a unique pre-treatment method and different types of supply
feedstock for ‘biomass’, the latter is listed in the ‘Main feedstock’ column in Table II. B: CO2 is captured
and utilised to produce synthetic kerosene in JRC-EU-TIMES, various sources for CO2 are listed in Table III.
C: Hydrogen is produced or circulated from the centralised medium size alkaline electrolyser, centralised
hydrogen tank or centralised hydrogen from underground storage. D: Intermediate carriers are blended as
described in the text for JRC-EU-TIMES. E: hydrotreated vegetable oil (HVO)

Table III Total Captured CO2 in 2050
Across all Regions Each
Scenario, Shares by Type of
Capture Technology
Source of
captured CO2

TIAMUCL

JRC-EUTIMES

UK
TIMES

DACa

1%

69%

49%

Biomassa

70%

25%

22%

Natural gas

9%

6%

27%

Waste

0%

0%

0%

Industrial
processes

20%

0%

1%

a

Only DAC and bioenergy with CCS (BECCS) provide negative
emissions, while others can provide low carbon mitigation
options

substantial roles. Natural gas is also a substantial
CO2 source for UK TIMES. JRC-EU-TIMES reaches
a 1000 million tonnes CO2 sequestration limit
in 2050 and this might have prevented higher
natural gas CCS. The source of captured CO2 is
important because carbon in jet fuel is released
to the atmosphere as CO2, and if it is from a
fossil source then there is a net increase in
emissions even though the carbon is recycled.
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In each model, there are substantial amounts of
captured atmospheric carbon that can be used to
produce carbon-neutral jet fuel.
The technologies used to produce jet fuel globally,
in Europe, and in the UK, are compared for the
three models in Figure 3. Despite keeping the
global temperature rise below 1.5ºC, the TIAMUCL scenario has a limited role for synthetic fuels
in aviation worldwide, comprising less than 5% of
the total market for jet fuel by 2050. In contrast,
JRC-EU-TIMES uses four different production
routes and most jet fuel is low carbon. The
synthetic kerosene route using captured CO2 and
hydrogen provides the largest contribution across
Europe, yet is not considered as an option in the
other two models. UK TIMES uses only fossil-based
kerosene in 2050, because biomass availability is
very constricted and is generally used by negative
emission technologies. This reflects the lack of a FT
plant with CCS in UK TIMES, and the assumption
that only half of the plant output would be kerosene
while the other half would be relatively low-value
biodiesel. Under these assumptions, aviation
fuel is a less economic market for biomass than
alternatives such as biomass electricity generation
with CCS.
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Fig. 3. Global jet fuel production in 2050 (PJ yr–1), from net zero scenarios in the TIAM-UCL, JRC-EU-TIMES
and UK TIMES energy system models

JRC-EU-TIMES assumes substantially higher
demand for jet fuel by 2050 both across Europe
and in the UK. As well as higher demand for air
travel, this could reflect a more pessimistic view of
the potential for fuel savings through redesigning
aircraft and improving the operational efficiency of
fleets.

4. Discussion
Synthetic fuels have received little attention in
energy system models in the past because of
their perceived high costs compared to other
decarbonisation approaches, and because there
are large uncertainties in the plant cost and
performance data. The only exception has been for
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technologies using fossil fuels as feedstocks, where
there are historical precedents based on energy
security needs. As climate science has evolved,
decarbonisation targets have become more
stringent. While synthetic fuels were expected to
have at most a minor role in future energy systems
with emissions at 60% or 80% below 1990 levels,
the JRC-EU-TIMES scenario in Section 3.2 show
that they could make an important contribution to
net zero systems.
Yet the choice and level of deployment of
these technologies varies substantially between
the three models. One reason is that there is
uncertainty within the modelling community
about which of these technologies is likely to
be technically feasible, and about the cost and
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performance of the technologies. UK TIMES
represents only a single inflexible FT reactor,
with only biomass as a feedstock, and with no
CCS option. The value of the plant is further
reduced by assuming that only 50% of the output
can be biokerosene, with lower-value biodiesel
comprising the remainder. This technology has
no role in 2050 as biomass is more economically
used in negative emission plants. In contrast,
JRC-EU-TIMES has a range of plants using both
biomass and captured CO2, and with CCS options.
In the JRC-EU-TIMES net zero scenario, the
CCS versions of both sets of technologies make
important contributions. Given the stringent
climate targets, in TIAM-UCL synthetic jet fuels
are produced exclusively by FT processes with
CCS using biomass feedstock (energy crops,
and agricultural and forestry residues). Fossil FT
processes are not used but kerosene from crude
oil is still produced, with the associated emissions
offset by ‘negative emissions’ from bioenergy with
CCS (BECCS) electricity generation plants. The
availability of other GGR technologies (such as
DAC and afforestation) does not reduce pressure
on biomass sources but it does change the role of
BECCS for climate mitigation (37).
These scenarios suggest a close relationship
between negative emissions, CCS and synthetic
fuels. This is illustrated by comparing the net
zero scenarios in the European and UK models.
The JRC-EU-TIMES model assumes that CO2
sequestration cannot exceed 1000 million tonnes
CO2 per year in 2050, and this limit is reached. For
this reason, virtually all sequestration capacity is
used for negative emissions and synthetic fuels
have an important role. Since the UK has a large
CO2 sequestration capacity compared to the
European average, the sequestration limit is not
reached in UK TIMES. Natural gas is a substantial
source of CO2, and there is less need for synthetic
fuels.

4.1 Improvements to Model Design
Synthetic fuels from hydrogen and captured CO2
constitutes around 40% of jet fuel production in
JRC-EU-TIMES for 2050. It is possible that synthetic
fuels would have a similar cost-optimal share of the
market in UK TIMES and TIAM-UCL if a wider range
of production technologies were available. Despite
having electrolyser and CO2 capture options at
various scales, synthetic fuel production from
CCU is overlooked in these two models. There is a
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need to incorporate a wider range of synthetic fuel
technologies in these models.
One of the main bottlenecks in producing synthetic
fuels is biomass availability. TIAM-UCL and UK
TIMES only consider synthetic fuel production from
lignocellulosic biomass, whose supply is expected
to be limited by food security and biomass
sustainability concerns, and which is better used
elsewhere in the energy system such as for BECCS
in electricity generation or hydrogen production, as
these have higher CO2 capture rates.
Biomass feedstocks for large-scale gasification
plants must have high composition consistency
throughout the year. Therefore, it is challenging to
use waste as a feedstock, and MSW is implicitly
assumed to be a non-viable feedstock by all three
models. This is arguably not reflective of the current
status quo of FT plant project developments, as a
waste-to-fuel plant has been designed to produce
11 million gallons of jet fuel or diesel annually from
processing 175,000 tonnes of MSW (49). However,
this project does not include CCS, which is a key
technology in our model. Further research is needed
to understand the role of these types of facilities
in climate mitigation and the competitiveness of
waste as feedstock for synthetic fuel production.

4.2 Challenges and Opportunities
for the Future of Energy Systems
Modelling
As explained in Section 1, neat AJF must be blended
with conventional jet fuel to meet international
standards. This blending percentage stands
at maximum of 50% for AJF, but is expected to
increase as conversion technologies improve. UK
TIMES and TIAM-UCL assume biokerosene has the
same effective composition as oil-based kerosene,
which does not reflect current limitations. On the
other hand, JRC-EU-TIMES limits the proportion of
biokerosene to 47% in 2020, increasing to 95%
in 2050. However, this model assumes biodiesel
and biokerosene are interchangeable, despite
there being no precedent of a blend composed
of biodiesel and kerosene that can be used as jet
fuel. It is unlikely that this type of blend meets
the current specification of standard jet fuel (50).
The transportation fuel blending approach is based
on the IFPEN OURSE model (51), where product
specifications are sensibly accounted for by the
means of quality control equations under a linear
programming framework. However, JRC-EU-TIMES
implements an extended production chain in
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comparison to that model, and transportation fuel
quality is not represented as originally intended.
There is a challenge to identify and implement
feasible blending combinations that consider the
chemical composition of blends to meet jet fuel
standards.
Another important challenge is understanding
the uncertainty of carbon capture, utilisation and
storage (CCUS) in the role of achieving net zero by
2050. Synthetic fuels from CCUS are cost-optimal
in a net zero scenario in the JRC-EU-TIMES model.
However, using CCUS for fuels does not necessarily
contribute towards climate mitigation (52). Captured
CO2-based fuels move carbon through industrial
systems over different timescales. Such fuels do
not provide net CO2 removal from the atmosphere,
but reduce emissions through industrial CO2
capture that displace fossil fuel use. The space and
time of this pathway is not fully understood and
must be analysed to determine its overall impact.
On the other hand, CCUS is seen as a stepping
stone towards successful implementation of CCS in
terms of innovation and reduction of costs, and is a
crucial technology to meet net zero targets. CCUS
could have a transition role in the aviation sector
until electrification or other low-carbon options
come into place after 2050. Alternatively, the
demand for aviation could reduce if there were a
modal shift to transportation modes that are more
easily electrified (for example, electric high-speed
trains).
There is a general challenge to reduce the cost
of synthetic fuels (31), in terms of both the capital
cost of production plants and the cost of captured
CO2 and hydrogen. At current cost projections, the
UK TIMES and TIAM-UCL results suggest that at
present, these options are much more expensive
than fossil-based kerosene coupled with negative
emission technologies to offset the CO2 emissions.
Further technoeconomic assessment is needed
to better understand the sensitivity of varying
capital cost and cost of the input sources for better
comprehension of risks involved in investing in
these technologies.
The transparency and validation of assumptions
made by the modellers, such as technology
costs and performance, are imperative in energy
system models (53). Yet we found that model
input data sources are poorly documented for
key technologies across the models. Detailed
documentations for UK TIMES, JRC-EU-TIMES and
TIAM-UCL are publicly available but the bulk of the
assumptions – especially for technologies that were
modelled in the early stages of the models – are
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not available. In some cases, reasoning might have
been lost when a new model was developed from
an existing model (for instance from UK MARKAL
to UK TIMES). Lack of documentation is concerning
because the cost and efficiency of the equivalent
technologies across the models vary significantly,
and these technologies appear to have a role in net
zero scenarios as discussed in Section 4.

5. Conclusions
Aviation is carbon-intensive and must reduce
its emissions to meet current climate goals.
Decarbonisation of the sector is challenging, but
there are opportunities through switching to lowcarbon synthetic jet fuels. Energy system models
are valuable for understanding the role of synthetic
fuels in climate mitigation. Our evaluation of
three models in this paper has identified gaps
in technology and input feedstock options for
synthetic fuel production. We have identified a
variety of potential model improvements to better
represent synthetic fuels in the future. This would
ideally be coupled with a better understanding of
the fuel quality from each production process, and
the implications for jet fuel blending.
Model scenario outputs show synthetic jet fuels
could make an important contribution to net zero
systems. This will mainly rely on improving cost
competitiveness compared with conventional jet
fuel coupled with negative emissions. Importantly,
the scenarios show that there is a close relationship
between negative emissions, CCS and synthetic
fuels. This means that the share of synthetic
fuels in net zero scenarios will also depend on the
assumptions made on CCS and negative emissions.
Given the stringent climate targets and the long
lifetimes of synthetic fuel production plants, further
research on synthetic fuels is needed in the context
of energy system modelling to fully determine its
capabilities in emissions reduction.
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Shipping, which accounts for 2.6% of global
carbon dioxide emissions, is urged to find clean
energy solutions to decarbonise the industry and
achieve the International Maritime Organization
(IMO)’s greenhouse gas (GHG) emission targets by
2050. It is generally believed that hydrogen will
play a vital role in enabling the use of renewable
energy sources. However, issues related with
hydrogen storage and distribution currently
obstruct its implementation. Alternatively, an
energy-carrier such as ammonia with its carbon
neutral chemical formula, high energy density and
established production, transportation and storage
infrastructure could provide a practical shortterm next generation power solution for maritime
industry. This paper presents an overview of the
state-of-the-art and emerging technologies for
decarbonising shipping using ammonia as a fuel,
covering general properties of ammonia, the
current production technologies with an emphasis
on green synthesis methods, onboard storage and
ways to generate power from it.
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1. Introduction
Climate change is the most pressing environmental
challenge of our time. Transport, particularly
shipping, has a huge carbon footprint with around
1 billion tonnes of CO2 equivalent every year
(1). If no further action is taken, then estimates
from the IMO (2) and European Parliament (3)
suggest that the CO2 emissions from international
shipping could grow between 50–250% by 2050,
accounting for 17% of global emissions. In 2018,
IMO’s Marine Environment Protection Committee
(MEPC) announced an initial strategy on the
reduction of GHG emissions from ships, setting
out a vision to reduce GHG emissions from
international shipping and eventually suspend
them as soon as possible in this century. According
to their level of ambition, the total annual GHG
emissions (combination of CO2, methane, nitrous
oxide and fluorinated gases (4)) from international
shipping need to be reduced by at least 50%
before 2050 compared to 2008 (5). In addition,
under the revised International Convention for
the Prevention of Pollution from Ships (MARPOL)
Annex VI, the global sulfur limit is lowered from
3.50% to 0.50% as effective from 1st January
2020 (6). Following IMO’s regulations, many
initiatives, including some in the United Nations
(UN), European Union (EU) and various national
governments, are making critical infrastructure
and energy integration decisions to decarbonise the
energy and transport sectors until 2050 (7–9). It
is certain that renewable energies are key players
in the global energy transformation to mitigate
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climate change. However, the intermittent nature
of renewables hinders their integration into the
electricity distribution grid. A general consensus
is that the (excess) electrical energy generated by
renewable sources should be stored for later use
on demand to alleviate the impacts of intermittent
production. Storage requirements of the electric
grid vary widely depending on specific applications
(10). Most storage technologies fall into five
generalised categories, which are mechanical,
electrical, thermal, electrochemical and chemical
energy storage (Figure 1). Among them, chemical
energy storage, which relies on storing energy in
the chemical bonds of molecules, provides storage
of high energy density over a long period of time
and easy transportation from generation to demand
sites.
It is believed that the chemical energy storage
in the form of hydrogen will play a vital role in
enabling the use of renewable energy sources
(for example solar, wind, waves) to reduce CO2
emissions from various industries in the near
future. Particularly, the progressive decrease
in the cost of electrolysers and the increase in
carbon taxation may justify large-scale hydrogen
production from water via electrolysis, powered by
renewable electricity in centralised installations.
This stored energy can then be released again by
using the gas as a fuel in a combustion engine or a

Weeks

Chemicals: methane, hydrogen,
ammonia

Days

Storage time

fuel cell, which are relatively mature technologies
for hydrogen application. Hydrogen not only
provides a carbon-free energy solution but also
offers flexibility as most technologies that use fossil
fuels such as natural gas can be adapted to use
hydrogen and still provide the same level of service
(12, 13). The benefits of using renewable hydrogen
are already being recognised commercially for
niche applications, including water transport. For
instance, in February 2020, Enviu, The Netherlands,
announced that passengers in Rotterdam will board
a water taxi powered by hydrogen fuel cell in 2021
(14). The hydrogen-water taxi is being developed
by the SWIM consortium (consisting of Enviu,
Watertaxi Rotterdam and the (maritime) innovation
companies Flying Fish and ZEPP solutions) that was
initiated as part of Enviu’s zero-emission shipping
programme Towards Hydrogen-based Renewables
Used for Ship Transportation (THRUST). When the
project comes to life, it is going to be the world’s
first demonstration for a commercial boat on this
scale running entirely on a zero-emission fuel. To
overcome the infrastructure barrier, parallel to this
project, Enviu is also working on a green hydrogen
tank station. However, powering long distance
shipping with hydrogen is not practical because
at scale it must be compressed to around 350 to
700 times atmospheric pressure or cryogenically
cooled to –253°C which is an energy intensive and
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Fig. 1. Energy storage technologies based on power density and discharge time. ETES = electrothermal
energy storage, CAES = compressed air energy storage, ACAES = adiabatic compressed air energy storage
(11) Copyright Siemens AG
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expensive process. In addition, liquid hydrogen
requires eight times more storage space than
heavy fuel oil (HFO) while this is even 30 times
more for compressed hydrogen (15, 16). As an
alternative, a hydrogen-carrier such as ammonia
with higher volumetric energy density and carbon
neutral chemical formula has recently been under
investigation as a potential fuel for transport
(17–24). The countries with the world’s top
container ports such as Australia, the UK, Japan
and Saudi Arabia have recently announced their
national zero-emission fuel switch strategies, in
which ammonia plays an important part together
with hydrogen, and invested millions of US dollars
for their large scale demonstrations (25–29). The
steps of major energy players towards alternative
zero-carbon emission fuels will certainly have
impacts not only in these countries but also beyond.

1.1 Momentum in Maritime Industry
Towards Ammonia-Propelled
Shipping
Following the directions, policies and roadmaps of
IMO and national regulatory authorities, a number
of ventures are already underway to test viability
of ammonia in the shipping sector. The engine
manufacturers, MAN Energy Solutions (MAN ES,
Germany) and Wärtsilä, Finland, are currently
developing two-stroke and four-stroke engines,
respectively, designed to operate on ammonia and
anticipate that the first ammonia engine could be
in operation in 2024 (30, 31). Both companies
reported that they had successfully conducted a
preliminary study into ammonia combustibility,
which revealed that slow flame velocity, slower heat
release and combustion characteristics of ammonia
were no obstacle to combustion in these engines
(32). Based on their research on combustion
in smaller engines and turbines, the challenges
related to ammonia combustion are determined to
be the high nitrogen oxides (NOx) generation, low
flammability and low radiation intensity. Further
full-scale engine tests will continue to overcome
these challenges in 2021. These tests will serve as
the platform for the ammonia engine development
at Copenhagen Research Centre of MAN ES and
the Sustainable Energy Catapult Centre’s testing
facilities of Wärtsilä at Stord, Norway. Following
that, Lloyd’s Register (LR, UK) has granted
Approval in Principle to Dalian Shipbuilding
Industry Company (DSIC, China) and MAN ES for
an ammonia-fuelled 23,000 twenty-foot equivalent
unit (TEU) ultra-large container ship (ULCS)
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concept design, the first ammonia as fuel design of
its kind in China (33). MS Color Fantasy, the world’s
largest roll on/roll off (RORO) cruise liner, has also
plans to pilot ammonia as a marine fuel (34). In
addition, like Enviu’s THRUST programme from The
Netherlands, another non-profit organisation, the
Mærsk Mc‑Kinney Møller Center for Zero Carbon
Shipping, was launched in Denmark on 25th June
2020 (35). The organisation aims to bring the best
minds from science, engineering and business
in order to implement new energy systems and
technologies for shipping. Although it is not clear
yet how the decarbonisation of shipping will be
achieved, given the tremendous drive around
ammonia as a potential zero-carbon emission
fuel, more ammonia-related shipping projects are
expected to be announced in the near future.
Besides the efforts of individual companies
on developing and expanding their ammonia
powered technologies, recently there has been
a tremendous increase in the announcement
of consortium projects aiming to demonstrate
ammonia-fuelled vessels operating at sea. The
ShipFC consortium could secure €10 million fund
from the EU’s research and innovation programme
Horizon 2020 under its Fuel Cells and Hydrogen
Joint Undertaking (FCH JU) to deliver the world’s
first high-power fuel cell to be powered by green
ammonia (36). The ShipFC project is being run
by a consortium of 14 European companies and
institutions, coordinated by the Norwegian cluster
organisation NCE Maritime CleanTech. The project
aims to demonstrate an offshore vessel, Viking
Energy, which is owned and operated by Eidesvik
AS, Norway, and on contract to energy major
Equinor, Norway, powered only with a large 2 MW
ammonia fuel cell to sail up to 3000 h annually.
One of the main objectives is to ensure that a
large fuel cell can deliver total electric power to
shipboard systems safely and effectively. This is
the first time an ammonia-powered fuel cell, scaled
up from 100 kW to 2 MW, will be installed on a
vessel. The design, development and construction
of ammonia-fuelled solid oxide fuel cell (SOFC) will
be undertaken by Prototech, Norway. Testing will
be executed at the Sustainable Energy Norwegian
Catapult Centre and the ship-side ammonia system
will be supplied by Wärtsilä. It is envisaged that
the ammonia fuel cell system will be installed in
Viking Energy, UK, in late 2023. The ultimate goal
is to demonstrate that long-distance, emission-free
voyages on big ships are possible.
Another European based consortium in the Nordic
region was announced in May 2020 (37). The
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Global Maritime Forum has launched The Nordic
Green Ammonia Powered Ships (NoGAPS), a major
consortium that aims to prove the feasibility of a
large ammonia-powered deep-sea vessel by 2025.
Funded by Nordic Innovation, partners of the
project include Danish Ship Finance, shipowner
J. Lauritzen, engine maker MAN ES, Ørsted energy
group and consultancy group Fürstenberg Maritime
Advisory, all from Denmark, along with Oslo-based
bank DNB, the class society DNV GL, chemical group
Yara International and the Helsinki-listed Wärtsilä.
In Japan, an industry consortium is collaborating in
a project to develop ships designed to use ammonia
as fuel and go beyond onboard ship technology to
include “owning and operating the ships, supplying
ammonia fuel and developing ammonia supply
facilities.” The participants of the consortium are
Nippon Kaiji Kyokai (ClassNK), Imabari Shipbuilding,
Mitsui E&S Machinery, MAN ES, Itochu Corporation
and Itochu Enex (38). In addition, on 6th August
2020, NYK Line, Japan Marine United Corporation
and ClassNK signed a joint research and development
(R&D) agreement for the commercialisation of an
ammonia-fuelled ammonia gas carrier (AFAGC) that
would use ammonia as the main fuel, in addition to
an ammonia floating storage and regasification barge
(A-FSRB) for offshore bunkering and stable supply of
ammonia fuel (39).
It is likely that more ammonia propelled shipping
demonstration projects will be announced in
the following years. The winners of the contest
will dominate their positions in the value chains
to deploy zero-carbon vessels and bunkering
infrastructure across the sector.

