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Introduction
The race to net zero is truly underway with over
127 countries now committed to net zero targets,
accounting for 90% of global gross domestic
product and 85% of the global population (1). By
achieving net zero together, we can all limit global
warming to 1.5ºC above pre-industrial levels;
however, urgent action is required if we’re going
to meet the targets of the Paris Agreement (2).
At the 26th United Nations Climate Change
Conference of the Parties (COP26), it was widely
recognised that not enough progress is being
made to achieve the goals agreed in Paris, and
the Glasgow Climate Pact calls for each country to
strengthen their climate plans this year to achieve
45% reductions in CO2 emissions by the end of
the decade (3).

The Price of Industrial Emissions
Carbon pricing aims to reduce emissions of
greenhouse gases (GHGs) by directly pushing
the costs of emissions back onto emitters; where
those operators may choose to continue to emit
and pay for it through carbon pricing or invest
in transforming their operations to mitigate
emissions and cut their future cost of carbon (4).
Approaches to carbon pricing include carbon tax
credits, such as in the USA, and cap-and-trade
schemes, such as the European Union (EU)
Emissions Trading Scheme (ETS). These operate
differently, but when used alongside policy and
regulations they can help move funds from the
biggest emitters towards innovation in clean
technology, and their deployment at scale which
is critical in driving down costs.
Direct emissions of CO2 from industrials sits at
approximately 9 billion tonnes per year, with steel
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and cement the top emitters, while chemicals
and petrochemicals make the top three with
18% of the total (5). These sectors typically have
hard-to‑abate CO2; those that are technically
challenging and therefore costly to reduce, locking
in carbon from both the combustion (such as fuel)
and use (such as feedstock) of fossil fuels within
their processes.
All these sectors are looking for cost effective
decarbonisation solutions to mitigate emissions,
secure a license to operate and future proof
against higher CO2 costs. The adoption of low
carbon solutions to both existing and future
asset investments is critical to their success, and
catalysis and process technology will sit at the
heart of delivering those solutions.

Measure and Report
As companies start to embark on their net zero
strategy, a critical early step is to understand
where they stand today in existing operations.
Only by knowing the baseline can a company
commit to their future GHG emissions reductions
and define a pathway to achieving those
commitments. There will be decisions taken on
the extent of carbon reduction targets, at what
pace and affordability, and the risk companies
are prepared to take on the direction of future
government policy.
To make reporting more transparent, the
measurement of emissions is defined in ‘Scopes’:
Scope 1 are direct GHG emissions from the
company’s processes, Scope 2 are indirect GHG
emissions from imported electricity and steam
and Scope 3 are other indirect GHG emissions in
a company’s upstream (supplier operations) or
downstream (customer operations) value chain.
Following the definition of baseline and setting of
strategy, the assessment of pathways to reduce
Scope 1–3 emissions is started. These decisions
on decarbonisation are complex as there are
a very large number of alternative options
© 2022 Johnson Matthey
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now available at varying levels of technical and
commercial readiness. Options can be segmented
into three types:
• Low capital expenditure (CAPEX): easy to
implement solutions that can be executed at
pace, such as changing raw materials or shifting
to renewable energy
• Retrofit: addressing hard-to-abate emissions
through deployment of proven and cost‑effective
solutions, such as carbon capture and storage
(CCS)
• Transformational technology: demonstration
and scaling of new 'blue' and 'green' technologies;
in this issue of Johnson Matthey Technology
Review you’ll read about development and
progress in both green ammonia synthesis and
progress in liquid hydrogen organic carriers.

Reduce and Replace
In each of the three areas listed above, companies
need to define their execution plans to replace or
reduce carbon, which could be made on a whole
site basis, or more typically from each of the
process units.
With regard to ‘replace’, there are options to
replace fuel and process heat with electrified
heating (using renewable energy), or to replace
fossil fuel feedstocks with renewables, such
as recycled plastics, bio-based materials and
municipal solid waste for conversion to sustainable
fuels and chemicals. In the generation of green
hydrogen, water and renewable energy are now
new feedstocks, and when combined with CO2
captured from the air there then exists a pathway
to green methanol, such as in the Haru Oni project
in Chile (6), and to sustainable synthetic fuels
using HyCOgenTM and FT CANSTM technology (7).
Now when considering ‘reduce’, it is possible to
change to a catalyst that reduces the overall carbon
intensity of a product, such as CATACEL SSRTM
for the production of hydrogen (8). However, to
maximise carbon reduction versus the baseline
of today’s operations, capital investment may be
required, and this is where CCS is being evaluated
across the industrial space. However, issues remain
with the levels of CO2 reduction that can be achieved
at a reasonable capital cost and plant footprint,
though it is possible to retrofit plants, such as in
hydrogen and methanol, so that up to 95% CO2
reduction is achieved with significantly reduced
capital cost and space requirement compared to
post combustion carbon capture (9). Finally, there
are options for blue hydrogen, which provides a
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long-term, scalable and cost-effective replacement
for fossil fuels, to enable the decarbonisation of
industry, transport and heat (10).
To make decisions on low CAPEX options for
transformational technology, or whether a replace
or reduce strategy is required, companies will
evaluate the potential of process improvements,
calculate the reduction in carbon intensity, and
identify the technology readiness level and
availability of proposed solutions. With the options
now available, the industrials are well positioned
to make big steps towards the decarbonisation
targets of the next decade.
MARK DANKS
Johnson Matthey, 10 