1.2 Why Ammonia?
Recently ammonia has taken considerable
attention and pointed as one of the most promising
alternative chemical energy and hydrogen-carriers
in many technical reports (19, 40), white papers
(23, 41) and research articles (18, 22), due to the
following reasons:
• Ammonia has an existing infrastructure for
production, storage and global transport. With
over 200 million tonnes production per year
(42), it is one of the largest chemical industries
in the world
• It can be stored as a liquid at relatively low
temperature and pressure (cooling to –33°C at
atmospheric pressure or compressing to 10 bar
at room temperature)
• It has high energy density (Table I) which
enables sufficient capacity for long ship voyages
without refuelling for weeks (46)
• With minor modifications, ammonia can be
adopted to be used in internal combustion
engines (ICEs) and gas turbines (GTs) in the
short term. It has also a strong potential to be
used directly in fuel cells in the future
• Ammonia has higher ignition temperature and
narrower flammability range; therefore, fire
risk is lower compared to hydrogen
• It does not contain carbon or sulfur in its
chemical formula, thus does not contribute to
CO2 and sulfur oxides (SOx) emissions during
utilisation (Table I).
To meet IMO’s targets and ultimately decarbonise
the maritime sector, vessels powered by zero

Table I List of Selected Marine Fuels and their Characteristics (20, 43–44)
Fuel

a

MGO

Energy
density,
LHVb,
MJ kg–1

Volumetric
energy
density,
GJ m–3

Storage
pressure,
bar

Storage
temperature,
°C

CO2
emission ×
103, kg per
tripc

SOx
emission ×
103, kg per
tripc

42.7

36.6

1

rtd

277

0.18

d

HFO

40.4

38.3

1

rt

286

2.12

LNG

50

23.4

1.0

–162

220

0.09

Compressed
hydrogen

120.0

7.5

700

20

0

0

Liquid
hydrogen

120.0

8.5

1

–253

0

0

Liquid
ammonia

18.6

12.7

1 or 10

–34 or 20

0

0

Methanol

19.9

15.8

1

20

254

0.09

a

MGO: marine gas oil; HFO: heavy fuel oil; LNG: liquified natural gas
LHV: lower heating value
CO2 and SOx emissions were calculated using “THRUST Impact Model” of Enviu (45). The values are based on a single trip from
Piraeus to Rotterdam (5893 km) of a container ship with a size 1000 TEU and engine power of 4609 kW
d
rt: room temperature
b
c

278

© 2021 Johnson Matthey

Johnson Matthey Technol. Rev., 2021, 65, (2)

https://doi.org/10.1595/205651321X16043240667033

GHG emitting fuels need to be implemented to
the international shipping fleet in the early 2020s.
Ammonia offers several potential advantages over
hydrogen and the conventional marine fuels such as
HFO, MGO and LNG. However, several factors such
as sustainable production routes, power generation,
cost of transition and safety and environmental
aspects still need to be considered thoroughly before
the implementation and deployment of an ammoniapowered fleet. The following sections of the paper will
cover these aspects. It is also noted that there are many
valuable studies that have assessed the potential of
ammonia as an alternative fuel for transport (17–23).
This paper adds to this body of literature by providing
collective, up-to-date knowledge, introducing stateof-the-art and emerging technologies as well as
identifying the critical research gaps necessary for
practical application of these technologies. The paper
follows an approach to show the picture from a wideranging perspective that is of interest particularly
for industry without overwhelming with technical
details. Instead, the key and recent studies have

(a)

2. Production of Ammonia
Ammonia is currently produced via the HaberBosch process that involves reaction of hydrogen
and nitrogen molecules on a catalyst surface
at a temperature range of 450–600°C and a
pressure of 100–250 bar. Nitrogen is supplied by
air separation unit and hydrogen is obtained from
steam methane reforming (SMR) or, to a lesser
extent, coal gasification. This process (so-called
‘brown ammonia’) is energy intensive, consuming
1% of the world’s total energy production, and
environmentally unfriendly, accounting for 1.8%
of global GHG emissions, as hydrogen is supplied
from fossil fuels. From a product lifecycle point
of view, brown ammonia would not offer much
environmental benefit if used as a shipping fuel.
For the decarbonisation of ammonia production,
three possible methods (Figure 2) are currently
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Fig. 2. (a) Brown (without CCS) and blue (with CCS) ammonia production flowchart; (b) green ammonia
production flowchart; (c) electrochemical ammonia production flowchart
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being considered: (a) conventional Haber-Bosch
production with carbon capture and sequestration
(CCS) – so called ‘blue ammonia’; (b) a modified
Haber-Bosch process in which hydrogen is supplied
by water electrolysis using renewable energies
(wind, solar, tidal wave) – ‘green ammonia’; and (c)
direct production of ammonia from water and air in
an electrochemical cell – ‘electrochemical ammonia’.
Designing new ammonia plants with integrated
CCS or retrofitting CCS to conventional plants does
have notable potential and will probably be an
intermediate solution in the short term. However,
integrating CCS into the existing structure will
not only increase the energy consumption, which
is already very high, but will also lead to further
challenges to find a place to securely store the
captured CO2. The technoeconomic study carried
out by Santos and coworkers for the International
Energy Agency (IEA) Greenhouse Gas R&D
Programme (47, 48) demonstrates that the
integration of a CO2 capture plant to an SMR plant
could reduce the CO2 emission between 53% to
90% whereas the natural gas consumption would
increase by 0.46 MJ Nm–3 to 1.41 MJ Nm–3 hydrogen
and the amount of surplus electricity exported to
the grid by the SMR plant would be reduced. These
changes lead to an increase in the operating cost
of hydrogen production by 18% to 33% compared
to the SMR without CCS; thus the levelised
cost of hydrogen production could increase by
€0.021–€0.051 Nm–3 hydrogen depending on
capture rate and technology selected. Therefore,
the use of hydrogen gas generated from water
electrolysis using renewable energies in the HaberBosch process for ammonia production would be the
most convenient route in the medium term because
the process does not contribute to CO2 emission,
electrolysers are already commercially available
with a scale ranging from kilowatt to megawatt and
the cost of electricity from renewable sources is
declining, making the overall process economically
viable. The use of biomass as a feedstock to provide
synthesis gas (syngas) for ammonia production
via Haber-Bosch process might also be regarded
as a green process because the CO2 emitted by
a biomass-based plant is biogenic which means
that the CO2 released during biomass gasification
and digestion processes is later consumed by
biomass-plants as they grow, thus, no extra CO2
is added to the atmosphere (49). Techno-enviroeconomic analyses of ammonia production using
biomass as feedstock (50, 51) show that the cost
of ammonia produced from biomass feedstock can
be competitive with brown ammonia and lead to
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global warming potential reductions of 54−68%,
when compared to conventional ammonia plants.
However, scalability of biofuels remains as a
challenge. Land used to produce biomass feedstock
has similar environmental characteristics to that
of agriculture, thus putting biofuels in competition
with other land uses and leading to implications
for food security, sustainable rural economies and
the protection of nature and ecosystems (52).
Nevertheless, biomass-derived ammonia production
might effectively meet the ammonia requirements
for small territories or isolated applications.
Another conspicuous alternative pathway for
ammonia production is electrochemical synthesis
where nitrogen is reduced electrocatalytically in the
presence of water or hydrogen. It has been foreseen
that ammonia production via electrochemical routes
can save more than 20% of energy consumption
as compared to the conventional Haber-Bosch
method because water can be directly fed into
the anode chamber of the reactor as a hydrogen
source without the requirement of initial water
electrolysis, and electrochemical reaction can be
operated at low temperatures and atmospheric
pressure. However, none of the electrochemical
ammonia synthesis routes has achieved the
level of technological maturity required for
commercial deployment yet, although a high rate
(2.4 × 10−8 mol cm−2 s−1 at a maximum current
efficiency of 4.2%) has recently been achieved
when ammonia was synthesised in molten salt
medium using the electrochemical approach (53).

2.1 Catalysts for Green and Direct
Electrochemical Synthesis of
Ammonia
As described above, green ammonia production
incorporates two catalytic processes: (a) hydrogen
production from water electrolysis; and (b)
ammonia synthesis from hydrogen and nitrogen via
Haber-Bosch reaction. The high cost of commercial
electrolysers arises from the usage of expensive
noble metals such as platinum and palladium on a
carbon support as catalysts in the electrochemical
cells. The catalyst itself has taken up a considerable
portion of the total system and capital cost,
especially if there is degradation or corrosion on
the carbon support. Hence, one crucial aspect of
the development in hydrogen evolution reaction
(HER) technology is to replace the catalysts with
earth-abundant alternatives to produce hydrogen
in a more economical way. Mo et al. (54) has
recently reported that inexpensive silver catalysts,
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particularly the cubic form of silver nanoparticles,
can clearly exhibit superior HER activity over
platinum at the same metal content by altering
the rate-determining step in a proton exchange
membrane (PEM) electrolyser when practically
more negative potential is applied. High activity
was attributed to the weaker Ag−H bond at the
surface than Pt−H which is more favourable for H
recombination to form H2. This study is significant to
rectify the misconception that platinum is always at
the ‘optimal volcano’ position among all monometals
in HER, which has led to an inaccurate description
of the surface electrocatalysis under real PEM
conditions at high workload. Beside this scientific
achievement with a monometallic catalyst, start-up
company Hymeth, Denmark, announced in 2019
that it would commence the production of HyaeonTM
which is a low temperature and high pressure
electrolyser, at a commercial scale after completing
tests. The company uses an inexpensive trimetallic
nickel-copper-iron
core-shell
electrocatalyst,
possessing high electrochemical activity for both
oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) (55). Another method of
hydrogen evolution is photocatalytic water splitting.
This process benefits from direct usage of solar
renewable energy without the requirement for the
installation of an extra electricity generator such
as photovoltaic panels or wind turbines to supply
power to electrolysers. Although various studies
have been reported in the past decade (56), no
practical application has been implemented yet
mainly due to low catalytic activities, a narrow range
of light absorption and poor quantum efficiencies
(QE) (the measure of the effectiveness of a light
absorbing material to convert incident photons
into electrons) as a result of fast recombination
of charge carriers. In 2019, Tsang and coworkers
(57) reported a nitrogen-doped titania nanocatalyst
on MgO(111) photocatalyst that has a hydrogen
evolution rate of over 11,000 μmol g−1 h−1 in the
absence of any sacrificial reagents at 270°C. An
exceptional range of QE from 81.8% at 437 nm
to 3.2% at 1000 nm was also stated. High activity
was attributed to formation of oxygen vacancies
upon introducing nitrogen into the titania structure
and prolongation of exciton lifetime over the polar
MgO(111) surface. The technology readiness level
(TRL) of this invention is currently at TRL3–4 but it
has a strong potential in the future to harness solar
energy (light and heat) for hydrogen production in
large scale.
Another energy intensive and costly process in
ammonia production is the Haber-Bosch process
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where hydrogen and nitrogen react at 15–25 MPa
and 400–450°C using an iron-based catalyst (either
magnetite or wurtzite). Low equilibrium singlepass conversion (~15%) necessitates the recycle
of unreacted gases, leading to higher energy
consumption (58). Compared with commercial
iron catalysts, ruthenium-based catalysts offer
advantages in Haber-Bosch reaction because they
are relatively active at low pressure. Ruthenium
with a higher electron density in d-orbitals, in
assistance with strong electron donor dopants
such as alkali metals, can donate electrons into
the anti-bonding orbital of adsorbed nitrogen,
facilitating its dissociation, and thus, can work
under lower pressure. However, ruthenium-based
catalysts have found limited uses in conventional
Haber-Bosch processes because they are relatively
more expensive and are easily poisoned by carbon
deposition from methane in syngas (59). The
electrified Haber-Bosch system, where hydrogen is
derived from water, does not contain methane, so
the carbon poisoning effect can be well avoided.
However it is also known that another surface
poisoning of ruthenium sites by competitive
strong hydrogen dissociative adsorption limits
the overall reaction rate. Lately some workers
have demonstrated that changing the surface
polarity by either decorating terrace sites of
ruthenium nanoparticles with Li+ (60) or using
an electrostatically polar MgO(111) in place of
nonpolar MgO as the support (61), can significantly
alleviate the hydrogen poisoning and facilitate an
unprecedented ammonia production rate. Another
outstanding study reported by Hattori et al. (62) has
demonstrated the ability of ruthenium catalysts to
produce ammonia from nitrogen and hydrogen at a
temperature as low as 50°C. The researchers used
a stable electron-donating heterogeneous catalyst,
cubic CaFH, a solid solution of calcium fluoride and
calcium hydride formed at low temperatures to
achieve high performance with an extremely small
activation energy of 20 kJ mol−1 at 50°C, which is
less than half that for conventional catalysts.
If the future green ammonia production via
Haber-Bosch process is carried out in decentralised,
islanded locations in small scale, then hydrogen
manufactured from an electrolyser at lower
pressure and temperature would require coupling
with an efficient catalyst to achieve high ammonia
production rate. In this manner, ruthenium stands
out from the other alternatives and high cost may
actually not be a disadvantage. In fact, developing
countries, particularly ones located in Africa may
use this opportunity to attract investment as they
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have high renewable solar energy capacity and
resources for platinum group metals.
Regarding the electrochemical approach to
synthesise ammonia, there are a number of
potential candidates, which have recently been
demonstrated to be active for this reaction (63–65).
The goal of electrochemical ammonia synthesis,
in contrast to electrified Haber-Bosch process, is
to catalyse the direct reaction of nitrogen with
water to form ammonia at ambient pressure.
The potential elimination of the separation and
purification steps for hydrogen when water is used
as the reductant for nitrogen, along with the input
of electrochemical energy at milder conditions, is
very attractive. However, the nitrogen molecule
is highly inert towards reduction, much more so
than the most common electrochemical solvent,
water. In principle the reaction can proceed under
ambient conditions, as seen in biology, however
translating this chemistry into an industrial process
while retaining practical rates and efficiencies has
shown to be challenging. The vast majority of
reports (Figure 3) fall below the targets set by the
US Department of Energy (DoE) in the Advanced
Research
Projects
Agency-Energy
(ARPA-E)
Renewable Energy to Fuels Through Utilization
of Energy-Dense Liquids (REFUEL) programme
for feasible industrial installations (current
density >300 mA cm–2 and current efficiency
>90%, which is equivalent to an effective rate of
9.3 × 10–7 mol cm–2 s–1). Although the present

rates remain over an order of magnitude away from
DoE targets, continuous progress is being made
both in mechanistic understanding of the reaction
and in the development of routes to new materials.
Finding the ideal combination of mediator, catalyst
and electrolyte components to optimise selectivity
and yield rate, while decreasing energy costs, is
thought to be the key goal of research in this field
(66) for commercial feasibility.
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Given the fact that green ammonia production from
water electrolysis followed by Haber-Bosch process
would be the most convenient route with current
technology, several green ammonia demonstration
or production plants with a wide range of capacities
have been announced in the past few years.
Table II summarises these projects including the
key players and their targets.
The construction of the first three pilot plants
given in Table II has been completed. They
are currently up and running to carry out R&D
toward ammonia synthesis and power generation
from ammonia in a cost-effective way by utilising
renewable energy. The initial test results were
reported to be very promising (74–77), paving the
way to larger scale, mega projects as announced
by several companies from Australia, New Zealand,
The Netherlands, Spain and Saudi Arabia.

Current density equivalent, mA cm–2

10–5

2.2 Green Ammonia Demonstration
Plants

1

0.1
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0.001

0

10
20
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Current efficiency, %

40

Fig. 3. Overview of rates and current efficiencies for electrochemical ammonia synthesis: (a) rate as
a function of temperature for all reported cells. Colour indicates current efficiency, grey is used where
efficiency data is unavailable; (b) rate as a function of current efficiency for reported aqueous cells around
room temperature. Colour and text indicate principle component of catalyst. Reproduced from (63) with
permission from the Royal Society of Chemistry
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Table II Momentum in Green Ammonia Projects (67–73)
Capacity,
Renewable
tonnes
source
per year

Participants

Location

Year

Purpose

University of
Minnesota

Morris,
25
Minnesota, USA

Wind

2014

Supply of local fertiliser demand

FREA, JGC
Corporation

Koriyama,
Japan

7

Wind, solar

2018

Low temperature/low pressure H-B
catalyst optimisation, demonstration of
ammonia combustion in gas turbines

Siemens

Harwell, UK

10

Wind

2018

Power-to-ammonia-to-power
demonstration unit

Iberdrola,
Fertiberia

Puertollano,
Spain

4000

Solar

2021

Becoming a European reference for
sustainable solutions for agriculture

Yara

Porsgrunn,
Norway

5000
(estimate)

Hydroelectric
grid

2022

The first small step towards carbon
free fertiliser production by installing
5 MW electrolyser corresponding to
1% of the hydrogen production in
Porsgrunn

Haldor Topsøe

Foulum,
Denmark

300

Wind

2025

Demonstration of direct ammonia
production from water and air using
solid oxide electrolyser without air
separation unit

Air Products,
ACWA Power,
Thyssenkrupp,
Haldor
Topsøe, NEOM

Saudi Arabia

1.2 × 106

Wind, solar

2025

Production of green ammonia at oil
and gas scale and distribute the green
ammonia globally and crack it back
to ‘carbon-free hydrogen’ at the point
of use, supplying hydrogen refuelling
stations

OCP

Jorf Lasfar

700

Solar

TBD

Fertiliser production and supply of
power to marine vessels

Enaex

Antofagasta,
Chile

20,000
and
350,000

Solar

TBD

Feasibility study (pilot plant scale at
64 MWp solar and 47 MW electrolyser,
full scale at 1030 MWp solar and
778 MW electrolyser)

Proton
Ventures,
Siemens, Yara

GoereeOverflakkee,
The
Netherlands

20,000

Wind, tidal

TBD

Part of regional green hydrogen
economy roadmap

Siemens
Gamesa,
Energifonden
Skive

Skive,
Denmark

TBD

Wind

TBD

Ammonia production as a way to store
surplus electricity from wind turbines

5000
(estimate)

Wind

TBD

The $50 million showcase project as
a catalyst for the development of a
sustainable green hydrogen market

Ballance AgriKapuni, New
Nutrients,
Zealand
Hiringa Energy
Queensland
Nitrates,
Incitec Pivot,
Wesfarmers
JV, Neoen,
Worley

Moura,
Australia

20,000

Solar

TBD

Determining the technical and
economic feasibility of producing
renewable ammonia at a commercial
scale

Dyno Nobel

Moranbah,
Australia

60,000

Solar

TBD

Feasibility study to decarbonise their
own nitrogen-based commodity
production facility

Yara

Pilbara,
Australia

25,000

Solar

TBD

Feasibility study for carbon-free
fertiliser production

H2U,
Thyssenkrupp

Port Lincoln,
Australia

20,000

Wind, solar

TBD

Business case demonstration for
renewable energy exports (Hydrogen
Hubs)

283

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16043240667033

Today, commercial manufacturing of green
ammonia is not available anywhere. But, with
renewed interest and global drive, it is highly likely
that by 2030, there will be a body of demonstration
plants that can show the viability of producing
ammonia from renewable energy at scale.

3. Onboard Storage and Power
Generation from Ammonia
3.1 Onboard Space Requirement
With an energy density of 12.7 GJ m–3, ammonia
would require a larger volume of space onboard in
order to deliver the same power as conventional
marine fuels. For instance, if a HFO fuel tank has
a volume of 1000 m3, an ammonia fuel tank would
require 2.75 times more space than that of HFO to
provide the same power (30). This might make
ammonia appear unfeasible; however, the space
requirement for ammonia remains significantly
smaller compared to other carbon-free options
as the tank volume would be 4117 m3 for liquid
hydrogen at –253°C; 14,000 m3 for a Tesla Model
3 battery (Tesla, USA) and 120,896 m3 for the
battery pack of Corvus Energy, Norway, the marine
battery market leader (30). Even carbon-based
methanol does not offer significant advantage,
needing a tank volume of 2333 m3. Therefore, the
space requirement for ammonia-propelled shipping
is not found to be unrealistic or inapplicable (24).

3.2 Propulsion Systems
Two kinds of propulsion systems (direct combustion
and fuel cells) that could use ammonia as a marine
fuel stand out regarding the current and emerging
technologies. Figure 4 illustrates the simplified
configuration of these propulsion systems.

3.2.1 Direct Combustion
Direct usage of ammonia in combustion engines
dates to 1942 when Belgium’s public bus system
ground to a halt by a wartime shortage of diesel
(78). As a result, the engine systems of the buses
were adapted to run with an alternative fuel: liquid
ammonia with a small amount of coal gas to help
combustion. Although the lifetime of ammoniapowered buses was short, it demonstrated that
ammonia could be used as a transport fuel.
Ammonia can be combusted in ICEs or in GTs,
both of which are well established as prime
movers in naval vessels. However, burning
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ammonia effectively within these engines is rather
challenging because ammonia has poor ignition
that requires high temperature or a secondary fuel
to initiate the combustion process, low burning
velocity (0.015 m s–1) and narrow flammability
limit (12–25% air), causing unstable combustion
conditions at very low and high engine speeds and
ammonia slip.
To date, many studies have been conducted to
assess the performance and emissions of ammonia
propelled combustion engines. Two useful
reviews published by Kobayashi et al. (79) and
Valera-Medina et al. (18) provide comprehensive
information about fundamental aspects of
ammonia combustion, the details of the chemistry
of NOx production, processes for reducing NOx and
validation of several ammonia oxidation kinetics
models. Results show that ammonia as a sole
fuel in a compressed ignition ICE (CI-ICE) is not
possible due to the high compression ratios needed
for ignition and combustion. Therefore, co-feeding
of ammonia with only 5% of a pilot fuel with higher
cetane number (hydrogen, diesel, methanol,
dimethyl ether) would be enough to facilitate its
combustion. On the other hand, combustion of
ammonia as the only fuel might be possible in spark
ignition ICEs (SI-ICEs) (80). In fact, Toyota, Japan,
filed a patent (81) where it claimed that several
plasma jet igniters arranged inside the combustion
chamber or plural spark plugs that ignite the
ammonia at several points can enable ammonia
combustion. Most of the work in the literature
examines the combustion stability and emissions
from gaseous ammonia blended with carbonbased fuels or hydrogen in ICEs. It is recognised
that there is generally only a narrow equivalence
dual-fuel ratio where high stability, low emissions
and high temperature can be achieved, leaving a
vast field of research, modelling and testing on
how to improve these parameters to obtain wider
operational ranges and adapt the technology to
large marine engines.

3.2.2 Fuel Cell Systems
An alternative to generating power from ammonia
in a combustion engine is to use fuel cells, which
may provide advantages in terms of high thermal
efficiencies, less noise and lower emissions of air
pollutants. Basically, ammonia can either be used
directly in fuel cells or be used as a hydrogen carrier
where first, a cracker is used to decompose ammonia
into hydrogen and nitrogen and after, hydrogen is
fed into a fuel cell to generate electricity. Among
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several of the chemical hydrides (82) suggested
for hydrogen storage, such as methanol, formic
acid and liquid organic hydrogen carriers, liquid
ammonia steps forth with its high gravimetric
(17.7 wt%) and volumetric (123 kg m–3) hydrogen
density, exceeding the 2015 US DoE targets for
hydrogen storage (9.0 wt% hydrogen content,
81 kg m–3 volumetric capacity). It also benefits
from the absence of carbon oxides (COx) emissions
associated with hydrogen as a fuel in fuel cells.
Ammonia can be directly used in alkaline fuel
cells (AFCs) and SOFCs, whereas PEM fuel cells
(PEMFCs) require high purity hydrogen (>99.5%)
as the catalyst is poisoned in the presence of
small amount of ammonia (22, 83). The fuel cells

identified as the most promising for the maritime
sector are PEM and SOFCs (23). For use in PEMFCs,
either highly active yet cost-effective ammonia
cracking catalyst operating at low temperature
regime is required to achieve high purity hydrogen
via complete ammonia conversion in a single gas
stream pass or gas purifier equipment needs to
be installed which would involve additional costs
together with mass, space and energy demand
onboard. Compared to PEM, SOFC is much more
promising for maritime application as ammonia can
be used directly instead of separating hydrogen
from it first. However, further research is required
to optimise the operation conditions, increase the
system lifetime and scale-up.
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Fig. 4. Possible propulsion systems process diagrams using ammonia as a marine fuel
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3.2.3 Catalytic Processes Involved
in Ammonia to Power
For the onboard usage of ammonia, two propulsion
systems are considered as stated in previous
sections. Because of the low flammability of
ammonia, generally a second fuel with higher
cetane number needs to be fed into the combustion
engine to start ignition and combust ammonia.
One of the fuel options to assist the combustion
might be hydrogen due to its high flammability
and environmental friendliness. As ammonia is a
hydrogen carrier, extra storage space for hydrogen
may not be necessary. Instead, ammonia can
be cracked to its forming molecules, nitrogen
and hydrogen, catalytically onboard. Ammonia
decomposition is not new, and has long been
used in industry. The process is endothermic;
however, the equilibrium conversion shows
diminishing returns for temperatures above 400°C.
Inexpensive catalysts such as nickel or iron might
be suitable to crack ammonia onboard at low
temperatures (using the heat generated from the
combustion engine) as only 5% hydrogen in the
gas stream would be enough to combust ammonia
effectively. However, for PEMFC applications,
high purity hydrogen (>99.5%) is required since
a large quantity of ammonia leads to catalyst
poisoning in fuel cells. Although nickel catalysts
can achieve this conversion, more than 900°C is
required. The reviews reported by us (59) and by
others (84, 85) present a comprehensive list of
ammonia decomposition catalysts and the activity
values under their optimum working conditions.
Among all these reported materials, ruthenium
catalysts appear to be the most promising
candidates due to their high ammonia conversion
rates at lower temperatures. Considering the high
costs and scarcity of noble metals, a low cost but
highly active catalyst working at temperatures
aligned with those of the PEMFCs, in the range of
150–200°C, is needed for the practical conversion of
ammonia under industrial conditions. For instance,
a core-shell catalyst preparation approach might be
followed to decrease the amount of any expensive
metal component and replace it at the core with a
cheaper metal in the working catalysts. With this
method, the stability of catalysts against metal
sintering may also be improved. The alkali amide
(–NH2) (86) and imide (–NH) materials (87, 88) are
also emerging as promising inexpensive catalysts
for ammonia decomposition at mild conditions.
The UK’s Department for Business, Energy and
Industrial Strategy (BEIS) recently published
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a Phase One feasibility study for its Ammonia
to Green Hydrogen Project (89). In the report,
lithium imide catalyst is highlighted as a low-cost
and high performance state-of-the-art catalyst.
Phase Two of this project will be related to further
development of the cracker to raise the TRL of a
lithium imide based ammonia cracker catalyst from
TRL4 to TRL6/7 by demonstrating and validating
the feasibility of the technology developed.
Compared to PEMFCs, SOFCs offer direct usage of
ammonia without the requirement of precracking
and gas purification processes. With an operation
temperature in the 700–1000°C range, ammonia
cracking can be thermally integrated within the fuel
cell stack. The key challenges with ammonia SOFCs
in the literature were thought to be the durability
of the anode/electrolyte interface and a risk for
NOx emission (83). However, research conducted
at the University of Perugia, Italy, with the support
of Enviu indicated that the degradation rate of a
SOFC operating at 750°C during 100 h of testing
with ammonia is equivalent to one operating under
the same conditions with hydrogen (90). Moreover,
analysis shows that there was no nitrification of the
anode, which practically means no NOx formation.
This study showed that at operative temperature
there is no risk of anode degradation when
applying ammonia. In addition, the off-gas analysis
showed no presence of ammonia, indicating that
a complete decomposition of ammonia occurred
inside the cell. With these tests a system efficiency
of 57.5% at a power density of 0.39 W cm–2 has
been achieved. SOFCs are now becoming an
important field of R&D. The translation of these
scientific findings to technology will pave the way
to their commercialisation and deployment in the
near future.

3.3 Technology Status of Ammonia
Powered Ship Propulsion Systems
So far, none of these propulsion technologies
for ammonia has yet been commercialised and
deployed for shipping but a design study for such
a vessel was recently published by de Vries (43).
The author reviewed all options covering ICE,
PEMFC, AFC and SOFC for marine applications. It
has been concluded that the SOFC scores best in
efficiency but lacks power density, load response
capability and is still too expensive. The ICE is
second in efficiency and thus more efficient than
the PEMFC and the AFC (in case these are operated
close to maximum power). Additionally, the ICE
is less expensive, more robust with acceptable
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power density and load response. Based on these
comparisons, the ICE has been identified as the
best option for maritime applications at the current
technology status but SOFCs are considered to
have a lot of potential in the future.
As mentioned in Section 1.1, MAN ES and Wärtsilä
are working on the development of the ammoniafuelled engine for shipping. The overall message
from MAN ES is that the liquid gas injection (LGI)
engine family that works with dual-fuel is a good
candidate for the conversion to ammonia and
the ships running with LNG can be retrofitted for
ammonia operation as the tanks used for storage
of LNG with the same requirements can also be
used for ammonia (30, 91). However, when
designing the storage and propulsion systems, the
chemical properties of ammonia should be taken
into consideration. Due the corrosive nature of
ammonia, copper, brass and zinc alloys need to be
avoided as discussed in Part II (92).
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This is Part II of an overview of the state-of-theart and emerging technologies for decarbonising
shipping using ammonia as a fuel. Part I (1)
covered general properties of ammonia, the
current production technologies with an emphasis
on green synthesis methods, onboard storage and
ways to generate power from it. The safety and
environmental aspects, as well as challenges for the
adaptation of technology to maritime structure, and
an insight for the level of costs during fuel switching
are now discussed to provide perspectives and a
roadmap for future development of the technology.

1. Cost Estimations
The capital investment needed to achieve the IMO
target of reducing carbon emissions from shipping
by at least 50% by 2050 would be approximately
US$1–1.4 trillion from 2030 to 2050 if green
ammonia is adopted as primary zero-carbon
fuel, according to the analytical work conducted
by
University
Maritime
Advisory
Services
(UMAS) and Energy Transitions Commission (ETC)
and published as a brief by the Global Maritime
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Forum, an industry group backed by shipping and
port operators in January 2020 (2). If shipping
were to fully decarbonise by 2050, this would
require extra investments of approximately
US$400 billion over 20 years, making the total
investments needed between US$1.4–1.9 trillion.
The report claims “Under different assumptions,
hydrogen, synthetic methanol, or other fuels may
displace ammonia’s projected dominance, but
the magnitude of investments needed will not
significantly change for these other fuels.”
While making the calculations, the authors broke
down the investment into two main areas: (a)
ship related investments, which include engines,
onboard storage and ship-based energy efficiency
technologies; and (b) land-based investments,
which comprise capital costs for hydrogen
production, ammonia synthesis and the land based
storage and bunkering infrastructure. As shown
in Figure 1, the biggest share of investment
is needed in the land-based infrastructure and
production facilities for low carbon fuels, which
make up more than 85% of the total investment.
Hydrogen production via water electrolysis takes
up around half of the total land-based investments
needed, while ammonia synthesis, storage and
bunkering infrastructure fulfil the other half. Only
13% of the investments needed are related to the
ships themselves, which include the machinery
and onboard storage required for a ship to run
on ammonia both in new build ships and, in some
cases, for retrofits.
In addition to capital costs, the operational costs
should also be considered while assessing the longterm economic feasibility and identifying the levelised
cost of (green) ammonia (LCOA). It is outlined by
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Fig. 1. (a) Aggregate investment for ammonia production via different routes; (b) capital cost breakdown for
green ammonia production to decarbonise shipping by 2050. Redrawn using data in (3)

Cédric Philibert at the IEA that “ammonia production
in large-scale plants based on electrolysis of water
can compete with ammonia production based on
natural gas, in areas with world-best combined
solar and wind resources.” Lately, this statement
has been confirmed by Nayak-Luke et al. who found
that with the current technology, islanded green
ammonia can only be produced at US$473 per tonne
at the most favourable geographic locations, but
by 2030 this will decrease to a highly competitive
US$310 per tonne (4). They have identified five
key variables that have a significant impact on
the estimated LCOA for islanded production which
are levelised cost of electricity, electrolyser capital
expenditure, minimum Haber-Bosch process
load, maximum rate of Haber-Bosch process load
ramping and renewable energy supply mix (5, 6).
In practice, a combination of improvements on
these key variables in a convenient geographical
location (i.e., with favourable supply profiles) has
the potential to make this carbon-free process
economically viable for the first time and replace
conventional ammonia production. Nevertheless,
these calculated values are even now cheaper than
the current anhydrous ammonia price, which is in
the range of US$500–600 per tonne in the US (7)
but still more expensive than LNG and MGO (8).
Therefore, a key component of the commercial
adoption of green ammonia as an energy vector in
the future will probably be the level of incentives
provided or regulation enforcing its use. The most
likely incentive could come in the form of CO2
taxation and credits. Based on the calculations of
Argus Media, UK, the CO2 pricing in Europe needs
to be at least doubled to level the playing field for
292

green vs. brown ammonia (9). Furthermore, the
results reveal that significant utility grid backup
is required for an all-electric ammonia plant built
with present-day technologies. The total levelised
cost of ammonia is driven in large part by the cost
of producing hydrogen via intermittent renewable
sources and operation of Haber-Bosch process.
In order to reduce the costs, research is required
to develop new, cost-effective yet highly efficient
catalysts for electrolysers and ammonia production
by either thermal or electrochemical methods.

2. Safety and Environmental Aspects
Safety and environmental hazards for selected
marine fuels are presented in Table I. As seen
from the table, all fuels pose hazards in some way.
Compared to the alternatives, ammonia is less
flammable, thus presents a lower fire risk. The
risks from cryogenic burns are also lower than for
liquid hydrogen or LNG as ammonia can be liquefied
easily by increasing pressure to ~10 bar at room
temperature or by cooling to –33°C at atmospheric
pressure, due to strong hydrogen bonding between
molecules.
The main risks of ammonia arise from its toxic and
corrosive nature. Ammonia is a gas at atmospheric
pressure and room temperature, which is lighter
than air. It has a strong odour, which can be detected
at concentrations as low as 5 ppm; therefore, its
smell provides an adequate early warning for a
leakage. The US National Institute of Occupational
Safety and Health (NIOSH) recommendations state
that the maximum permissible time-weighted
average (TWA) exposure of anhydrous ammonia for
© 2021 Johnson Matthey
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Table I Safety Data Information of Selected Marine Fuels (10–15)
Physical hazards

Health hazards

Environmental
hazards

H226 – Flammable
liquid and vapour

H304 – may be fatal if
swallowed and enters airways
H315 – causes skin irritation
H332 – harmful if inhaled
H351 – suspected of causing
cancer
H373 – may cause damage to
organs through prolonged or
repeated exposure

H411 – toxic to
aquatic life with long
lasting effects

HFO

Not classified

H304 – may be fatal if
swallowed and enters airways
H332 – harmful if inhaled
H350 – may cause cancer
H361 – suspected of
damaging fertility or the
unborn child
H373 – may cause damage to
organs through prolonged or
repeated exposure

H410 – very toxic to
aquatic life with long
lasting effects

LNG

H224 – extremely
flammable liquid and
vapour Category 1
H281 – contains
refrigerated gas; may
cause cryogenic burns
or injury

Not classified

Not classified

3

Liquid
ammonia

H221 – flammable gas
Category 2
H280 – gases under
pressure: liquefied gas

H331 – acute toxicity
(inhalation: gas) Category 3
H314 – skin corrosion/
irritation Category 1B
H318 – serious eye damage/
eye irritation, Category 1

H400 – hazardous
to the aquatic
environment – Acute
Hazard Category 1

3

Liquid
hydrogen

H220 – extremely
flammable gas
H281 – contains
refrigerated gas; may
cause cryogenic burns
or injury
OSHA-H01 – may
Not classified
displace oxygen and
cause rapid suffocation
CGA-HG04 – may form
explosive mixtures
with air
CGA-HG08 – burns
with invisible flame

Not classified

3

Fuel

MGO

Methanol

H225 – flammable
liquids Category 2

NFPAa

2
1

0

2
0

2

4

H301 – acute toxicity, oral
Category 3
H331 – acute toxicity,
inhalation Category 3
H311 – acute toxicity, dermal
Category 3
H370 – specific target organ
toxicity – single exposure
Category 1, eyes

0

1
0

4
0
CRYO

3

Not classified

1

0

a

NFPA: National Fire Protection Association is the US-based standard. Each of health (blue), flammability (red) and reactivity (yellow) is
rated on a scale from zero (minimal hazard) to four (severe hazard). White colour represents a special notice
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an 8 h workday of 40 h week is 25 ppm. The shortterm exposure limit (STEL) or the concentration at
which exposure of longer than 15 min is potentially
dangerous is 35 ppm. The concentration at which
the gas is immediately harmful to life or health
(IDLH) is 500 ppm (16).
In addition, when anhydrous ammonia, either
in gas or liquid phase, comes in contact with the
human body, three types of injuries may result (17):
•

Dehydration: anhydrous ammonia is hydrophilic,
meaning that it has a strong affinity for water.
Hence any contact with human body will lead to
water extraction from body tissue
Caustic burning: when ammonia combines with
water from body tissue it forms ammonium
hydroxide (Equation (i)) that can chemically
burn tissue
Freezing: as liquid ammonia vaporises it
removes heat away from body tissue causing
frostbite in an instant.

•

•

Therefore, the existing safety principles and
systems used throughout the global ammonia
industry would need to be deployed on ships
and the crew onboard need to be equipped with
suitable chemically resistant protective clothing
and breathing apparatus.
Ammonia is also labelled as very toxic to aquatic
life with long lasting effect. When liquid ammonia is
spilled directly into water, most of it will dissolve into
the water forming a balance of mostly ammonium
hydroxide and a little ammonia depending on the
pH and temperature of the water (Equation (i))
(18):
NH3(g) + nH2O(l) ⇌ NH3∙nH2O(aq)
⇌ NH4+ + OH–
+ (n–1)H2O(l)

(i)

The remaining ammonia will evaporate resulting
in a gas cloud with unpleasant smell. The
dissolved ammonia is a serious threat to aquatic
organisms killing most in close proximity as lethal
concentrations can easily be exceeded. Long lasting
effects of ammonia spillage are related to the time
that the aquatic life requires to restore its original
state through the nitrogen cycle (Figure 2). In this
cycle, dissolved ammonia species are converted to
nitrite (NO2–) and nitrate (NO3–) by Nitrosomonas
and Nitrobacter bacteria, respectively, which is
then used by plants. As this process consumes
part of the available oxygen in water, the oxygen
for other organisms, especially for the ones that
are higher up the food chain such as fish, becomes
limited, thus threatening their lives.
When ammonia is combusted, it releases NOx
species. NOx in the atmosphere contribute to
photochemical smog, the formation of acid
rain precursors, the destruction of ozone in the
stratosphere and to global warming (19, 20).
Despite the detrimental effect of NOx, control
methods for reducing NOx emissions are
already widely in place in land-based industrial
installations and in the transport sector. One of
the most common techniques is selective catalytic
reduction (SCR) or deNOx technology. In this
process, a reductant gas (ammonia or hydrogen)
is added to the NOx-containing exhaust gas which
is then passed over a catalyst that converts the
NOx (NO and NO2) to naturally occurring nitrogen
and water (21, 22). The maritime sector has also
had more than two decades of experience with
SCR. More than a thousand SCR systems have
been installed on marine vessels in the past
decade (23). Despite the fact that SCR is a wellknown process and the safe transportation and
use of ammonia is well-established, it is clear
that new applications will require careful risk

Fig. 2.
Illustration of
nitrogen cycle
in water

Nitrogen
introduction
as fish food

Nitrate
NO3–
Nitrobacter

Nitrite
NO2–
Nitrosomonas
bacteria

NH3/NH4+

Ammonia
formation from
animal and plant
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Plants use nitrates as fertilisers
Transformation of
ammonium and
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assessment and additional control measures. If
ammonia is going to be used as a new marine fuel,
then the existing safety principles and systems
used throughout the global ammonia industry
would need to be adapted and deployed on ships
to ensure that the risks of ammonia leakage and
NOx formation are negligible. It has been reported
that an average car needs only approximately
30 ml of ammonia per 100 km to neutralise
any NOx emissions using SCR technology (24).
If the vehicles run with ammonia as a fuel, this
amount is unimportant with respect to the fuel
tank volume. Similar calculations should also be
performed for maritime sector in order to decide
on the most feasible deNOx technology. The
preliminary risk assessment forms using ammonia
and hydrogen as marine fuels onboard and hazard
mitigation strategies were reported by de Vries
(25) which need to be improved and tested before
implementation. It is also essential that the global
use of ammonia at large-scale is well-thought out
from a wider perspective in the roadmap. The effect
of anthropogenic activities on the overall nitrogen
cycle is generally overlooked in the literature. It has
only been recently that MacFarlane and coworkers
(26) provided a detailed discussion on cycling
of nitrogen compounds and their environmental
effects. As they stated, our understanding of the
mechanisms of the global nitrogen cycle is not
yet complete. Hence, further investment to basic
scientific research is required to comprehend the
environmental impacts of increased quantities
of fixed nitrogen before implementing ammonia
technology for transport. Finally, besides toxicity,
the corrosive nature of ammonia also needs to be
taken into account while selecting materials for
storage and operation. Ammonia forms complexes
with copper, brass and zinc alloys (27). Ammonia
corrosion on these metals is even more drastic
when there is some moisture. As previously
discussed, ammonia is an alkaline reducing agent
and it reacts with acids, halogens and oxidising
agents.

3. Roadmap for the Adoption of
Ammonia as a Marine Fuel
The roadmap for the adoption of green ammonia as
a marine fuel involves alterations of two systems
in parallel, which are the ammonia manufacturing
process and shipping propulsion structure. This
ammonia-based economy will emerge through
multiple generations of technology development
and scale-up in the next 30 years.
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Haldor Topsøe, a Danish catalysis company,
presented a roadmap to all-electric ammonia plants
(28) at the 2018 AIChE Annual meeting. According
to its vision and strategy, ammonia production will
be decarbonised in the 2030s by electrifying the
production of hydrogen and nitrogen feedstock.
The company is currently working on development
of solid oxide electrochemical cell (SOEC) powered
by renewable sources to produce nitrogen and
hydrogen syngas using water and air which will then
be used as a feedstock for Haber-Bosch process. In
2025, its aim is to demonstrate the production of
ammonia via SOEC and Haber-Bosch processes at a
scale of 500–1000 kg ammonia per day. After that,
it intends to commercialise the technology starting
from 2030. Until SOEC technology is mature
enough to substitute the current brown ammonia
production method, the company is suggesting to
use a hybrid system (conventional and electrified
Haber-Bosch) to decrease the amount of CO2
emission whilst supplying the demand.
A more comprehensive roadmap to the ammonia
economy has lately been published by Doug
MacFarlane and coworkers (26). In this roadmap,
the authors envisage renewable ammonia
being produced in the future at a scale that
is significant in terms of global fossil fuel use.
The paper diagrams an evolution of ammonia
synthesis through three overlapping generations of
technology development and scale-up (Figure 3).
Generation 1 (Gen1) involves the integration of
sequestration or offsets to current-day HaberBosch ammonia production in order to bring the net
carbon impact of the ammonia production to zero
(blue ammonia). Generation 2 (Gen2) remains the
Haber-Bosch process with existing and new plants,
but hydrogen is derived from renewable sources
(green ammonia). As the Haber-Bosch process is a
well-established technology, the authors anticipate
that ammonia production will remain dominated by
it over the next two decades. Generation 3 (Gen3)
rules out the need for the Haber-Bosch process
by direct electrochemical conversion of nitrogen
in water to ammonia. This renewable-powered
entirely electrochemical ammonia production
technology is expected to enter the market at
scale as soon as it achieves commercial readiness
index (CRI) 1 and start significantly contributing
to global ammonia production thereafter, as
plant size and capacity increases. The timeline of
Gen3 to enter and dominate the market is highly
dependent on progress in catalyst development.
While several thousand catalysts were screened in
the development of thermal ammonia synthesis,
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relatively few catalysts have been tested
systematically for electrochemical activity. At
present, the electrochemical ammonia production
rates remain over an order of magnitude away from
US DoE targets as mentioned in Section 2.2, Part I
(1). Therefore, continuous development of routes
to new materials, more control experiments and
extended stability studies are necessary before the
implementation of Gen3.
A case specific policy analysis reported by the
Organisation for Economic Co-operation and
Development (OECD) (29) anticipates that it
would be feasible to scale-up low-carbon ammonia
production and deploy ammonia fuel technology
swiftly enough to reduce the carbon emission
from maritime shipping by up to 80% by 2035. In
the OECD’s 80% carbon factor reduction scenario
(Figure 4(a)), hydrogen and ammonia will fuel
around 70% of the mix of ships. This, along with
the increase in the uptake of biofuels (22%) and
LNG (5%), could diminish the use of oil-based
fossil fuels significantly to around 3% by 2035.
Another scenario analysis performed by UMAS
(3) suggests that ammonia is likely to represent
the least-cost pathway for international shipping
and play a leading role in replacement of fossil
fuels with a rapid growth after 2040 and between
75–99% market share by 2050 (Figure 4(b)).
The roadmap for the adoption of ammonia
as a marine fuel was limited to the fuel mixing
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Gen3
NH3

Fig. 3. Ammonia
economy roadmap
revealing current
and projected
contributions of the
brown, blue (Gen1),
green (Gen2) and
electrochemical
(Gen3) ammonia
production
technologies in
terms of production
volume in petawatt
hours (PWh) vs.
time at a scale
of commercial
readiness index
(CRI). 1 PWh = 1012
kWh = ~193 million
tonnes of ammonia
based on LHV of
5.18 kWh kg–1. Data
from (26). Copyright
2020. Reprinted with
permission from
Elsevier

trajectories to reduce carbon emissions without
specifying a specific timeline for the development
of propulsion engine systems that are adapted to
run with ammonia until the report of Environmental
Defence Fund, USA, published in 2019 (30). The
report focuses on ammonia in combustion engines
and fuel cells. A possible roadmap for development
and adoption of these technologies is depicted in
Figure 5. The authors anticipate that the use of
green ammonia in ship propulsion systems will most
likely begin in the 2020s with modified ICE given
that the shipping industry is dominated by the use
of these engine types. MAN ES (31) and Alfa Laval,
Sweden, (32) have already started developing a
dual-fuel combustion engine to run with liquefied
petroleum gas (LPG) and ammonia. Starting from
2020, further development is required in the use of
green ammonia in fuel cells to pave their way for
deployment in the 2030s. With the current state
of technology readiness, the initial fuel cells are
expected to be the PEM type that might give way
to SOFCs over time.

4. Conclusions and Perspectives
Following the direction of IMO towards the reduction
of harmful gas emissions by 2050, the maritime
sector is getting ready for an energy switch. Many
reports (33–36) can be found in the literature
that discuss the alternative fuels in a comparative
© 2021 Johnson Matthey
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manner to reduce GHG emissions from shipping. Of
these alternative fuels, ammonia is prominent due
to its carbon neutral chemical formula, high energy
density, established production, transportation
and storage infrastructure and competitive cost as
discussed through this review. However, to satisfy
the energy demand of the maritime industry, the
production capacity of ammonia needs to be expanded
substantially (i.e. 2.5 times larger production
(~500 million tonnes per year)) to decarbonise the
international fleet (30)) and production routes have
to be green in order to reduce emissions of CO2. This
means that together with other sectors, shipping
will add additional stress to renewable electricity
production, around the order of magnitude of the
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current power sector, which itself is yet to fully
decarbonise. One possibility for maritime is to build
their own infrastructure for the production of green
ammonia on existing ports and on offshore marine
farms. Lately, the main ports of Morocco have been
identified as potential locations to produce and store
green ammonia (30). For instance, Jorf Lasfar Port
has an existing ammonia storage infrastructure
with a total capacity of 100,000 tonnes due to the
ammonium phosphate fertiliser production complex
of the state-owned OCP group. Upon integration of
300 MW solar panels near the port, it is envisaged
that 700 tonnes of ammonia per day, which is
equivalent to the daily fuel consumption of about
four post-Panamax size vessels, can be produced
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and stored. In the case study, the daily amount of
renewable electricity to produce green ammonia for
fuelling all container and dry bulk vessels passing
through Morocco’s ports is calculated as 280 GWh
which is only 0.6% of the renewable (wind and
solar) energy capacity of Morocco. Taking this case
study as a basis, more research on technoeconomic
analysis for green ammonia production needs to be
performed in different ports, considering not only
onshore but also offshore options and the use of a
combination of two or more intermittent renewable
energy sources (solar, wind, wave or tidal) to
provide a virtually continuous supply and thereby
improve the efficiency and cost-effectiveness of the
whole process.
Today, the price of green ammonia is significantly
higher than for brown ammonia and for conventional
marine fuels such as HFO, MGO and LNG. However,
looking towards the future where fossil fuels must
be substituted, the price of ammonia is expected
to be in the same range in comparison with other
renewable alternatives such as biofuels and
hydrogen. The high cost of green ammonia derives
from the capital cost of electrolysers, which take
up almost half of the total land-based investments.
To bring these expenses down, the usage of
expensive noble metal based catalysts should be
reduced or ideally be replaced with earth-abundant
alternatives.
The adoption of ammonia as a marine fuel in
the short term is envisaged to be driven by ICE
under current market and regulatory conditions.
The preliminary small-scale test results reported
by MAN ES and Wärtsilä demonstrate that the
technology is ready to start working on a fullscale pilot with relatively few additional design
modifications. Although ammonia combustion in
ICEs does not contribute to carbon emission, thus
can be regarded as a clean solution compared to
fossil fuels, it is not 100% harmful emission free
and requires NOx elimination. Therefore, ICEs
should predominantly be seen as an important
intermediate step to introduce ammonia as a
new fuel in the maritime industry before pursuing
towards truly 100% zero emission shipping by
using fuel cells. In the medium to long term, ICEs
are expected to leave their places to SOFCs as
technology develops and price levels drop.
It should also be noted that there is no single
solution and transition to zero emission will be
through a combination of several technologies
including new fuel sources and vessel efficiency
improvements such as renewable assisted
propulsion, hydrodynamics, paints and hull
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coatings, velocity optimisation, engine and ship
design. Balcombe et al. (37) assessed GHG
emission reductions via the use of alternative
fuels (LNG, methanol, biofuels, hydrogen, nuclear
and electricity) by incorporating various energy
efficiency measures and they concluded that the
decarbonisation requirements of the maritime
industry could be met via a combination of several
technological and operational pathways. Such a
combined assessment is currently missing for green
ammonia. It is recommended that future research
activities focus on collective impact of changing
fuels and implementing efficiency measures. In
addition, an integrated system engineering is
required to assess several factors such as space for
onboard energy storage, energy requirement for
a round trip, geography, infrastructure, costs and
safety to decide on the ultimate energy transition
pathways based on individual shipping operation
conditions.
Overall, our analyses indicate that an effective
fuel switching in maritime industry can only be
achieved through engagement and synchronisation
of three sectors, which are science and technology,
industry and business, governance and policy. For
a constructive transition, we need a round table
that can link the key players from these industries
and enable them work in a collaborative manner
by involving in consortium projects. The global
maritime energy shift council members may consist
of, but not limited to, representatives from shipping
companies, port managers, (renewable) energy
firms and associations, politicians, policy makers,
financial sectors and investors. Last but not least,
the involvement of scientists should also not be
forgotten. The efficiency and cost-competitiveness
of the whole power-to-ammonia-to-power cycle
explicitly depend on the development of new
state-of-the-art materials and establishing an
integrated system engineering. Scientists need
support for carrying on fundamental research
but also for increasing the commercial readiness
of the discoveries. Various solid-state materials
and techniques, that offer cost, efficiency and
performance benefits, have already been reported
in the literature and more will continue to come in
the near future. However, there is a gap between
transfer of knowledge to application. To increase the
TRL value of these technologies within a compressed
time frame and for large-scale implementation of
carbon-free energy, scientific entrepreneurship
should be encouraged and supported more.
Lastly, among the transportation sector, the
shipping industry has long been criticised for being

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16127941688787

too conservative and too passive to change. In an
interview with ShippingWatch, Henrik O. Madsen,
the former CEO of major classification company
DNV GL, stated “The attitude in the industry is
mainly that any new regulation introduced is
basically negative. I could hope that, going forward,
they will change from seeing every new regulation
as a risk to instead also thinking of a regulation
as an opportunity” (38). To make this come true,
local and international authorities need to join their
forces and lead the round table meetings to bring
innovative ideas collectively that can disrupt the
conservativeness and fragmented nature of the
maritime sector and help them change for a better
future and business opportunities.
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The C123 project will develop two scenarios for the
production of C3 products from unutilised natural
gas sources. The add-on route targets propylene
production in large, established petrochemical
facilities. The modular route targets the production
of a set of other C3 products from remote,
stranded methane sources such as marginal gas
or biogas. Potential sites for the exploitation of the
C123 technology are investigated. A market study
of the potential C3 products from the modular
route, propanal, 1-propanol and propionic acid is
then provided, which indicates that a smaller, local
production process for these chemicals may have
economic viability.

1. Introduction
Conversion of methane to ethylene through
oxidative coupling has been investigated
since the 1980s. One of the limitations of the
301

oxidative coupling reaction is the difficulty to
increase the selectivity and the conversion to
C2 products, hence new technologies that are
better able to convert methane to valuable
chemical commodities are needed. This is the
goal of the C123 project, which aims to couple
the Oxidative Conversion of Methane (OCoM)
and hydroformylation to produce C3 products.
OCoM is a suite of reactions that aims to
improve the overall atom economy of methane
coupling reactions to produce an optimum ratio
of carbon monoxide:ethylene:hydrogen for
hydroformylation. Depending on the amount
of hydrogen, the catalyst and the process, the
hydroformylation reaction will produce a mixture
of propanal and propanol. Propanal can then
be hydrogenated to 1-propanol and further
dehydrated to propylene. A paper detailing the
technical challenges faced by the C123 European
consortium was presented in parallel by the
partners in C123, the reader is directed there for
further details (1). The present paper constitutes
an extensive technoeconomic and viability review.
The C123 project will develop two exploitation
scenarios known as the add-on route, for a
capacity of 200,000 tonnes per year propanol for
its conversion to propylene and the modular route,
for a capacity of 10,000 tonnes C3 products per
year. Propylene has a very large market and this
is thus the focus of larger add-on units where
the C123 technology would be integrated into
an existing petrochemical site, taking benefit
of existing infrastructures and gas networks.
Currently, propionaldehyde and 1-propanol have a
much smaller market as chemical intermediates.
They are therefore suitable for the smaller modular
units, where the C123 technology would operate on
a stand-alone basis. These are specifically useful
for utilising either smaller feed sources, such as
biogas, or natural gas feed sources at highly remote
© 2021 Johnson Matthey
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locations far from existing infrastructure, such as
flared gas. To this end, C123 technologies have the
potential to reduce global warming emissions by
utilising flared methane.
Potential sites appropriate for the commercial
implementation of both the add-on and modular
C123 technologies are being investigated. The
market potential of propanal (such as for propionic
acid) and 1-propanol, through identifying their
current technologies, market players, product
values and qualities, is therefore relevant for
determining the best exploitation strategies.

2. Methane Sources for C123
The large-scale add-on process concept and
smaller-scale modular concept have different value
chains. The add-on route, to be colocated with an
existing (petro)chemical facility, is expected to
be more economically viable due to the benefit
of economies of scale, the possibility to produce
high-value propylene and the possibilities to use
existing facilities and infrastructure. The main
advantage of the modular unit is that it can be
placed at remote locations where stranded natural
gas or associated gas resources are available, but
with logistical challenges for exploiting existing
infrastructure such as pipelines, liquefied natural
gas (LNG) plants or refineries. The modular unit
can also be applied to valorise biogas, which is
typically produced in decentralised smaller-scale

Johnson Matthey Technol. Rev., 2021, 65, (2)

units. The use of biogas will result in bio-based
products, contributing to a more sustainable
chemical industry. For this feedstock, Germany has
been earmarked as a suitable location. Of all the
European countries, Germany produced the most
energy from biogas in 2015, contributing 329 PJ
of the 662 PJ biogas produced in Europe (49.7%)
through 185 biomethane plants (2).
Marginal and associated gas are two examples
of stranded natural gas. Associated gas is natural
gas found with oil reserves and flared at several
locations. A world map with detected flaring sites
in 2012 is shown in Figure 1 (3). There is an
effort to decrease flaring, because it negatively
affects local air quality and releases carbon
dioxide, a greenhouse gas, which has a significant
impact on global warming and climate change.
Consequently, the application of C123 technology
for flared gas reduces greenhouse gas emissions,
contributing to a more sustainable process and
lower environmental impact. Marginal gas includes
explored but unused underground gas reserves. A
specific marginal gas field of interest to the C123
project is the Absheron gas field (Figure 2). It
is estimated to contain 350 billion m3 of gas and
covers an area of 270 km2, 500 m under water (5).
It is operated by a C123 project partner, Total and
located in the Caspian Sea approximately 100 km
from Azerbaijan capital Baku where C123 project
partner Azerbaijan National Academy of Sciences
(ANAS) is located.

Fig. 1. World map with red dots indicating the spots with the largest annual gas flaring emissions of between
0.2–1 billion m3 per year (KLM file in Google Earth from (3))
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Azerbaijan
Baku

Absheron

Turkmenistan

Fig. 2. Location of marginal gas resource Absheron
in the Caspian Sea close to Azerbaijan (Redrawn
from Gotev, 2016 (4))

There can be several reasons why natural gas
remains unused or stranded, such as the distance
of the resource to existing infrastructure and
markets, unfavourable gas composition or a
small gas reserve volume. All of these factors
contribute to a lack of economic incentive to
utilise stranded natural gas resources. However,
the application of the C123 technology aims to
address these challenges, by providing an energy
and carbon efficient process that will enable the
transport of higher-value products than natural
gas and using tailored process design for the
resource’s composition and available volume.
Therefore, it may be profitable to valorise these
stranded natural gas reserves. The economic and
environmental viability will be determined by
performing a technoeconomic assessment (TEA)
and a life cycle assessment (LCA), respectively,
on the two C123 processes, products and their
value chains. Successful implementation of
this technology is expected to ensure a secure
supply of C3 products that is not dependent on
the available oil reserves. An iterative approach
between the LCA, TEA and process design will
ensure a well-integrated project to reach the
overall goals with regards to the technology
readiness level (TRL), economic viability and
sustainability. The development of stranded gas
or biogas is also expected to trigger economic
development and the growth of a petrochemical
industry to accompany market development.

3. Market Analyses of the Modular
Route C3 Products
The add-on route aims to produce large volumes
of propylene, a gas that is an important chemical
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commodity for the production of plastics
(polypropylene) and other chemicals. The economic
viability of the modular route is conversely
dependent on the transportation from remote
locations of liquid C3 products. Fortunately, these
products, propanal, 1-propanol and propionic acid,
already have market applications and a value that
could be superior to propylene.

3.1 Propanal
Propanal, also known as propanaldehyde or
propionaldehyde, is a liquid, with an ethereal
pungent odour (6). Propanal is mainly used as
a chemical intermediate in the production of
n-propanol and propionic acid, for example. The
market for propanal itself is not large and the annual
quantity imported or manufactured in Europe is in
the range of 100–1000 tonnes according to the
European Chemicals Agency (ECHA) (7). Main
producers consume it internally. Hydroformylation
of ethylene with synthesis gas (syngas) is the usual
process to produce propanal. An alternative route,
through isomerisation of allylic alcohol, would
nevertheless also be possible (i.e. enol reaction).
According to the trade data, there was a
significant volume of exports of propanal in
2019 (8, 9), amounting to 286,000 tonnes worth
US$725 million.
•
•

•

Germany had 22% in value of the world exports
or about 83,000 tonnes (BASF, Oxea)
The USA had 22% or about 54,000 tonnes (The
Dow Chemical Company, Eastman Chemical
Company)
China had 14% or about 39,000 tonnes (Zibo
Nalcohol Chemical Company, which represents
a production of 2 million tonnes per year).

Trade data are accessible through the harmonised
system (HS) code (numbers used to classify
traded products), for example 291219 which
includes “acyclic aldehydes, without other oxygen
function (excluding methanal, ethanal, butanal,
benzaldehyde)”. Therefore, it is not possible to
isolate propanal in the trade data, but because it
is the main product share under this code, general
trends are relevant.
The data in Figure 3 are computed from the export
volumes and take into account the average distance
travelled by the product weighted by the trade
value. The concentration parameter is an indication
of the diversity of customers (importing countries);
a concentration value of 1 means export to a single
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Fig. 3. Concentration of exporting countries of products 291219 (acyclic aldehydes) and average distance
with their destination countries in 2019. Data computed from Trade Map (9)

country. The trade balances (exports-imports) are
used as the indicator, but the distance is based
on exports only. Chinese and US products travel
longer distances than products made in Germany.
The data illustrate that for this product (propanal),
there would certainly be a demand for small or local
production, with small units, avoiding long distance
transports and representing a potential market of
US$100 million. Stranded gas, complemented with
biogas, make methane an ubiquitous resource
for small plants. Taking into account the higher
cost for importing small volumes of products and
other logistics costs, a local small production
cost compares more favourably than with world
market prices. In addition, production on-site and
on-demand contributes to the reduction of other
associated costs such as inventory and safety and
require specific local investigation.

3.2 1-Propanol
1-Propanol is a colourless liquid whose odour
and flavour are alcoholic and earthy (10). Due
to its excellent solvent properties, 1-propanol is
used in various applications, including lubricants,
coating products, dispersing agents, pesticides,
surface agents, cleaning products and adhesives.
This material is also used for packaging and
food-contact applications and was recently also
used in some sanitiser gels in combination with
isopropanol.
Due to the wide range of potential applications,
the market is more developed and the annual
quantity imported or manufactured in Europe is in
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the range of 10,000–100,000 tonnes according to
the REACH registrations (11). 1-propanol has 85%
of the propanol market, with 15% for isopropanol
(2-propanol). 1-propanol can be produced through
hydrogenation of propanal, or directly from syngas
through the Fischer-Tropsch process developed
by Sasol, in which it is separated from the mix of
products. Interestingly, there does not seem to
be a commercial fermentation route to produce
biobased 1-propanol.
The propanol HS trade code is 290512, including
both 1-propanol and 2-propanol. Because
1-propanol represents 85% of the market, the trade
data mostly represent the targeted product. Asian
countries produce mostly 2-propanol (for example
by Tokuyama, ISU Chemical, LCY Chemical Corp,
Zhejiang Xinhua Chemical Company, LG Chem). For
the readers who would be interested in 2-propanol
trade and productions, we suggest to look at the
phenol trade data. Acetone is coproduced with
phenol and 2-propanol can be produced either by
hydrogenation of acetone, or direct hydration of
propylene, or fermentation (just starting). So if
acetone is the main source for 2-propanol, it would
be linked with phenol production. But this is not the
scope of the present paper.
The net difference between exports and imports
has been computed from the annual data available
from Trade Map between 2010 and 2018 and is
shown in Figure 4. This was done to identify where
the main producers are located and to eliminate
the countries only involved in trading. Imports and
exports are based on the HS trade codes for both
propanol isomers.
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According to the trade data, there was a significant
volume of 1-propanol and 2-propanol exports in
2019 (9, 12):
•

•

•
•
•

The USA had 24% of the world exports in
value or 307,000 tonnes (The Dow Chemical
Company, Oxea). Oxea produces around
100,000 tonnes per year (13)
China had 10% or 183,000 tonnes (Zibo
Nalcohol Chemical Company which produces
1 million tonnes per year) despite a negative
trade balance (imports larger than exports) in
2019 (–US$2.1 million)
Germany had 9.2% or 101,000 tonnes (Sasol
Germany, Oxea)
The Netherlands had 7.8% or 93,000 tonnes
(Eastman Chemical Company)
South Africa had 6.3% or 103,000 tonnes
(Sasol, which claims 30% of the 1-propanol
market) (14).

These data illustrate the market activity. The same
country can be an exporter and an importer of the
same chemical compound. It is obvious for large
countries like China, Russia or the USA, where the
east and west coasts can more easily import from
other countries than to transfer product from the
other side of the country. Therefore export volumes
and value from major producers are more relevant
to assess potential for production units in other
countries. In addition the volume produced is not
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necessarily in line with the exported volume, since
a lot of captive use can exist. However, the share of
exports to the production capacity is an important
indicator to identify the potential risks linked with a
specific producer or producing country.
Exporting countries sell the product in many
countries (low concentration factor) Figure 5.
Moreover, the average distance is similar to that
of propanal. Germany and The Netherlands export
to Europe, while South Africa, South Korea and the
USA export at longer distances. The largest shares
of export values are in the USA, where products
travel on average 6000 km. This supports the
notion that smaller, modular C123 plants for local
production should have a commercial interest, with
a cumulated value of US$350 million (this value
is calculated based on the export values from
South Africa, USA and South Korea from which the
product travel more than 6000 km). When products
travel on long distance, they not only consume a
lot of energy for transport, but also contribute that
way to global warming but are also more sensitive
to energy price variations and as seen recently to
unpredictable events like COVID-19 and country
resilience.

3.3 Propionic Acid
Propionic acid is a colourless pungent odorous
liquid (15). Propionic acid is manufactured to
be used as preservative and anti-mould agent
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in animal feed and grain (16). It is also used as
a chemical building block for the production of
herbicides, pharmaceuticals, dyes, textile and
rubber products, plastics, cosmetics and perfumes.
In addition, propionic acid is a preservative and
flavouring agent in packaged foods.
The annual quantities imported or manufactured
in Europe is in the range of 100,000–1,000,000
tonnes, according to ECHA (17). The calculated
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average of annual differences between exported
and imported quantities are shown in Figure 6.
Propionic acid is produced either by oxidation of
propionaldehyde or by a Reppe process, i.e. the
hydroxy-carboxylation of ethylene (18). The HS
trade code 291550 includes propionic acid, its salts
and esters. Because propionic acid is needed for
the creation of its salts, the traded volumes are
relevant for discussion.
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According to the trade data, propionic acid export
volumes in 2019 were as follows (9, 19):

that it would make sense to have more localised
production of this C3 chemical.

•

4. Influences of Prices

•
•

•

•

The USA had 25% in value of the world exports
or about 135,000 tonnes (The Dow Chemical
Company which increased its capacity of
production in 2017) (20)
Germany had 14% or 46,000 tonnes (BASF and
Oxea which expanded its capacity in 2017) (21)
The Netherlands had 14% or 39,000 tonnes
(Eastman Chemical Company) despite a negative
trade balance in 2019 (–US$4.1 million)
China had 6.8% or about 20,000 tonnes
(BASF‑YPC which increased its production in
2019 to 69,000 tonnes per year) (22)
Sweden had 9.6% or about 35,000 tonnes
(Perstorp) (23).

4.1 Energy
The variation of the trading value (import and
export prices) for 1-propanol and 2-propanol from
the USA (9), together with the price of crude oil
(Brent is selected as a better world price reference
than West Texas Intermediate) (24), US ethylene
(25) and propylene (9), the traditional feedstocks
for the C3 products, is shown in Figure 8. It
illustrates that the value of propanol replicates
the price of crude oil, ethylene and propylene and
the dependence between the prices of the raw
material and products of interest. When propanol
is at the same price per tonne as propylene, there
is more value in propanol, since the dehydration
to propylene also corresponds to a weight loss in
material.
Importantly, the price of the product depends
on the production process as well. In South Africa
propanol is produced by Sasol via the FischerTropsch process, which resulted in an average
export price of US$765 tonne–1 (9), compared to
the USA where propanol is produced through the
hydrogenation of propionaldehyde, resulting in an
export unit value (calculated as a ratio between
the exported value and the volume exported) at
around US$1008 tonne–1 (9). For more details
on the way the values are calculated, the reader
can refer to the website in reference.

The capacity expansions which have been made
recently by several producers are a good sign that
the market demand is growing, whether the growth
is for captive use or to satisfy customer demands.
In contrast with the exporting countries of the
two previous products, the export concentration
(Figure 7) is higher for propionic acid and is above
0.8 in case of China. This means that exporters
have a limited number of customers in targeted
regions. Nevertheless, the average distance from
a given exporting country to their markets is
similar. Sweden appears as an exporting country
to neighbouring northern Europe, while Germany
exports worldwide. Again, the USA has the largest
share in export value, with products traveling more
than 5000 km. Once again this supports the notions
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4.2 Correlation Matrix
In a correlation matrix, values can be between –1
and +1. A positive value means that two parameters
vary in the same direction. A value close to 0 means
that the parameters are relatively independent,
while a value close to 1 means that the parameters
are highly dependent on each other.
The influence of raw material costs on final product
prices in a process can be analysed with the help
of a correlation matrix. The correlation matrix in
Figure 9 is made for US exports, because the
country is producing the three targeted products
in large quantities. Thus, we can isolate the price
fluctuations of the geo-economic environment to
reflect the connections to raw materials.
The value of exported ethylene correlates less
with the value of crude oil (value of 0.76) than
with the value of propylene (value of 1). This is
most probably due to the fact that recently, ethane
crackers have increased ethylene production in the
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USA. Propanal, which is produced through ethylene
hydroformylation, correlates poorly with ethylene
(value of 0.52), because most of the production
is consumed internally and only part of it is sold
on the market. Propanol correlates with the price
of crude oil (0.67) and ethylene (0.53), as this
is the major market; while propionic acid, used
in feed additives, has a rather small market and
therefore poorly correlates with feedstocks (values
of 0.07–0.17). Products correlate poorly between
themselves (for example, propanol and propionic
acid has a value of 0.04). This shows that there are
opportunities for each product and that a balanced
product portfolio is probably a wise strategy. In
addition, the targeted products have a high growth
potential (pre-COVID-19 estimates), of around
6–8% compounded annual growth rate (CAGR).
Therefore, propylene, propanal, n-propanol and
propionic acid are deemed good C3 candidates for
the C123 technology.
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5. Conclusions
In the C123 project, opportunities to valorise lowvalue stranded gas such as marginal or flared gas
and biogas for the production of bio-based C3
chemicals, are investigated. Two process design
routes are considered: a larger add-on unit to an
existing petrochemical site(s) or a smaller modular
unit for remote feedstock locations.
In this market study it is shown that there is a
fair market potential, with good opportunities for
modular units focusing on local production, for
the three primary products derived from the C123
modular route: propanal, n-propanol and propionic
acid. Other products derived from propionaldehyde
and propanol will be also investigated in C123, with
the objective to identify other market opportunities.
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C123 is a €6.4 million European Horizon 2020
(H2020) integrated project running from 2019 to
2023, bringing together 11 partners from seven
different European countries. There are large
reserves of stranded natural gas waiting for a viable
solution and smaller scale biogas opportunities
offering methane feedstocks rich in carbon dioxide,
for which utilisation can become an innovation
advantage. C123 will evaluate how to best valorise
these unexploited methane resources by an
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efficient and selective transformation into easyto-transport liquids such as propanol and propanal
that can be transformed further into propylene and
fed into the US$6 billion polypropylene market. In
C123 the selective transformation of methane to
C3 hydrocarbons will be realised via a combination
of oxidative conversion of methane (OCoM) and
hydroformylation,
including
thorough
smart
process design and integration under industrially
relevant conditions. All C123 technologies exist
at TRL3 (TRL = technology readiness level), and
the objectives of C123 will result in the further
development of this technology to TRL5 with a
great focus on the efficient overall integration of
not only the reaction steps but also the required
purification and separation steps, incorporating the
relevant state-of-the-art engineering expertise.

Introduction
Methane market opportunities will keep emerging;
most energy forecasts currently predict that
natural gas will play an important future role in
the global energy sector. Projected long-term
growth rates for gas are around 2% per year and
analysts are expecting natural gas to overtake coal
in the global energy arena in the next two decades
(1, 2). Security of supply is improving to meet
this demand with the USA becoming a large liquid
natural gas (LNG) export player in recent years as
the price of natural gas continues to drop while
liquid petroleum gas (LPG) and carbon exploitation
associated costs increase. All these scenarios could
also allow for economically viable opportunities for
stranded gas and biomethane utilisation.
Sustainable exploitation is a key driver of
natural gas consumption’s future growth. The
role of natural gas as a crucial stage strategy
vector to reduce emissions could be supported
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by carbon pricing policies with the development
of low carbon technologies where natural gas is
implemented. Sustainable gas sources combined
with renewable energy applications and process
efficiency innovations are all required to tackle
global emissions. Some of these first and second
generation lower carbon or fuel switch technologies
are expected to merge and support future methane
applications and opportunities (3–5).
An extensive technoeconomic and viability review
paper was presented in parallel by the partners
in C123, the reader is directed there for further
details (6). In the present paper, technical progress
and remaining challenges are reviewed.
Disruptive technologies need to evolve to support
new challenges including biomethane composition
(higher amounts of CO2 in the gas), alternatives
to natural gas flaring, transformations to easyto-transport chemicals, hydrogen production and
carbon capture, utilisation and storage (CCUS).
Current stranded natural gas reserves opportunities
include compressed natural gas (CNG), gas to
liquids (GTL), gas to solids (GTS) (also known
as solidified natural gas (SNG)) and gas to wire
(GTW). GTL increases the ease of transport through
a physical change of the natural gas into a liquid
(7). Two additional state-of-the-art utilisation
options include gas to polymers (GTP) and gas to
olefins (GTO). For both GTO and GTP, natural gas
is converted into syngas, which is used to produce
methanol as the feedstock source for the methanol
to olefins (MTO) process. The olefins, i.e. ethylene
and propylene, are then converted into polymers,
polyethylene and polypropylene.
C123 “Methane oxidative conversion and
hydroformylation to propylene” is a €6.4 million
European Union (EU) H2020 project running from
2019 to 2023. The consortium consists of 11
partners from seven different countries (Norway,
Belgium, France, UK, Germany, Azerbaijan and
The Netherlands) with six industrial partners,
two research and technology organisations, two
universities and one association, all of whom
have extensive previous experience in national
and international research and innovation
projects. C123 will evaluate how to best valorise
unexploited methane resources by an efficient and
selective transformation into easy-to-transport
liquids such as propanol and propanal. In C123
the selective transformation of methane to C3
products will be realised via a combination of OCoM
and hydroformylation. The C123 process aims to
validate the implementation in two energetically
and economically relevant, complementary and
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sustainable routes depending on the natural gas
source exploited:
•

•

Add-on route targeting propylene production as
an add-on to large existing facilities (>140,000
tonnes year–1 of propylene – equivalent to
>200,000 tonnes year–1 propanol)
Modular route targeting decentralised modular
production unit (~10,000 tonnes year–1) of
high value propanol or propanal that can be
easily transported for further transformation
into propylene or other products.

C123 will explore and evaluate the viability of
this technology for biogas, associated gas and
marginal gas fields, all with different challenges.
Biogas is produced from organic matter such as
sewage sludge, cow manure, agricultural waste
and the organic fraction of municipal solid waste.
Large concentrations of CO2, about 36%, and
impurities such as hydrogen sulfide (100–10,000
parts per million (ppm)) are usually found in
biogas. Associated petroleum gas (APG), is a form
of natural gas found with deposits of petroleum,
either dissolved in the oil or above the reservoir.
Associated gas is often wasted by flaring,
under-utilised in low value applications such as
onsite electricity generation or reinjection for
enhanced oil recovery, or sold. Marginal fields are
abandoned or non-developed fields that can have
limited economic viability, unfavourable crude oil
characteristics or high gas and low oil reserves.
Marginal gas reserves account for approximately
15% of the world’s proven gas reserves.
All C123 technologies exist at TRL3, and the
objectives of C123 are their further development
to TRL5 by an optimised integration of catalyst and
process. The C3 commodity chemicals propanal and
propanol can be transformed further into propylene
and fed into the US$6 billion polypropylene market
or transformed into other valuable chemical
products. The breakthrough innovation is the
replacement of propylene production via the very
energy intensive steam cracking process with
production by less energy demanding and more
selective build-up from smaller molecules.
The C123 transformation of methane into
C3 chemical building blocks will be developed
through in the technical work packages (WPs)
WP2, WP3 and WP4 described in Figure 1. The
goal will be optimisation of the overall carbon and
energy efficiencies and cost effectiveness of the
integrated OCoM and hydroformylation processes
through the application of a set of collaborative
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WP6 Communication, dissemination and exploitation
Leader: UGent

Fig. 1. C123 work package structure and consortium partners: Johnson Matthey, SINTEF, CNRS, Ghent
University, Total, Linde, Axel’One, Process Design Center, Arkema, Ayming, and Azerbaijan Academy of
Sciences

technologies involving both catalyst development
and formulation and reactor design.
The expected major advancements in WP2
OCoM with respect to the state-of-the-art are
the achievement of a higher methane conversion
per pass, simpler heat management, higher
energy efficiency, better carbon utilisation and an
optimum product stoichiometry for an efficient
hydroformylation process. The latter will be realised
by tuning the output of the OCoM process to
provide the optimal C2H4:CO ratio. Some hydrogen,
required for hydroformylation and also processes
downstream of the hydroformylation step, will be
formed during OCoM, but optimising the amount
of hydrogen is not part of the overall targets of
OCoM. Any extra hydrogen for the overall process
will be supplied externally. The hydroformylation
step will need to tolerate CO2 in the reactor feed,
as that is provided by both the feed gas and the
byproduct recycle. C123 will thus improve the atom
economy and will circumvent the bottlenecks of
the state-of-the-art oxidative coupling of methane
(OCM) process which optimises only the ethylene
production.
The goal of WP3 is production of the liquid C3
intermediates propanol and propanal through the
development of a heterogeneous hydroformylation
catalyst and process optimised for conversion
of the OCoM effluent. This is advantageous for
transportation and can be used for on-demand
production of propylene by dehydration of propanol,
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or for further conversion of propanal to valuable
downstream chemicals propionic acid. While
industrial hydroformylation is a homogeneous
process, a heterogeneous catalyst for the C123
hydroformylation is envisaged, allowing simplified
separation and global process integration with
OCoM.
WP4 will comprehensively develop and optimise
process concepts from the simultaneous tuning of
the catalyst properties, the operating conditions
and the reactor configuration. It includes an
innovative integrated reactor design that optimises
heat management and transfer, mass transfer
and recycling, thus improving energy and carbon
efficiency, as well as achieving high product yields.
This requires an optimal combination of the two
processes, including possible equalisation of the
operating pressure (around 10 bar) of both OCoM
and hydroformylation in order to minimise the costs
of pressurisation and improve reactor integration
efficiency. Further, the additional reaction steps,
the hydrogenation of propanal and dehydration to
propylene, as well as appropriate purification and
separation steps need to be efficiently included.
The C123 process innovation is expected to result
in an increase in carbon efficiency of at least 25%.
Overall, at least 30% of fossil fuel consumption can
be saved, and this can potentially increase up to
100% when any external hydrogen required by the
overall process is electrolytically generated with
electricity from renewable energy sources.
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Oxidative Conversion of Methane

typically employed metal oxide catalysts, such as
Li/MgO, Sr/La2O3 and NaWMn/SiO2 (9). Basicity
was recognised as an interesting catalyst property
to reduce the interaction between ethylene and
the catalyst. Nevertheless, C2+ yields seldomly
exceeded 20% not to mention 30% which, at
times, was considered as a minimum threshold
value for commercial viability, see Figure 2. The
oxidative character of the reaction comes with a
pronounced exothermicity, rendering temperature
control difficult and triggering parasitic phenomena
at the high reaction temperatures, i.e., 800°C or
higher, such as wall effects in the case of improper
reactor material selection.

For about four decades, i.e., since the pioneering
work of Keller and Bhasin, (8) OCM into ethylene
has been a goal of the petrochemical industry.
It has made scientists and industrials dream of
converting a low-value feedstock fuel, such as
natural gas or methane into ethylene, i.e., the
base chemical with the highest global production
volume. The promising perspectives offered
by this reaction came with severe challenges.
Indeed, methane oxidative coupling products
such as ethane and ethylene are more easily
activated than the reactant methane by the
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Fig. 2. C2 selectivity as a function of the methane conversion for the OCM catalyst library gathered by
Kondratenko et al. Image reprinted from (9), Copyright 2014, with permission from Elsevier / Republished
with permission of Royal Society of Chemistry, from (10)
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Almost the entire periodic table has been
probed for finding the best suited elements to be
included in OCM catalysts (11). Li/MgO and its tin
promoted version belonged to the first generation
of investigated catalysts and provided good
perspectives, despite shortcomings with respect to
stability. La2O3 and SrO2 were other catalysts that
resulted in high activities at the expense of the
C2 selectivity. More recently, NaWMn on SiO2 has
been identified as a more moderately active but
more selective catalyst. These catalysts have been
studied in a series of European integrated projects,
including, among others, ‘Towards Optimised
Chemical Processes and New Materials Discovery by
Combinatorial Science’ (TOPCOMBI) and ‘Oxidative
Coupling of Methane followed by Oligomerization to
Liquids’ (OCMOL), and within C123 they constitute
the benchmark materials (12, 13). In addition to
a better understanding of these catalysts in these
projects, the perception arose that no adequate
combination of catalyst and operating conditions
was available to allow an economically viable,
single-pass conversion of methane into ethylene via
oxidative coupling with a sufficiently high selectivity.
It became clear that, rather, an entire process
concept would be required to meet this purpose,
an aspect which was also recognised by Siluria
Technologies, USA, who were the first to implement
OCM technology at the pilot scale.
The necessity of a proper process concept was
already recognised. The OCMOL project proposed
the integration of OCM with (dry) methane
reforming, mainly to recuperate the heat provided
by OCM, see Figure 3.
The resulting syngas was subsequently valorised
by methanol synthesis and MTO conversion.
Whereas each of the individual process steps could
be designed in a competitive manner, the needs
imposed on the separation proved to go significantly
beyond the state of the art. Moreover, only about
10% of the carbon in the end products was the result
of oxidative coupling, while 90% was incorporated by
the conventional syngas route. Siluria Technologies
took advantage of the presence of non-negligible
amounts of ethane in shale gas to accommodate
a post-bed ethane cracking zone in their process
concept, which of course imposes constraints on the
feedstocks that should be processed.
Considering the lessons learned from the work
on OCM, the following C123 hypotheses and
constraints were put forward:
•
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OCM remains an interesting route for methane
upgrading

CH4

O2

OCM reactor

Autothermal
coupling
CO2

RM reactor

CO, H2
Oxygenate
synthesis

Separation

C2H4
Ethylene
oligomerisation
reactor

Oxygenate
to liquids

Liquid fuels

Fig. 3. Simplified process flow sheet for the OCMOL
process concept Reprinted from (12), Copyright
2011, with permission from Elsevier

•

•

Exploration of OCM catalysts and operating
conditions has not resulted in an outstanding
combination and is unlikely to do so in the near
future, if at all
The key towards economic viability is situated
in an adequate process concept, provided that
separation efforts can be properly tailored.

As an answer to the above, the concept of the
OCoM was conceived, still critically relying on OCM,
yet potentially embodying a variety of alternative
methane conversion routes not just to maximise
the C2 yield, but to produce an effluent suitable for
hydroformylation. Apart from an OCM reactor, the
OCM process will also take advantage of methane
conversion via reforming and partial oxidation and
by incorporating a water-gas shift reactor. The
heat produced by OCM can still drive the reforming
reaction as was the case in the OCMOL project;
however, the goal in C123 is to mix the effluents
into an adequate proportion for hydroformylation
rather than perform difficult separations. Achieving
full oxygen conversion in the OCM reactor will be
key to achieve this goal. The CO2 produced can be
recycled to the OCM reactor for CO2 induced OCM or
to the reforming reactor for dry reforming. Ethane
formed can be dehydrogenated oxidatively or by
interaction with CO2. Subsequent hydroformylation
to propanal and propanol efficiently combines
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products formed in relatively high amounts, i.e.,
carbon monoxide and ethylene, which would,
otherwise, require difficult separation steps.
In order to establish a proper C123 process
implementation, research advances are required
along various directions. A suitable combination
of catalytic material and operating conditions is
required. However, this time the goal is not to
maximise the per pass ethylene yield but to produce
the most promising product spectrum: hydrogen,
carbon monoxide and ethylene for subsequent
hydroformylation. As a result, an innovative process
concept is required for the efficient conversion of
methane into a hydroformylation feedstock (14).
The common denominator, serving both challenges,
is the fundamental modelling of the reaction and
transport phenomena involved, both at the catalyst
pellet and the reactor scale, see Figure 4. Such a
fundamental model is the mathematical translation

Ci,Z
0

of the experimental insight into the investigated
system. The goal is not to prove the model, but
rather to indicate when the model (hypothesis)
is not adequate and, hence, it is an extremely
useful tool to assess the potential validity of model
assumptions.
Within C123, the activities on OCoM are, hence,
focused along three lines: (a) further catalyst
development and operating conditions screening;
(b) microkinetic modelling of the OCoM reactions;
and (c) process concept development. As evident
from the above, the further catalyst development
and operating conditions screening mainly serves
the need of providing the relevant information for
evaluating various alternative process concepts
and, of course, as a basis for the training of the
OCoM microkinetic model. Three benchmark
catalysts, i.e. two Sr/La2O3 catalysts and one
NaWMn/SiO2 catalyst, have been shared among
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Fig. 4. Scheme of the heterogeneous reactor model accounting for transport limitations. Reprinted (adapted)
with permission from Kechagiopoulos et al. Copyright (2014) American Chemical Society (14)
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the project partners by Johnson Matthey, UK. A
crucial aspect for a proper performance evaluation
is the pretreatment of the catalyst samples. Bosch
et al. (13, 15) specifically focused on the crystal
phases obtained in nanoparticle catalysts and
identified some interesting differences as a function
of the calcination atmosphere, i.e. whether or not
it contained oxygen, see Figure 5.
The microkinetic model, see Figure 4, accounts
for intraparticle gradients for reactants, products,
radicals and surface species. Particularly for
the most reactive radicals and surface species,
significant gradients were found to develop, even if
reactant and product concentrations had a negligible
gradient. According to the model, methane is
mainly activated by oxidised sites on the catalyst
surface. Practically no methane activation occurs
in the interstitial phase, i.e. outside of the catalyst
particles. The coupling steps, on the other hand, do
proceed homogeneously, both in the catalyst pores
(intraparticle phase) and between the catalyst
pellets (interstitial phase). Highly porous catalyst
materials appear to hold a lot of promise, on the
conditions that sufficient surface sites remain for
the methane activation. More particularly within
C123, the impact of CO2 in the feed on the catalyst
performance is assessed. Limited experimental
information is available and, at present, both
positive and negative impacts are reported.
Hence, additional experimentation at intrinsic
kinetics conditions will be performed to elucidate
the true behaviour. In the meantime, preliminary
simulations have already been performed to probe
the capability of the available microkinetic model
to account for the effects induced by CO2. Indeed,
CO2 formation is included already in this model,
see Table I for the considered elementary steps.

However, now that CO2 is assuming the role of the
oxidant, there may be a need for tailoring the rate
coefficients of the already included steps involved
in the production and consumption of CO2 and
incorporation of additional reaction steps. For the
time being, a moderating effect on the methane
conversion has mainly been observed after
including CO2 in the considered feedstock.
Awaiting more detailed results from catalyst
development, operating conditions screening
and microkinetic modelling, the process concept
development has already been started by making
a stoichiometric analysis. The minimum amount
of methane for producing a maximum amount
of hydroformylation feedstock is determined
from stoichiometric considerations and idealistic
conversion scenarios. Such a scenario will serve as
a benchmark for comparing actual implementations
in a later stage of the project, initially based
on literature reported kinetics, later based on
microkinetics developed as part of C123.

Hydroformylation of Ethylene into C3
Commodities
Hydroformylation is the catalytic synthesis of
an aldehyde from an alkene and a synthesis
gas mixture. Aldehydes are convenient building
blocks for a large range of organic compounds,
including alcohols, carboxylic acids and amines,
making hydroformylation a commercially attractive
synthesis process (16). The reaction mechanism
proceeds through a series of fundamental
organometallic
reactions,
including
ligand
exchange, alkene insertion, oxidative addition and
reductive elimination (17). Rhodium complexes
are the most active catalysts, and although more
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Fig. 5. In situ X-ray diffraction analysis for lanthanum oxide with increasing temperature under a nitrogen or
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Table I Elementary Reaction Steps Contained in the Oxidative Coupling of Methane
Microkinetic Model
Gas phase reactions
CH4+O2⇆CH3•+HO2•

CHO•+M⇆CO+H•+M

C2H4+CH3•⇆C2H3•+CH4
C2H3•+M⇆C2H2+H•+M

CH4+OH•⇆CH3•+H2O

CHO•+O2⇆CO+HO2•
C2H6+H•⇆C2H5•+H2

CH4+HO2•⇆CH3•+H2O2

C2H6+OH•⇆C2H5•+H2O

C2H5•+CH3•⇆C3H8

CH3•+O2⇆CH3O•+O•

C2H6+CH3•⇆C2H5•+CH4

CH4+H•⇆CH3•+H2

CH4+O•⇆CH3•+OH•

CO+HO2•⇆CO2+OH•

C2H3•+O2⇆C2H2+HO2•

C2H3•+O2⇆CH2O+CHO•
C3H8+H•⇆C3H7•+H2

CH3•+O2⇆CH2O•+OH•

C2H5•+HO2•⇆CH3•+CH2O+OH•

C2H4+CH3•⇆C3H7•

CH3•+ HO2•⇆CH3O•+OH•

C2H5•+M⇆C2H4+HO2•

C3H7•⇆C3H6+H•

CH3•+CH3•+M⇆C2H6+M

C2H5•+O2⇆C2H4+HO2•

O2+H•⇆OH•+O•

CH3O•+M⇆CH2O+H•+M

C2H4+O2⇆C2H3•+HO2•

O2+H•+M⇆HO2•+M

C2H4+H•⇆C2H3•+H2

HO2•+HO2•⇆O2+OH•+OH•

C2H4+OH•⇆C2H3•+H2O

H2O2+M⇆OH•+OH•+M

C2H4+OH•⇆CH3•+CH2O

HO2•+HO2•⇆O2+H2O2

O2+*+*⇆O*+O*

CH3•+O*⇆CH3O*

C2H3O*+O*⇆CH2O*+CHO*

CH4+O*⇆CH3•+OH*

CO2+*⇆CO2*

H2+O*⇆H•+OH*

C2H6+O*⇆C2H5•+OH*

CH3O*+O*⇆OH*+CH2O*

OH•+O*⇆O•+OH*

2OH*⇆H2O*+O*

CH2O*+O*⇆CHO*+OH*

H2O+O*⇆OH•+OH*

H2O*⇆H2O+*

CO*+O*⇆CO2*+*

H2O2+O*⇆HO2•+OH*

C2H5•+O*⇆C2H4+OH*

CO+*⇆CO*

CH3O•+O*⇆CH2O+OH*

HO2•+O*⇆O2+OH*

C2H4+O*⇆C2H4O*

CH2O+O*⇆CHO•+OH*

HO2•+*⇆OH•+O*

C2H4O*+O*⇆C2H3O*+OH*

CHO•+O*⇆CO+OH*

C2H4+O*⇆C2H3•+OH*

–

–

CH2O+OH•⇆CHO•+H2O
CH2O+HO2•⇆CHO•+H2O2
CH2O+CH3•⇆CHO•+CH4

Catalytic reactions

expensive, they have generally replaced less
active and selective cobalt catalysts. Both linear
and branched aldehydes are produced from all
C3+ alkenes, and the linear:branched ratio can be
controlled via the reaction conditions, particularly
the phosphine ligands bound to rhodium. Linear
aldehydes are generally the preferred products.
The reaction parameters have been well established
for nearly all alkenes, in particular propylene, since
the hydroformylation product from propylene,
n-butyraldehyde, is so industrially important.
However, the literature is rather scarce on the
conditions for the hydroformylation of ethylene, a
simpler molecule with no stereoselectivity issues
(18–21).
As discussed above, coupling a robust
heterogeneous ethylene hydroformylation process
with OCoM could disrupt the current technology.
Benefits include a more circular economic process,
responsible use of stranded, flared or biogas
and improved transport in the value chain. The
OCoM step is a high temperature (650–900°C),
atmospheric pressure reaction. When tuned
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properly, this OCoM process will provide an optimised
feedstock of ethylene and carbon monoxide for the
hydroformylation process, which operates around
100°C and 20–40 bar pressure in the current
industrial, homogeneous processes. A suitable
heterogeneous catalyst will keep both processes in
the gas phase, reduce precious metal losses during
operation and address corrosion issues associated
with solvent use. In addition to a tuned feedstock
for hydroformylation, another operational goal is
the reduction of the pressure difference between
the two parts of the process (i.e. OCoM and
hydroformylation). A detailed understanding of
the reaction variables for homogeneous ethylene
hydroformylation will guide catalyst and process
development of a heterogeneous version of the
reaction and the overall C123 process scheme.
The integrated process will attempt to avoid
interstage purifications and pressure switches
between each step. That means that the OCoM will
have to operate under pressure, but also that the
hydroformylation might have to operate at lower
pressure than usual, and in a stream that contains
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CO2, water and other impurities from previous
stage such as residual methane and ethane. The
hydroformylation C123 WP goals are development
of
stable
heterogeneous
hydroformylation
catalysts,
development
of
an
integrated
engineering concept for hydroformylation and
demonstration of the process in an industrial
environment at TRL5.
A screening study, involving both batch scale
and high-throughput experiments, was carried
out to determine the optimum catalyst and
reaction parameters for the homogeneous
ethylene hydroformylation. 11 different rhodium
catalysts and 13 different phosphines with varying
electronic and steric profiles (see Table II) were
screened under two different CO:C2H4:H2 feed
gas compositions, several different pressures,
different feed gas:catalyst ratios, a range of
excess phosphine molar ratios and with argon or
CO2 as diluent gas. In all cases, only propanal was
detected as product. No propanol was detected,
even at higher pressures and with an excess of
hydrogen in the feed gas.
As shown in Figure 6, the best catalysts are the
known hydroformylation catalysts Rh(CO)H(PPh3)3, 1,
and Rh(CO)(acac)PPh3. A 10–20 fold excess of
phosphine proved optimal, at least when PPh3
was used. The high throughput screening studies
showed that a 10-fold excess of the ϖ-accepting

phosphite ligands P(Otol)3, P(O-tBu2Ph)3 and
P(2-fur)3 gave activities on par with the benchmark
ligand PPh3, but a definitive activity ranking of
phosphines was difficult because of the high overall
catalyst activity.
To verify the high throughput results and
investigate both the effect of CO2 and the catalyst
loading on activity, a series of batch studies were
performed, and the results are given in Table III.
As can be seen from the first six entries in Table
III, there is very little difference in the turnover
number (TON) for propanal formation, regardless
of ligand, feed gas pressure or diluent gas. At least
for the modest pressures and low C2H4:Rh ratios,
CO2 does not have an adverse effect on propanal
TON. The enhanced effect of the ϖ-acid ligands is
most pronounced with the highest C2H4:Rh ratios.
While P(Otol)3 gives slightly higher TON than PPh3
with the highest ratios (compare entries 8 and 9
with entries 11 and 12), the effect of the ligand
P(2‑fur)3 is dramatic, with this ligand giving TONs
2.5 times greater than those with PPh3 (compare
entries 8 and 9 with entries 17 and 18).
The high selectivity of the hydroformylation
reaction to propanal is an important factor for
the process design and impact of C123. Propanol
is the preferred product over propanal since it is
easier to transport and requires only a dehydration
step to the valuable C3 product propylene. The

Table II Phosphines Screened in Batch Scale and High Throughput Studies
Name (abbreviation)
Triphenylphosphine
(PPh3)

Structure

Name (abbreviation)

Structure

P(C6H5)3

Tris(pentafluorophenyl)phosphine (P(Phf )3)

P(C6F5)3

PPh2

1,1′-Ferrocenediylbis(diphenylphosphine)
(Fcdpp)

Fe

Tris(2,4-di-tert-butylphenyl)
phosphite
(P(O-tBu2Ph)3)

P

tBu

PPh2

Tri(o-tolyl)phosphine
(P(o-tol)3)

P

Tri(p-tolyl)phosphine
(P(p-tol)3)

P

3

3

Tri-n-butylphosphine
(P(nBu)3)

P(CH2CH2CH2CH3)3

Tris(2-furyl)phosphine
(P(2-fur)3)

P

O
3

Tris(diethylamino)-phosphine P[N(CH CH ) ]
2
3 2 3
(DEAP)
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tBu

O

Tri(p-tolyl)phosphite
(P(Otol)3)

P

Tris(2-methoxyphenyl)phosphine (P(MeOPh)3)

P

3

O
3

MeO

3

Tri-n-butylphosphite
(P(OnBu)3)

P(OCH2CH2CH2CH3)3

Tricyclohexylphosphine
PCy3

P

–

–

3

© 2021 Johnson Matthey

Johnson Matthey Technol. Rev., 2021, 65, (2)

https://doi.org/10.1595/205651321X16051060155762

Fig. 6. TON values
(mmolpropanal mmolcatalyst–1)
for nine different rhodium
catalysts compared during the
screening process using 1:1:1
H2:CO:C2H4, 20 bar, 100°C
and 1.5 h at 1000 rpm and
5 mg of catalyst in 5 ml of
toluene
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Table III Effect of Changes in Diluent Gas, Feed Gas Pressure, Catalyst Loading and
Phosphine on Turnover Number to Propanal
Entry

Phosphinea

Pressure, barb

Diluent gasc

Ethylene:rhodium ratiod

TONe

1

PPh3

10

CO2

185

128

2

PPh3

10

Argon

115

130

3

PPh3

20

CO2

360

233

4

PPh3

20

Argon

370

268

5

P(Otol)3

20

CO2

260

219

6

P(Otol)3

20

Argon

295

221

7

PPh3

40

Argon

970

260

8

PPh3

40

Argon

16,800

4835

9

PPh3

40

Argon

49,400

12,700

10

P(Otol)3

40

Argon

970

250

11

P(Otol)3

40

Argon

16,800

6000

12

P(Otol)3

40

Argon

49,400

13,200

13

P(O-tBu2Ph)3

40

Argon

970

320

14

P(O-tBu2Ph)3

40

Argon

16,800

5700

15

P(O-tBu2Ph)3

40

Argon

49,400

10,700

16

P(2-fur)3

40

Argon

970

425

17

P(2-fur)3

40

Argon

16,800

13,900

18

P(2-fur)3

40

Argon

49,400

31,500

Note: all reactions run with 1 as catalyst, at 100°C for 2 h under static pressure and 8–11 equivalents of the indicated phosphine
a

Refer to Table II
Feed gas 1:1:2 CO:C2H4:H2
c
Diluent gas at 10 bar
d
Based on ideal gas law calculation at 100°C
e
Determined as mmolpropanal mmolRh–1
b

economic and sustainability impact of an extra
hydrogenation process step for the conversion of
propanal to propylene will need to be evaluated.
On the other hand, the selectivity for propanal
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even with excess hydrogen will lessen the need for
hydrogen from the OCoM step, which may favour
the OCoM process development.
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Importantly, the production of only propanal in
the homogeneous reaction does not guarantee that
the gas phase, heterogeneous hydroformylation
reaction will show the same selectivity. These
results will regardless be very valuable in the
design of the heterogeneous catalyst that will
be developed in the next phase of the project, in
addition to supporting the modelling work at Ghent
University (UGent), Belgium, and in building a set
of experimental data for the hydroformylation
process optimisation and the WP4 process
integration toolbox.
As indicated above, a gas phase hydroformylation
reaction is preferred for the C123 process. While
there are some examples of heterogeneous
hydroformylation
catalysts
(19–22)
the
development of such a catalyst with the same
activity and selectivity as the widely-used
homogeneous ones remains a challenge. The C123
approach for development of a heterogeneous
hydroformylation catalyst will therefore involve
a more traditional funnelling strategy. First
generation catalysts will be synthesised by tethering
appropriate organometallic rhodium complexes in
porous supports. Testing and iterative synthesis
will provide a set of innovative, heterogeneous
hydroformylation catalysts that will achieve the
key performance indicators (KPIs) for TRL4.
Second generation hydroformylation catalysts will
be developed from the first generation catalysts
by using relatively well-established shaping
residence time distribution (RTD) protocols to
select one or two catalysts that meet the KPIs for
TRL5. For the hydroformylation catalysts, a part
of the risk management strategy will be the use
of homogeneous catalysts as backup, while still
pursuing project work.

Heterogeneous Material Synthesis
Strategy Proposed
Johnson Matthey will functionalise high surface
area silica surfaces with phenyl phosphine groups,
and ultimately with rhodium complex catalysts, to
form heterogeneous hydroformylation catalysts.
Suitable organosilanes can interact with silica
displacing surface silanol groups, creating a
covalent bond. Two approaches have been selected
for this functionalisation using ethoxy and methoxy
silane organic precursors to anchor organic groups
over the original silanol. Fumed silica, silicagel and
templated mesoporous MCM-41 will be used to
compare the effect of pore and surface area in the
silica functionalisation.
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The first approach will use an amine as an anchor
group to then react the basic ligand with a rhodium
salt, as shown in Figure 7. Aminopropyl trimethoxy
silane grafted silicas have been widely reported in
the literature as they can selectively remove acid
molecules such as CO2 and hydrogen sulfide (23).
Direct impregnation techniques can attach propyl
amines to silica, but there is evidence of more ordered
surface coverages and optimisation through a toluene
excess silane reflux approach over dehydrated silica.
Surface secondary amines can then react with phenyl
phosphine groups, attaching rhodium organometallic
complexes such as Wilkinson’s catalyst or 1 to the
silica surface (24–26).
The second, more ambitious approach involves
incorporation
of
a
larger
monophosphine
organosilane precursor, 2-(diphenylphosphino)
ethyl-triethoxysilane on silica, as shown in Figure 8.
The surface anchored phosphine can then be
coupled to rhodium salts such as [(COD)Rh(µ-Cl)]2
(COD = 1,5-cyclooctadiene), [(NBD)Rh(µ-Cl)]2
(NBD = norbornadiene) or [(COT)2Rh(µ-Cl)]2 (COT
= cyclooctene) that can selectively incorporate
other phosphines by sequential reaction with, for
example, bis(diphenylphosphino)ethane dppe.
The goal of the SINTEF, Norway, approach is to
synthesise a metal organic framework (MOF) based
material that has a large number of phosphines
decorating the pores of the MOF. The idea is that,
after introduction of rhodium to the material, a
traditional organometallic reaction mechanism
can be accessed, in that the rhodium has access
to an abundance of phosphine moieties to both
steer the fundamental reaction steps and prevent
instability and leaching. This effect of this concept
was illustrated by the incorporation of 1 into a
(PTA)-MIL-1010(Cr) MOF (PTA = phosphotungstic
acid). The PTA immobilised the rhodium complex
within the MOF pores, yet provided homogenous
catalyst-like selectivities in the hydroformylation of
1-octene in toluene (27).
H
Si

NH2

CO

P

Rh
P
P

Fig. 7. Example of possible interaction of a
hydroformylation catalyst with amino propyl
triethoxy silane functionalised silica. Silicas
typically are functionalised with around 1 mmol g–1
amine groups (26)
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O

Rh

Silica

CO

Cl

OC
OC

Rh
Cl

CO

Fig. 8. Organosilane silica phenyl phosphine functionalisation followed by reaction with traditional rhodium
coordination complexes to prepare a tethered hydroformylation catalyst
Rather than incorporating the necessary phosphine
moieties during the demanding MOF synthesis,
we will investigate a post-synthetic modification
approach called solvent-assisted ligand incorporation
(SALI) (28). In particular, it has been shown that a
range of ligands with pendant carboxylic acid and
phosphoric acid groups can react with the µ3-OH
functionalities of MOFs built up with Zr6(µ3-O)4(µ3OH)4(H2O)4(OH)4 nodes. There are a wide range of
MOFs with varying pore sizes and shapes that are
built up from this inorganic building block, such as
NU-1000, the UiO series and MOF-808 (29). Our
hypothesis is that full incorporation of phosphine

O

(i)
O

P
Br

O

Et , NEt ,Pd(OAc) (2:1.5:0.1)
3
2

P

(ii) NaOH

The concept of porous macroligands, i.e. a
porous solid acting as the organic ligand of a
molecular complex, has been introduced and used
recently by Canivet et al., at the National Centre
for Scientific Research (CNRS) in Lyon, France,
for the heterogenisation of active molecular
catalysts to combine the advantages of high
activity and versatility of molecular catalysts and
sustainability of easy to separate and easy to
recycle heterogeneous catalysts (30). Following
this strategy Canivet’s team at CNRS will develop
novel porous organic polymers which will embed
efficient organometallic hydroformylation catalysts
(31–33). Porous organic polymers formed from
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ligands with an appropriate tether within a zirconium
MOF, followed by addition of an appropriate fraction
of a rhodium complex such as 1, will provide
a heterogeneous version of a homogeneous
hydroformylation catalyst (see Figure 9).
Our initial attempt to make a suitably tethered PPh3
variant, specifically (PPh3)2P(p-C6H4CH=CHCOOH)
(see Equation (i)), provided instead the phosphine
oxide 2. Reaction of 1 with the MOF NU-1000
provided evidence for incorporation of the tethered
ligand into the MOF. Appropriately tethered ligands
based on phosphites should be less prone to
oxidation and have been synthesised.

(i)
COOH

2
1

HF products

P P
P
P
Rh P
P
P P

Alkene, H2, CO

Fig. 9. Schematic representation of a catalytic
rhodium complex immobilised within a MOF with an
excess of phosphine ligands within the pores
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functionalised PPh3 and biphephos have already
been used as supports for the rhodium-catalysed
hydroformylation of 1-octene in toluene and
ethylene, propylene and 1-butylene in fixed bed
reactor. Here, easily accessible phosphine or
bipyridine based vinyl monomers will be used
in controlled radical polymerisation leading to
solid porous organic matrix with high surface
area and pore accessibility (Figure 10). Further
functionalisation with cobalt or rhodium precursors
will give access to heterogenised and site-isolated
hydroformylation catalyst within stable microporous
structures.
The high versatility of porous organic polymers will
be used to advantageously tune the hydrophilic/
hydrophobic balance of the hosting pore as
catalytic nanoreactor, and the confinement within
the micropore will play a crucial role by influencing
transport, reaction rate and product selectivity.
Moreover, the intrinsic swelling behaviour of porous
organic polymers will ensure that the solubilised
gaseous species will reach the active site while
larger aldehydes or alcohols produced will freely
transfer to the reaction medium.
Two microkinetic models will be developed for the
hydroformylation of ethylene, i.e. one dedicated to
the homogeneous and one to the heterogeneous
process. The kinetic parameters will be determined
via regression of the models to a comprehensive

RhCl3 . xH2O
+
PPh3

P

SO3Na

set of intrinsic kinetic data, i.e. data acquired in
the absence of mass and heat transfer limitations.
By performing such a detailed model construction,
i.e. no rate determining steps are assumed,
for homogeneous hydroformylation the critical
steps in the selective conversion of ethylene to
propanal can be unraveled. A distinction will be
made between catalyst descriptors (for example,
adsorption parameters) and kinetic descriptors
(such as activation energy). Preliminary simulations
using the model developed for homogeneous
hydroformylation have shown that the increase of
the propanal yield with the total pressure is nicely
captured by the model.
Following the same principles a microkinetic model
will be developed for heterogeneously catalysed
hydroformylation, and similar relationships in
terms of catalyst and kinetic descriptors will be
established. This will allow the unravelling of the
determining factors to optimise the heterogeneous
catalyst activity and selectivity, and the models will
be further used in the reactor design.
WP2 and WP3 will work in close collaboration with
continuous exchange between both WPs as well as
with WP4 in order to ensure overall integration.
WP3 focus will be on the optimisation of the
reaction and process conditions for maximised
product yield and ethylene conversion, as well as
achieving more active and more stable catalysts

SO3Na

P

SO3Na

P

Cl
Rh PPh
3
PPh3

RhCl3 . xH2O

Polyphos

Rh
P

P

Cl

Fig. 10. Synthetic strategies using phosphine-rich porous polymer Polyphos as macroligand for rhodiumbased catalysts
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that can be operated at higher temperatures
without deactivation and at lower pressures
(close to those for OCoM) without decreasing
conversion. This will be achieved through
the combined development of heterogeneous
catalysts optimised for operation in fixed reactor
beds and maximum selectivity toward propanol
with competitive performance with homogeneous
catalysts and reactor design.
The results from OCoM (WP2) and hydroformylation
(WP3) catalyst development and reactor design will
be transferred into WP4 for the integrated process
design and validation in relevant environment
(TRL5) for both the modular and the add-on routes,
to allow a conceptual design of the fully integrated
units with all process steps, and the development
of a possible scheme for an integrated commercial
process.

Process Tuning and Integration
The process design of the C123 technology is
characterised by the combination of several
reactions which are performed under different
conditions and the integration of required
purification and separation steps. In addition to the
OCoM and hydroformylation reactions described
before as novel core elements, a hydrogenation
and a dehydration reaction also have to be
included in the process. Furthermore, purifications
and separations need to be implemented. Although
these are in principle based on state-of-the-art
technologies, at this point improved or innovative
concepts and solutions have to be taken into
account. Only by consideration of the interaction
and optimal integration of all steps and process
operations can an efficient and sustainable approach
matching the efficiency and sustainability targets
of the C123 project be achieved. Accordingly, this
chapter is focusing on the base considerations and
key aspects of process design for an implementation
on technical scale and under industrially relevant
conditions.
Methane shows a lower reactivity towards oxygen
than higher hydrocarbons and olefins are more
reactive than paraffins. Therefore, it is no surprise
that OCoM reactions suffer from low selectivity at
high conversion. Only at low conversion are highly
selective reactions, for example to ethane and
ethylene, feasible, although the difficult separations
and high recycle ratios have an overwhelming
impact on process economics.
In conventional approaches of OCoM (9, 10),
carbon monoxide is considered an undesired
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byproduct, requiring additional effort in process
design for separation, further conversion and
recycling. Siluria Technologies, for example,
based its technology on methanation and
recycling of carbon oxides in order to increase the
overall process efficiency (34). In contrast, C123
is taking advantage from the carbon monoxide
production; by allowing the reaction to produce
equimolar amounts of ethylene and carbon
monoxide, propanal can be further produced by
hydroformylation. Subsequent hydrogenation to
propanol and dehydration yields propylene as final
product. Propylene is very important chemical key
intermediate, and propanal and propanol could be
potential value products.
The challenge of a process design is the number of
subsequent reaction steps which have completely
different demands on conditions, which makes the
process complex and requires compromises and
optimisation.
The OCoM reactor is under strong kinetic control
(8, 35). Thermal runaways leading to total
oxidation are always possible and need to be
avoided by a careful reactor design. A low pressure
helps to push back the typically unselective gas
phase reactions. Nevertheless, the reaction heat
release is tremendous and requires a very effective
cooling. Also, temperatures and heat recovery
are challenging. While it looks attractive to use
endothermic ethane dehydrogenation to recover
high temperature heat after the OCoM reactor,
providing the respective ethane stream requires
cryogenic distillation. The process limitations affect
the reactor design and vice versa.
Reaction thermodynamics already indicate the
required reaction conditions for the subsequent
steps. In addition, certain vapour-liquid-equilibria
(VLE) separations require a high pressure. As the
OCoM pressure is low, the pressure staging of the
overall process is accordingly also subject to an
optimisation.
The hydroformylation reaction (14, 36) has an
equilibrium limitation at high temperature and low
pressure, (Figure 11) and is therefore usually
performed at 15 bar or more, i.e. significantly
above the OCoM pressure. While in conventional
hydroformylation the reaction partners are
the main components in the gas phase, for the
C123 process the overall equilibrium conversion
is further reduced by inert gases, as the partial
pressure of the educts is decreased by inert
dilution (including especially methane, ethane,
CO2). Hence the process design has an impact
on the maximum achievable hydroformylation
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Fig. 11. Equilibrium
conversion of the
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conversion. The hydroformylation as targeted in
the C123 project is designed as a heterogeneous
system. In contrast to a homogeneous system,
the catalyst is immobile and remains in the reactor
avoiding dedicated efforts for catalyst separation
and recycling.
The propanal hydrogenation is again an
equilibrium limited reaction performed at elevated
but still limited temperature. In order to maximise
the conversion, sufficient pressure is required
(Figure 12). To provide the overall hydrogen
demand for both steps (hydroformylation and
hydrogenation) an external hydrogen source needs
to be considered which is preferably based on
renewable resources or energy.
The dehydration is preferably performed at lower
pressure and elevated temperature (Figure 13).
Next to a beneficial increase of reaction rates
and equilibrium conversion, typical catalysts for
this reaction require a minimum temperature
of >250°C. The endothermic dehydration from
propanol to propylene can be performed in a
heated reactor (for example, tube bundle fixed bed
reactor) or in an adiabatic multi-stage reactor with
intermediate cooling.
Although the intention of the C123 project is to
minimise the intermediate separation and purification
effort, a minimum set of such process operations
will be required (such as separation, drying). Due
to different temperatures of the specific reactions,
heat exchangers need especially to be implemented
accompanied by the respective pressure drop.
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The light unconverted gases hydrogen, carbon
monoxide and ethylene, but also byproducts
such as ethane, need to be separated from the
hydroformylation product. Cryogenic separations
themselves already require significant technical
effort and equipment and are therefore expensive.
If cryogenic separation cannot be avoided the
effective removal of water and CO2 using, for
example, adsorptive removal and drying over
molecular sieves are mandatory and further increase
the technical and financial effort. Accordingly low
temperatures are preferably avoided to maintain
the process efficiency. Further, to minimise the
cryogenic effort a minimum pressure is also
required for these steps. The column design
requires the detailed knowledge of the column
feed stream and therefore of the performance
of all reactors. Again, the separation efficiency
also defines the reactor feed streams. The C2/C3
separation gives a C3 product stream with low gas
impurities. The overhead fraction contains different
light molecules including some uncondensed C3. At
this point of the process an extractive distillation
can for example be used to separate a gas recycle
from the C3 product, avoiding a cryogenic process
step. A further separation of this gas recycle stream
is not possible without a cryogenic process. Again,
the OCoM selectivities highly impact the process
design: if this stream cannot be sent to combustion
or if some species shall be recovered due to other
reasons, this stream could be either recycled to
an existing petrochemical plant or the cryogenic
© 2021 Johnson Matthey
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Fig. 12. Equilibrium
conversion of the
hydrogenation reaction
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Fig. 13. Equilibrium
conversion of the dehydration
reaction
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separation needs to be implemented as its own
process unit.
Due to numerous feedbacks and interferences
between reactor performance, separation efficiency
and the overall process due to operating conditions,
heat integration and the influence of trace
components, none of these designs can be done
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separately. Specialised solutions need to be identified
and combined in an optimal manner to ensure high
efficiency and sustainability of the overall process.
Accordingly, this task requires special expertise not
only in the basic principles of all individual process
units – including especially reaction and separation
steps but also in the technical implementation on
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industrial scale. Only a few companies specialised
in engineering, procurement and construction
(EPC) of world scale petrochemical plants such as
Linde Engineering, Germany, have the appropriate
knowledge and experience to develop and provide a
reliable and sustainable technical solution.

Conclusions
The C123 project aims to develop new technology
for the upgrading of stranded natural gas or biogas
to the easy-to-transport C3 commodities propanal
and propanol, which can thereafter be transformed
to propylene for the growing polypropylene
market. The technology development aims to
improve upon OCM technology by encouraging
the production of carbon monoxide in addition
to ethylene in the OCoM process and to develop
a heterogeneous hydroformylation catalyst that
provides comparable activity and selectivity to the
well-known homogenous process.
There are many challenges ahead for this idea
as the OCoM and hydroformylation processes are
very different in nature and need to be united
in as efficient an overall process as possible.
Specific issues that impact the direction of OCoM
and heterogeneous hydroformylation catalyst
development and the overall process include the
following:
•

•

•

Should OCoM catalyst development emphasise
ethylene production and accept a stoichiometric
deficiency of carbon monoxide, or should a 1:1
mixture of ethylene and carbon monoxide be
targeted? Does this ultimately depend on the
methane feedstock and the location and size of
the C123 process?
What is the best process design to merge the
disparate pressure and temperature regimes
for OCoM and hydroformylation?
How do the byproducts from each of the two
process steps affect the other? Can extensive
purification steps and large recycle streams be
avoided?

Fortunately, the C123 project has an experienced
consortium team that is tackling these issues in a
unified catalyst and process development strategy,
to bring this potentially disruptive technology to
TRL5. C123 will also evaluate the process market
viability and the end user requirements for the
different final product opportunities that can be
derived from C3 commodities. The methane sources
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and the challenges presented by stranded gas such
as infrastructure and transport will also be reviewed.
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Introduction
“Accelerating the Transition to a 100% Renewable
Energy Era” is part of the series Lecture Notes
in Energy that contains 24 papers from multiple
authors. The notes provide a topical and
comprehensive source of information on achieving
the transition to a low-carbon energy system, which
is essential in the fight against climate change as
we transition from our use of fossil fuels to clean
energy.
The book provides in-depth analysis of the various
solutions that will contribute to this change, such
as hydrogen fuel, low carbon buildings and cities,
security of supply, energy grids and energy storage.
The collection of papers provides the necessary
data, case studies and analysis to frame the topic
and explore the challenges and potential solutions.

Background
There has been a fundamental change in our
awareness of our connection with the natural
environment.
In
January
2020,
Australia
experienced devastating wildfires, and there was
significant flooding in the UK. At the same time, a
new zoonotic virus, COVID-19, was beginning to
spread around the world. It was more evidence, if
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any were needed, that there is a clear link between
our actions and the natural world. The subsequent
COVID-19 lockdowns, where people had to stay at
home in their local areas, also enabled a deeper
connection with nature as we spent more time at
home or outdoors and were able to see the change
in seasons and hear the birdsong instead of traffic.
Air quality in many cities also improved.
Reducing our impact on the environment is critical
if we are to avoid the acceleration and escalation
of climate change and reduce the likelihood of
future pandemics. Quite simply, we are running
out of time and yet many of the technologies
and solutions are already available. In the UK,
the Government is responding to the upsurge in
public sentiment around these issues by recently
announcing its Ten Point Plan (1) and is looking
to put land stewardship at the centre of farming.
An ambitious greenhouse gas reduction target of
68% by 2030 has been set and the sale of new
petrol and diesel vehicles will cease in 2030. Later
in 2021, Glasgow is hosting the crucial 26th United
Nations Climate Change Conference of the Parties
(COP26) meeting (2). There is cause for optimism
although challenges still remain. Understanding
the deployment of new technology will be central
to achieving our climate goals.

Challenges, Solutions and
Technologies
This book represents a comprehensive source of
information on renewable energy in terms of the
various challenges, solutions and technologies. Each
chapter is presented in the format of a scientific
paper, which is understandable given the academic
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and expert authors that have contributed. The papers
are detailed and are mostly accessible although I
would say that some chapters are for deep subject
matter experts and require the full attention of the
reader. The content can quickly become dense or
assume expert knowledge. The book is designed for
both postgraduates and non-specialist researchers.
From my personal perspective as a sustainability
professional, I was able to benefit from reading the
book. It has helped me to understand the renewable
energy landscape and many of the specific topics
within this. For example, in Johnson Matthey we
are seeking to incorporate renewable energy at our
manufacturing sites and are also developing our
businesses in manufacturing hydrogen fuel cells
and battery cathode materials for electric vehicles.
Reading the book has deepened my understanding
of the different technologies and the choices that
are necessary.
The first chapters provide a helpful introduction
before moving into more specific topic areas. The
initial chapter shows the global energy consumption
by sector for buildings (36%), industry (31%),
transport (28%) and others (5%). The subsequent
chapter states that pathways limiting global warming
to 1.5ºC require rapid and extensive transitions in
all sectors and also makes the point that there are
many other advantages to a low-carbon future,
such as improved air quality and social prosperity.
Progress has been slow but there is evidence for
optimism with an increase in renewable electricity
generation of around 3.1% per year between 2010
and 2016, which could approach 100% by 2050.
Worryingly, the paper also states that current fossil
fuel production will peak between 2030 and 2035
but would have needed to peak in 2020 to align
with the Paris Agreement goals (3).
The subsequent chapters build upon the
introduction by presenting deep-dives into the
opportunities and challenges that have been
outlined. I particularly enjoyed reading the papers
associated with the role of hydrogen, as this is an
important growth area for Johnson Matthey and it is
a fantastic resource for all those that wish to deepen
their understanding. Other papers investigate the
challenges and solutions associated with energy
storage and supply, either for hydrogen or the
complexities of moving away from centralised
electricity storage to microgrids, and address the
challenges of intermittent supply from renewable
sources (the phrase ‘dark calm’ is a term that I was
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not aware of in this context). These technologies
and challenges are likely, however, to touch our
lives over the coming years as we transition to a
low-carbon economy and should therefore be of
interest to all, not just those working in this topic
area.

Conclusions
This book presents a comprehensive and detailed
analysis on how to transition to a renewable energy
future. It will be of value to anyone with an interest
in the topic and will be particularly valuable to those
that are working in this field, such as researchers
or those in the corporate environment. The papers
(lecture notes) are scientific and detailed and
require the reader’s full attention and in some
instances I would argue they require a certain
amount of pre-existing subject matter expertise.
In conclusion, the book is a curation of lecture
notes that has been successful in providing a holistic
and topical analysis of the challenges and solutions
related to the urgent need for decarbonising our
energy systems. As such, it is an asset to those
wishing to improve their knowledge in this arena.

“Accelerating the Transition to a 100% Renewable
Energy Era”
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A flexible combined heat, power and fuel
production concept, FlexCHX, is being developed
for managing the seasonal mismatch between
solar energy supply and the demand for heat
and power characteristic of northern and central
Europe. The process produces an intermediate
energy carrier (Fischer-Tropsch (FT) hydrocarbon
product), which can be refined to transportation
fuels using existing refineries. The FlexCHX process
can be integrated into various combined heat and
power (CHP) production systems, both industrial
CHPs and communal district heating units. In the
summer season, renewable fuels are produced from
biomass and hydrogen; the hydrogen is produced
from water via electrolysis that is driven by low-cost
excess electricity from the grid. In the dark winter
season, the plant is operated only with biomass
in order to maximise the production of the muchneeded heat, electricity and FT hydrocarbons. Most
of the invested plant components are in full use
throughout the year with only the electrolysis unit
being operated seasonally. The catalytic reformer
plays a key role in this process by converting tars
and light hydrocarbon gases into synthesis gas
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(syngas) and by bringing the main gas constituents
towards equilibrium. Developmental precious metal
catalysts were used, and an optimal reformer
concept was established and tested at pilot scale.
Reforming results obtained at pilot gasification
tests with commercial nickel catalysts and with the
developed precious metal catalysts are presented.

1. Introduction
CHP production technologies using various
wood residues and agricultural biomasses are
commercially available at different sizes (1, 2).
The state-of-the-art CHP technologies have been
under severe financial stress in changing European
markets characterised by a rapid addition of
variable renewable energy (VRE) capacity and
stagnating electricity demand (3). Consequently,
many new thermal generators are currently
designed to produce only hot water for heating
purposes instead of CHP (4, 5). As a result, there
is a clear need for new flexible district heating
and CHP production solutions in Europe that can
maintain economic feasibility under increasing VRE
penetration.
On the other hand, advanced transportation
biofuels have been the focus of intensive
development since early 2000, but industrial
deployment has been postponed (6–8). One
fundamental reason for this is the attempt to reach
satisfactory economics by exploiting economies of
scale; which leads to extremely large-scale plant
concepts (>300 MW) that are eventually deemed
too risky by the investors. Large-scale plants also
suffer from incomplete utilisation of byproduct
heat, as it is difficult to find such large heat
consumers who could effectively exploit the heat
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supply. Thus, the biomass utilisation efficiency
of stand-alone plants rarely exceeds 55% lower
heating value (LHV) even with the best available
technologies (8).
In response to the growing share of solar and
wind power in the energy systems and consequent
need for converting surplus electricity into storable
form, power-to-gas (P2G) and power-to-liquids
(P2L) concepts have recently been suggested
for managing the temporal mismatch between
solar energy supply and heat and power demand
(10). However, the simple P2G and P2L concepts
producing, for example, synthetic natural gas
(SNG) or methanol from excess electricity and CO2
suffer from poor round-trip efficiency (typically
<40%) when the final product after storage is once
again converted to electricity (11). In addition,
annual operation times for these plants, including
fuel synthesis, are low especially in the northern
European countries, typically only ca. 2000 h year–1.
As a solution to this problem hybrid systems have
been suggested, where electrolysis technology is
used to boost the biomass gasification and chemical
synthesis plant (12, 13).
This paper deals with the experimental
development activities related to one promising
hybrid production concept, FlexCHX, illustrated

in Figure 1 (14). This process produces heat,
power and an intermediate energy carrier, FT wax,
which can be refined to transportation fuels using
existing oil refining equipment. In the summer,
renewable fuels are produced from biomass and
hydrogen; the hydrogen is produced from water
via electrolysis that is driven by low-cost excess
electricity from the grid. During the dark, winter
season, the plant is operated with just biomass in
order to maximise the production of much-needed
heat, electricity and FT wax.
In principal, the FlexCHX process can be realised
at large scale using pressurised fluidised-bed
gasification developed in Finland (14–16) or at
smaller size range using the new staged fixed bed
(SBX) gasifier developed in an ongoing European
Union (EU) Horizon 2020 project (17, 18). In both
gasification systems, the feedstock is gasified at
moderate temperatures to generate a tar-containing
raw gas, which is filtered at high temperature,
and led to the catalytic reformer, where tars and
hydrocarbon gases are reformed and the yields of
hydrogen and carbon monoxide are increased. After
final cleaning, the gas can be led into chemical
synthesis units producing intermediate products,
which can be refined to transportation fuels or
chemicals using large-scale industrial units.

(a)
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Water
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Fig. 1. Principle of the operation of the FlexCHX plant during: (a) “summer season” and (b) “heating season”
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One of the most significant issues in syngas
purification is the fate of light hydrocarbons (mainly
methane, C2 hydrocarbons and benzene) and ‘tars’
produced during gasification. These hydrocarbons
can constitute a significant proportion of the overall
carbon content of the gas, and their conversion to
syngas is therefore essential to improve syngas
yield, as well as prevent poisoning of FT catalyst
and plant fouling downstream of the gasifier.
Technologies already exist for trapping tars at
low temperatures such as water scrubbing and
solvent wash, although these techniques will not
address lighter hydrocarbons, and some tars with
low dew points. A more elegant solution, utilised
in the FlexCHX process, is the high temperature
reforming of hydrocarbons to syngas immediately
downstream from the gasifier.
In the FlexCHX project, previous knowhow of
VTT, Finland, on catalytic reforming technology is
combined with the catalyst knowhow of Johnson
Matthey, UK. VTT’s technology with combinations of
zirconia, noble metal and nickel catalysts has already
been demonstrated in fluidised-bed gasification
applications aiming to synfuel applications (15,
21). In FlexCHX project, this existing expertise is
used to design an optimised reformer reactor for
the raw gas of the pressurised SXB gasifier. The
primary reduction of tar content already in the
gasifier and on the filter cake together with new
impurity tolerant catalysts developed by Johnson
Matthey in the project will offer new, more efficient
and robust design alternatives for the process. The
platinum group metal (pgm) catalysts provide a
potential for improved conversion efficiency to be
achieved already at lower temperatures.
In addition to the reforming of tars and hydrocarbon
gases, the catalytic reformer has another key role
in the FlexCHX process in bringing the main gas
components (carbon monoxide, water, CO2 and
hydrogen) towards equilibrium. The H2:CO molar
ratio should be close to two in the FT synthesis,
while it is considerably lower in the raw feed or gas
entering the reformer. During the heating season,
the gasifier is operated with a mixture of steam
and oxygen as gasification agents and the raw gas
contains still typically 40% steam. This steam is
then further consumed by reforming reactions and
the main gas components approach the equilibrium
of water gas shift reaction (Equation (i)):
CO + H2O ⇌ CO2 + H2

(i)

The target molar ratio of H2:CO can be achieved
by controlling the steam feed of the reformer.
During summer season, less steam is used while
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CO2 is separated from the syngas and recycled
back to the gasification process. In this case, the
CO2 is consumed by reforming reactions and the
equilibrium of the water gas shift reaction is pushed
towards high carbon monoxide contents. This
makes room for the use of additional electrolysis
hydrogen. This concept could not be realised
without the catalytic reformer that on one hand
consumes steam and CO2 and on the other hand
catalyses water gas shift reaction.
This paper is focused on the pilot scale
development of catalytic reformer as part of the
FlexCHX process. Results from four pilot test
campaigns are presented and discussed.

2. Experimental
2.1 Gasification Pilot Plant
The schematic process diagram of the gasification
pilot plant is shown in Figure 2. Biomass is gasified
in a SXB gasifier, where biomass feedstocks are fed
to the top of stage one and a fixed-bed is created
from the biomass charcoal and ash at the bottom of
the reactor. Primary gasification agents, mixtures
of air, oxygen, steam and CO2, are fed through a
distributor system to the bottom of the bed, where
oxidation and gasification reactions take place in a
similar manner as in commercial updraft gasifiers
(19, 20). The gasification and pyrolysis gases
produced in stage one flow to the second stage of
the gasifier, where secondary gasification gases are
introduced through a specially designed catalytic
system. Major part of tars and light hydrocarbon
gases are decomposed in the second stage and the
gas temperature is raised from 300–500°C to the
target outlet temperature of 750–900°C.
After leaving the gasifier, the raw gas is led via the
first gas cooler into the filter unit and the filtered
gas is then reformed in a two-stage catalytic
reformer. Finally, the gas is cooled to 200–400°C
and the pressure is reduced close to ambient by
the pressure control valve. Produced gas is led to
the boiler, which is connected to the district heating
network of Espoo, Finland. A slipstream of the gas
is taken after the pressure letdown valve for the
bench-scale ultra-cleaning unit and FT called the
mobile synthesis unit (MOBSU).
The catalytic reformer has two stages, both
of which are realised with fixed beds filled with
granular catalyst material. The reformer is
operated autothermally, and the required heat for
the endothermic reforming reactions is provided by
oxidation reactions. Mixtures of oxygen, nitrogen
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Fig. 2. SXB gasification pilot plant of VTT
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and CO2 are fed to both reformer stages. This
staged reforming of filtered gasification gas has
been previously developed and tested at VTT for
fluidised-bed gasifier systems (21). The reformer
was constructed with internal reactor made of heat
resistant steel mounted inside a refractory lined
pressure vessel. The inner reactor had electrical
heaters to compensate heat losses and to assist in
preheating.
In the pilot test campaigns, two different catalyst
loadings were tested as shown in Figure 3. In
the first campaign the reformer was loaded with a
new batch of the same commercial nickel catalysts
as were used in the previous fluidised-bed tests
(15, 16). Whole bed volumes were filled with the
same material (marked as A1). In the second test
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campaign, precious metal development catalysts
of Johnson Matthey were used in combination with
nickel catalysts. In the first bed commercial and
robust nickel catalyst A2 from Johnson Matthey
was used as guard bed in front of catalyst B, which
was developed for tar reforming. The second bed
was loaded with the previously used commercial
nickel catalyst (A1) followed by precious metal
catalyst C developed specially for methane
reforming. Robust nickel catalysts were used in
first layers, where added oxygen reacted with gas
components resulting in locally high temperatures.
The applied method of feeding oxygen with high
velocity towards the catalyst beds, so that it does
not have time to react in the empty gas space
before the catalyst beds, is considered to play a
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key role in avoiding soot formation especially in
the first bed as described in (22). The principal
aim of this staged reformer concept is that most
of the high-molecular-weight tars and part of C2
hydrocarbon gases are reformed already in the first
bed, whereas the second bed is used for reforming
of benzene and methane as well as for finalising
the tar conversion.
In the SXB pilot plant final gas cleaning of
reduced sulfur compounds, trace halides,
nitrogen species such as ammonia and hydrogen
cyanide as well as residual tars and benzene,
is realised using the slip stream gas cleaning
unit decribed in (26). The process is divided into
the operations involving purification and the
compression steps.
The pilot plant has two main sampling points for
collecting sample gas for online gas analysers,
micro gas chromatography for sampling of
tars and nitrogen and sulfur species. The first
sampling point is located after the filter, the
second after the pressure let down valve. The
applied analytical methods are described in a
detail in (23–26).

2.2 Reformer Catalysts
Information on the catalysts are shown in Table I
and photographs in Figure 4.

2.3 Gasifier Feedstocks
Table II presents the averaged results for the
proximate and ultimate analyses of the feedstocks
used in the SXB test campaigns. Four pilot test
campaigns were realised using different woodbased and agricultural derived feedstocks.
Photographs of the feedstocks are presented in
Figure 5.

3. Results and Discussion
Four test campaigns summarised in Table III were
realised at the SXB pilot plant by the end of March
2020. The pilot plant was operated continuously
without any interruptions in these test runs. Each
test was started by preheating the plant at first in
hot air and then by combusting wood in the gasifier
reactor. This took 24–30 h, before the gasifier was

Table I Catalysts Used in the Pilot Reformer Tests
Catalyst code and name

Description / active metal content

A1: VTT-Ni

Commercial steam reforming catalyst used in previous fluidised-bed
experiments of VTT

A2: JM-Ni

Conventional commercial 15 wt% nickel steam reforming catalyst

B: JM-VTT-PS-01 (rhodium
tar reformer one)

Rhodium-based catalyst coated on micro-cloverleaf. Chosen for its tar
reforming activity and thermal durability (0.27 wt% rhodium)

C: JM-VTT-PS-03
(methane)

Promoted platinum-based catalyst coated on micro-cloverleaf. Chosen for its
methane reforming activity and thermal durability (0.27 wt% platinum)

Johnson Matthey
(a)

(d)
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(b)

(e)

VTT
(c)

Fig. 4. Photographs of
the reformer catalysts:
(a) JM-VTT-PS-Ni
(nickel steam reforming
catalyst); (b) JM-VTTPS-01 (rhodium tar
reformer 1); (c) nickel
catalyst (VTT); (d) JMVTT-PS-03 fine; (e) JMVTT-PS-03 coarse
(methane)
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Table II F
 eedstock Analyses as Used in the Gasification Campaigns of Staged Fixed Bed Pilot
Plant
Particle size, mm
LHV, MJ kg

Wood pellets Bark pellets Wood chips

Sunflower husk pellets

10–20

0–10

8

8

–1

(dry basis)

18.4

18.8

18.1

18.4

–1

(dry basis)

19.8

20.1

19.5

19.6

7.4

9.4

10.0

10.3

HHV, MJ kg

Moisture, wt%

Proximate analysis, wt% (dry basis)
Volatile matter (dry basis)

82.5

72.3

85.7

75.0

Fixed carbon (dry basis)

17.1

23.7

13.9

22.2

Ash, wt% (dry basis)

0.4

4.0

0.4

2.8

Ultimate analysis, wt% (dry basis)
Carbon

49.8

50.9

48.6

52.1

Hydrogen

6.3

6.0

6.5

5.8

Nitrogen

0.13

0.5

0.1

0.7

Chlorine

<0.005

0.01

0.004

0.06

Sulfur

0.01

0.03

0.01

0.14

38.6

44.4

38.5

4.0

0.4

2.8

Oxygen as difference
Ash

43.4
0.4

(a)

(b)

(c)

Fig. 5. Photographs of
the used feedstocks:
(a) wood; (b) bark;
(c) wood chips; (d)
sunflower husk

(d)

Table III Realised Test Programme with the Two Reformer Loadings
Year/
week

Operation
time, h

Set points and feedstocks

Reformer loading

Reformer outlet
temperature, °C

2019/21

60

19/21 A–D: wood pellets

Bed I: A1, Bed II: A1

885–915

2019/34

70

19/34 A–D: bark, 19/34 E and F: wood
pellets, 19/34 G and H: forest residues

Bed I: A1, Bed II: A1

892–916

2020/07

62

20/07 A–C: bark, 20/07 D: wood chips

Bed I: A2 and B, Bed
II: A1 and C

762–767

2020/11

70

20/11 A–C: wood pellets, 20/11 D:
bark, 20/11 E: sunflower husk

Bed I: A2 and B, Bed
II: A1 and C

747–786

switched from combustion to gasification mode.
The flue gases from preheating periods were also
led through the filter and reformer, which were
gradually heated up as well. When the gasifier was
turned from combustion to gasification, feeding
of oxygen and nitrogen mixture to both beds
was started and the catalyst beds were gradually
heated to the target operation temperatures.
Measurements were carried out in 3–20 h long
periods, during which the mass flow rates of
input streams were kept as constant as possible.
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Elemental mass balances and performance
indicators of the reformer were calculated for the
set point periods based on average measuring
results.
One typical challenge of tar reforming has been
soot formation (23), which over time decrease the
catalyst activity and increase the pressure drop
so that finally the reformer must be oxidised to
remove the soot. In these pilot tests, the pressure
drop of the reformer stayed constant at all set
points reflecting just the changes in gas flow rate
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and operation temperature. As an example of the
variation, Figure 6 shows the measured pressure
drop in test run 20/11. Evidently, the applied prereforming taking place in the second stage of the
gasifier together with the applied method of oxygen
feeding into the reformer prevented soot formation
reactions from taking place.
The main measured results and calculated
performance figures for selected four set points are
presented in Table IV. Set points SXB 19/34B and
19/34E are tests where the reformer was loaded
with nickel catalysts and set points SXB 20/11A
and 20/11D are for the second reformer loading
including the development catalysts B and C. Two
of the set points (19/34B, 20/11D) represent
operation with clean biomass with very low sulfur
content and two set points (19/34E, 20/11A) are
for bark gasification. The hydrogen sulfide contents
of gas were typically ca. 20–30 ppm and 100 ppm
respectively.
The tar concentrations measured after the filter
unit were in the range 6.0–6.1 g m–3 with clean
wood and 7.1–8.2 g m–3 for bark gasification. The
benzene content varied in the range 9.7–13.1 g m–3
at these set points. Volumetric concentrations and
volume flow rates in this article are presented in the

conditions of standard temperature and pressure
(STP) defined as 273.15 K and 101.325 kPa. Finally,
methane and C2–C5 hydrocarbon concentrations
in the reformer inlet were in the range
6.3–7.1 vol% and 1.2–1.5 vol% respectively. The
C2–C5 hydrocarbons consisted mainly ethylene and
ethane, which represented over 95% of these light
hydrocarbon gases. These inlet concentrations of
hydrocarbon gases and tars are of the same order
of magnitude as determined for pressurised steamoxygen blown fluidised-bed gasification of same
feedstocks (15, 27). Consequently, similar hot gas
filtration and catalytic reforming solutions can be
applied for both gasifier types and the reforming
results obtained in this study are applicable
for fluidised-bed gasifiers as well. At these set
points, the raw gas was cooled before filtration to
500–600°C in order to remove alkali-metal vapours
during filtration as described in (28, 29). With wood
residues, this gasification process could also be
realised without cooling the gas before filtration,
as is assumed in the process evaluation studies
presented in (17).
In the first reformer stage, the gas temperature
was raised by partial combustion reactions from
512–536°C to the maximum-targeted temperature,

140
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120

Pressure drop, mbar

100

A

B

C

D

E

80

60

40

10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
10/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
11/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
12/03/20
13/03/20
13/03/20
13/03/20
13/03/20
13/03/20
13/03/20
13/03/20
13/03/20
13/03/20
13/03/20

0

09:00
09:43
10:25
11:07
11:49
12:31
13:13
13:55
14:37
15:19
16:01
16:43
17:25
18:07
18:49
19:31
20:13
20:55
21:37
22:19
23:01
23:43
00:25
01:07
01:49
02:31
03:13
03:55
04:37
05:19
06:01
06:43
07:25
08:07
08:49
09:31
10:13
10:55
11:37
12:19
13:01
13:43
14:25
15:07
15:49
16:31
17:13
17:55
18:37
19:19
20:01
20:43
21:25
22:07
22:49
23:31
00:13
00:55
01:37
02:19
03:01
03:43
04:25
05:07
05:49
06:31
07:13
07:55
08:37
09:19
10:01
10:43
11:25
12:07
12:49
13:31
14:13
14:55
15:37
16:19
17:01
17:43
18:25
19:07
19:49
20:31
21:13
21:55
22:37
23:19
00:01
00:43
01:25
02:07
02:49
03:31
04:13
04:55
05:37
06:19

20

Time, day/month/year h:min

Fig. 6. Pressure drop across the reformer in the test run SXB 20/11
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Table IV Operating Conditions and Obtained Results for the Reformer at Selected Set Points
Set point

19/34B 19/34E 20/11A 20/11D 20/11E

Feedstock

Bark

Wood

Wood

Bark

Sunflower
husk

Feed rate, g s–1

11.7

10.1

11.7

11.4

10.3

Operation pressure, MPa

0.25

0.25

0.25

0.25

0.25

Gasifier temperature (stage one top), °C

389

404

523

552

526

Gasifier temperature (stage two average), °C

845

831

847

850

852

Methane concentration, vol% (dry gas)

6.3

7.1

6.6

6.3

7.3

C2–C5 hydrocarbon concentration, vol% (dry gas)

1.2

1.5

1.3

1.2

1.5

9.7

10.0

11.2

13.1

14.1

7.1

6.0

6.1

8.2

8.1

Gas inlet temperature, °C

537

536

512

524

494

Maximum temperature, °C

862

929

952

976

969

Average temperature, °C

714

801

856

877

874

Outlet temperature, °C

831

790

776

795

794

Oxygen feed, g s–1

1.4

1.0

1.4

1.2

1.2

3.2

1.6

2.2

2.0

2.0

Methane after stage one, vol% (dry gas)

nd

nd

2.5

3.1

4.8

C2–C5 hydrocarbons after stage one, vol% (dry
gas)

nd

nd

0

0

0

GHSV - total Bed I, h–1 (satp)

4800

4200

3400

3100

3200

7200

6900

5900

5500

5800

Gas inlet temperature, °C

779

758

748

769

765

Maximum temperature, °C

942

955

1093

1156

1136

Average temperature, °C

905

906

876

917

913

Gas outlet temperature, °C

900

898

751

781

786

0.98

0.99

0.37

0.39

0.40

2.44

1.79

0.97

0.77

0.77

Concentrations after the filter:

Benzene content, g m
–3

Tar content, g m

–3

(dry gas)

(dry gas)

Reformer stage one:

Nitrogen feed, g s

–1

–1

GHSV - total Bed I, h

(actual)

Reformer stage two:

Oxygen feed, g s

–1

Nitrogen feed, g s–1
–1

(STP)

5800

5700

3500

3100

3100

–1

(actual)

10500

10500

6100

5700

5800

146

132

133

119

118

Methane concentration, vol% (dry gas)

2.8

2.8

1.1

1.5

3.1

C2–C5 hydrocarbons concentration, vol% (dry
gas)

0

0

0

0

0

Benzene, mg m–3 (dry gas)

1387

494

492

1340

4574

Tars, mg m–3 (dry gas)

172

34

2.7

6.0

204

Tar conversion, %

97.0

99.1

99.9

99.9

96.7

Benzene conversion, %

81.9

91.8

93.5

86.1

57.5

Methane conversion, %

43.2

35.7

75.7

67.0

44.1

C2–C5 hydrocarbons conversion, %

93.4

89.8

100.0

100.0

100.0

GHSV - total Bed II, h
GHSV - total Bed II, h
After the reformer:

Wet gas flow rate at reformer outlet, m3 h–1
Concentrations after reformer:

usually in the range 930–1000°C. The oxygen
feed rate was controlled to ensure a reasonable
temperature variation range at each target set
340

point. Once endothermic steam and CO2 reforming
reactions occurred, the temperature decreased.
The oxygen feed used in the first reformer stage
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was of the same order of magnitude in 2019 tests
with nickel catalysts and in the 2020 test with the
development catalysts.
The inlet temperature of the second reformer
stage varied at these set points in a narrow
range of 748–779°C. The second stage was also
operated by controlling the oxygen feed so that the
maximum temperature occurring close to the top
of the catalyst bed was kept in the target range.
As before, the temperature decreased as a result
of reforming of remaining tars and part of methane
occurred. The higher efficiency of the first reformer
stage in 2020 tests can be seen indirectly from
higher maximum temperatures and from the fact
that clearly lower oxygen feed rates were needed
in the second stage than were needed with the
nickel beds. The higher efficiency of the second
catalyst stage is clearly linked to the lower outlet
methane contents as well as in 120–150°C lower
gas outlet temperature.
The space velocities for both reformer stages
are calculated for the whole catalyst bed volumes
including both the nickel and precious metal
sections in the 2020 tests. In the 2020 test, the
share of nickel and precious metal catalyst in the
first stage were 10% and 90% and in the second
stage 40% and 60%. The gas hourly space velocity
(GHSV) is given in Table IV both in actual average
temperature and pressure and in standard STP
(273.15 K, 101.325 kPa). The molar volume of ideal
gas (22.41 dm3 mol–1) is used in converting molar
flows to volume flows. In the first stage, the gas
volume flow is calculated as a sum of inlet raw gas
flow and flow rate of added oxygen and nitrogen.
Methane

The final gas flow after the reformer is used in
calculating the GHSV for the second catalyst bed.
The achieved conversion efficiencies were
calculated based on average measuring results and
mass balances for each set point. The results are
shown in Figures 7 and 8. Methane conversion
with the nickel catalyst in 2019 tests was close to
50% with both clean wood and bark. In the 2020
tests with the development catalysts, clearly higher
methane conversions were achieved: 75.6% with
clean wood and 66.1% with bark. The conversion
of C2–C5 hydrocarbon gases was complete in the
2020 tests, while with the nickel catalyst used in
2019 tests the reformed gas contained 0.05–0.1%
of C2 hydrocarbon gases despite higher reformer
outlet temperature. Tar conversions with the nickel
catalyst were 99.3% with clean wood and 97.4%
with bark. In the 2020 tests, tar conversions were
complete and only some trace concentrations of
2.7 mg m–3 could be found from the reformed gas.
No significant differences could be found in benzene
conversions determined with the nickel catalyst
and with the development pgm catalysts. This may
be due to the higher operating temperature of the
second reformer stage in the 2019 experiments. It
can be expected that benzene conversions can be
increased by increasing the operation temperature
of the second reformer stage.
One of the challenges of gas cooling, compression
and final cleaning is the deposition problems
caused by heavy tars. The conversion of heavy
tars was almost complete at all set points but
again the results obtained with the development
catalyst in 2020 were even better as can be seen

C2–C5 hydrocarbon

Fig. 7. Conversions
of methane
and C2–C5
hydrocarbon gases
in the reformer
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Benzene

Tars

Fig. 8. Benzene and
tar conversions in
the reformer
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Fig. 9. Concentrations
of heavy tars in the
inlet and outlet of the
reformer (sum of tars
components heavier
than naphthalene)
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0
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in Figure 9, which shows the measured inlet and
outlet concentrations of tar components which
have higher molecular weight than naphthalene.
The increase in sulfur content of the raw gas,
when changing from clean wood to bark, had
already clear effects on methane and benzene
conversions with both tested catalyst set ups.
According to our previous experiences with nickel
catalysts (15, 30) this deactivation is reversible at
least in the concentration range of 10–150 ppm
typical to gasification of clean wood, bark and
forest residues. All conversion efficiencies were
further reduced significantly, when the feedstock
was changed from bark to sunflower husk, which
contained roughly five times more sulfur than bark.
342

0

SXB 20/11A
wood

SXB 20/11D
bark

4. Conclusions
In general, the developed catalytic reformer
technology is able to convert tars and hydrocarbon
gases into syngas and to bring the gas composition
towards equilibrium of the water gas shift reaction.
Thus, the reformer seems to fulfil both key roles
it has in the hybrid biofuel production concept
FlexCHX. The residual tar contents are almost
negligible, which makes it possible to remove
them by activated carbon simultaneously with bulk
sulfur removal in the first guard bed. High methane
conversion and low outlet temperature achieved
with the development pgm catalyst is beneficial
for the overall process efficiency and makes it
© 2021 Johnson Matthey
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possible to design concepts where the tail gases of
FT synthesis are recycled back to the gasification
process.
Stable reformer operation with no signs of soot
formation could be achieved with both reformer
loadings tested in the 2019 and 2020 test runs.
Evidently, the overall method of tar control applied
in the SXB gasification process has been successful.
The very high primary tar content typical to updraft
gasifiers is reduced in the secondary gasification
zone to similar levels as achieved in fluidised-bed
gasifiers. Dust particles are efficiently removed
by metal filters, which makes it possible to apply
fixed-bed reformer designs. The resulting raw gas
could then be efficiently reformed in the two-stage
fixed bed reformer.
When the reformer was operated in a way that
the maximum temperature in both beds was kept
stable by controlling the oxygen feed rate, the
difference in the activity of reformer catalysts
could be seen in the gas outlet temperatures. With
the more active pgm catalysts used in 2020 tests,
the outlet temperature from the reformer was
120–150°C lower than in the 2019 test runs.
Higher tar conversions could be achieved by
the development catalysts already with lower
outlet temperature than were achieved with the
commercial nickel catalysts.
Methane conversions with the nickel catalysts
used in 2019 tests were of the order of 40%,
while with the development catalysts used in 2020
methane conversions were in the range 71–87%
with clean wood and 48–68% with bark. The major
part of C2–C5 hydrocarbon gases were reformed in
all test runs. The reformer performance with woody
biomass was very good, while in the test runs with
high-sulfur sunflower husk; the conversions were
lower than targeted. The solution could be higher
operation temperatures or lower space velocities
for feedstocks having high sulfur contents.
Ammonia decomposition was rather modest
in these test runs. Evidently, the operation
temperatures were too low, and the catalyst selection
was not efficient for ammonia decomposition. In
future tests, the effect of increased temperature
will be studied. Alternatively, the reformer can be
designed to be realised with three beds, where
the final bed would be dedicated for ammonia
decomposition.
Alternatively,
ammonia
can
be scrubbed from the syngas by simple acid
scrubbing but if the concentration is high, the acid
consumption becomes large.
The next steps in the project are to utilise these
experimental results to help make conceptual

343

Johnson Matthey Technol. Rev., 2021, 65, (2)

design for an industrial scale FlexCHX plant. The
design will incorporate a full technoeconomic
assessment for this hybrid production concept
of biofuels and heat. Further pilot gasification
tests will also be carried out in order to optimise
the catalyst loadings and the performance of the
catalysts under different conditions is studied with
simulated gases in the laboratory.
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Pore-Scale Filtration Model for Coated Catalytic
Filters in Automotive Exhaust Gas Aftertreatment
M. Plachá, P. Kočí, M. Isoz, M. Svoboda, E. Price,
D. Thompsett, K. Kallis and A. Tsolakis, Chem.
Eng. Sci., 2020, 226, 115854
This paper reviews the filtration efficiency of
automotive exhaust gas filters with the impact of
catalyst distribution. Using 3D XRT the structure
of filter wall is reconstructed. This includes
catalytic material subject to spatial distribution.
A custom solver developed and implemented in
OpenFOAM with the Lagrangian method for soot
particles simulates the filtration process. Gas
velocity and particle size are used to predict clean
filtration efficiencies. The filtration of particles
smaller than 50 nm is strongly improved with the
Brownian motion. The clean filtration efficiency
was significantly increased with on-wall catalyst
layer. Experimental data from engine test bench
were used to compare the obtained results.
A Sustainable Chemicals Manufacturing Paradigm
Using CO2 and Renewable H2
R. R. Bommareddy, Y. Wang, N. Pearcy, M. Hayes,
E. Lester, N. P. Minton and A. V. Conradie, iScience,
2020, 23, (6), 101218
Continuous gas fermentation of CO2 and hydrogen
by the cell factory is demonstrated in this study,
with Cupriavidus necator, to (R,R)-2,3-butanediol
and isopropanol. While a high carbon efficiency
of 0.75 C-molproduct C-molCO2–1 is demonstrated,
it is technoeconomically infeasible for producing
commodity chemicals. The energy inefficiency is
overcome by heat integration between exothermic
gas fermentation and endothermic supercritical
water gasification. The potential for sustainable
manufacturing using renewable feedstocks by
combining the carbon efficiency of biocatalysis
with energy efficiency enforced through process
engineering is shown in this study.
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Synergistic Electrolyte Additives for Enhancing
the Performance of High-Voltage Lithium-Ion
Cathodes in Half-Cells and Full-Cells
A. Kazzazi, D. Bresser, M. Kuenzel, M. Hekmatfar,
J. Schnaidt, Z. Jusys, T. Diemant, R. J. Behm,
M. Copley, K. Maranski, J. Cookson, I. de Meatza,
P. Axmann, M. Wohlfahrt-Mehrens and S. Passerini,
J. Power Sources, 2021, 482, 228975
A new combination of electrolyte additives is
introduced to address insufficient stability of the
electrolyte towards oxidation in high‑voltage
lithium‑ion cathode materials. It targets the
stabilised electrode/electrolyte interfaces and
interphases for both the anode and cathode.
The performance of the cathode half-cells
and also of lithium-ion full-cells with a cell
voltage higher than 4.5 V can be significantly
improved due to the synergistic effect of
tris(trimethylsilyl)
phosphite
(TTSPi)
and
bis(2,2,2‑trifluoroethyl) carbonate (TFEC). It can
be shown that there is enhanced cycling stability,
increased capacity and improved coulombic
efficiency with cells using both TTSPi and TFEC as
additives.
Electrocatalyst Performance at the Gas/Electrolyte
Interface under High-Mass-Transport Conditions:
Optimization of the “Floating Electrode” Method
X. Lin, C. M. Zalitis, J. Sharman and A. Kucernak,
ACS Appl. Mater. Interfaces, 2020, 12, (42),
47467
A floating electrode technique was used to
facilitate, at the gas/electrolyte interface,
high-mass transport to a catalyst layer
comprised of an ultralow loading of catalyst
(1–15 μgPt cmgeo–2). System cleanliness, break-in
procedure, hydrophobic agent, ionomer type
and measurements of catalyst surface area and
loading need to be taken into account to acquire
reproducible results with high performance. The
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gas permeability of the hydrophobic agent was an
important factor for improving the HOR and ORR
performance. Evidence of more than a local mass
transport barrier is provided showing suppression
of the HOR and ORR introduced by the Nafion®
ionomers.
Controlling the Drying-Induced Peeling of Colloidal
Films
A. Osman, L. Goehring, H. Stitt and N. Shokri, Soft
Matter, 2020, 16, (36), 8345
A series of experiments were carried out using
polyethylene oxide (PEO) additives and drops of
aqueous mixtures of colloidal silica dispersions. It is
shown that film peeling can be discouraged and finally
eliminated with an increase in PEO concentration
and molecular weight. Time-lapse digital microscope
images of the evaporating droplets were used. The
drying front length across the evaporating surface
is modified as a result of the additives modifying
the suspension properties. A greater understanding
of the physics of film failure was the result and
is pertinent information for a variety of industrial
processes including inkjet printing and coating
applications.
Exhaust Energy Recovery via Catalytic Ammonia
Decomposition to Hydrogen for Low Carbon Clean
Vehicles
S. Sittichompoo, H. Nozari, J. M. Herreros,
N. Serhan, J. A. M. da Silva, A. P. E. York, P. Millington
and A. Tsolakis, Fuel, 2021, 285, 119111
On-board exhaust assisted catalytic ammonia
conversion to hydrogen-nitrogen by direct reaction
with part of the exhaust gas (reforming) or by
using only exhaust heat (decomposition) was
demonstrated. Up to 15% more energy than the
reactant ammonia is contained in the resulting
hydrogen-nitrogen gas mixture from the exhaust
heat driven thermochemical energy recovery
processes. It was revealed that complete ammonia
conversion occurs at typical GDI engine exhaust gas
temperatures (450–550ºC). Up to 30% reduction
in CO2 and fuels consumption can be achieved by
partially replacing gasoline in a GDI engine with the
resultant hydrogen-nitrogen products.
Understanding
the
Deactivation
Phenomena
of Small-Pore Mo/H-SSZ-13 During Methane
Dehydroaromatisation
M. Agote-Arán, A. B. Kroner, D. S. Wragg, W. A.
Sławiński, M. Briceno, H. U. Islam, I. V. Sazanovich,
M. E. Rivas, A. W. J. Smith, P. Collier, I. LezcanoGonzález and A. M. Beale, Molecules, 2020, 25,
(21), 5048
Operando XAS, in situ synchrotron powder diffraction
and electron microscopy were used to study the
structure of the small pore Mo/H-SSZ-13 during
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catalyst preparation and reaction. When compared
to the medium pore Mo/H-ZSM-5, the small pore
catalyst demonstrated less effective molybdenum
dispersion and ion exchange. Al2(MoO4)3 particles
and mesopores formed as a result. During methane
dehydroaromatisation, part of the molybdenum
species in Mo/H-SSZ-13 underwent a full reduction
to Mo0, something not observed in Mo/ H‑ZSM-5.
Varying
molybdenum
speciation
and
low
performance on small pore zeolites was ascribed
to ineffective ion exchange into well dispersed
Mo-oxo sites and mesopore formation during
calcination.
Environment-Dependent Catalytic Performance
and Phase Stability of Co3O4 in the Preferential
Oxidation of Carbon Monoxide Studied In Situ
T. M. Nyathi, N. Fischer, A. P. E. York and M. Claeys,
ACS Catal., 2020, 10, (20), 11892
Unsupported Co3O4 nanoparticles were studied
under different CO-PrOx environments using in situ
PXRD and magnetometry, and for the first time, the
individual and combined effect of hydrogen, water
and CO2 on the progress of the targeted carbon
monoxide oxidation process was shown. The
presence of hydrogen alone led to the reduction of
Co3O4 to Co0. Co-feeding water decreased Co3O4
reducibility and carbon monoxide oxidation activity,
while co-feeding CO2 had no effect on Co3O4
reducibility.
Structural Stability, Surface and Photocatalytic
Properties of CdGeP2: A DFT Study
E. Rugut, D. Joubert and G. Jones, Comput. Mater.
Sci., 2021, 187, 110099
The stability, surface and photocatalytic properties
of ternary cadmium germanium diphosphide were
investigated using the first principle technique. The
compound displayed mechanical, vibrational and
structural stability, which was established by its
elastic constants, phonon dispersion and cohesive
energy. Computed results demonstrated that the
ternary cadmium germanium diphosphide was able
to straddle the water redox potential and therefore
had the viability to split water into oxygen and
hydrogen. This study, therefore, offers a step
toward solving the imminent energy crisis by
identifying, characterising and optimising materials
that are exceptional for artificial photocatalytic
applications.
Mechanistic Insight in NO Trapping on Pd/Chabazite
Systems for the Low-Temperature NOx Removal
from Diesel Exhausts
R. Villamaina, U. Iacobone, I. Nova, E. Tronconi, M. P.
Ruggeri, L. Mantarosie, J. Collier and D. Thompsett,
Appl. Catal. B: Environ., 2021, 284, 119724
Pd-CHA systems were investigated as passive NOx
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Washcoating of Catalytic Particulate Filters Studied
by Time-Resolved X–Ray Tomography
M. Blažek, M. Žalud, P. Kočí, A. York, C. M. Schlepütz,
M. Stampanoni and V. Novák, Chem. Eng. J., 2021,
409, 128057

Fig. 1. A horizontal slice from an XRT scan with the
marked representative channel. Reprinted under
Creative Commons Attribution 4.0 (CC BY)
adsorbers for low-temperature NOx removal from
diesel exhausts. Gaseous mixtures of the main
exhaust components (carbon monoxide, oxygen and
water) were studied through TPD and nitric oxide
adsorption experiments at various temperatures.
The key parameter controlling nitric oxide storage
and release was the palladium redox state. Nitric
oxide and carbon monoxide were shown to reduce
Pd(II)OH to Pd(I), the primary nitric oxide storage
site. The strong reducing power of carbon monoxide
led to enhanced nitric oxide storage. Water also
enhanced carbon monoxide storage. Gaseous
mixtures with greater oxidising strength favoured
nitric oxide desorption at lower temperatures.
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The washcoating process in catalytic monolith filters
was imaged with time-resolved XRT (Figure 1).
Several alumina washcoats with different particle
size distributions were studied. The investigation
gave new understanding of the drying dynamics of
the porous filter wall, as well as the on-wall catalyst
layer. For instance, catalyst layer shrinking and
cracking during drying was found to be dependent
on particle size distribution. Mercury intrusion
porosimetry and SEM images of the final structures
were used to supplement the XRT results. Further
experiments were undertaken to assess the impact
of washcoat structure on filter pressure loss.
4D In-Situ Microscopy of Aerosol Filtration in a Wall
Flow Filter
M. P. Jones, M. Storm, A. P. E. York, T. I. Hyde,
G. D. Hatton, A. G. Greenaway, S. J. Haigh and
D. S. Eastwood, Materials, 2020, 13, (24), 5676
Time-resolved in situ synchrotron micro X-ray CT
was demonstrated for the first time experimentally
to investigate aerosol filtration. Pore scale deposits
of titania nanoparticles were directly imaged in 4D,
which is 3D plus time. 3D tomograms were obtained
at a rate of one per minute. The penetration depth
of particulate deposits, filtration rate and reduction
of filter porosity over time were quantified. Porosity
changed from 0.60 to 0.56 after 20 min. The
data set from this study can be used to validate
simulations of automotive wall flow filters.
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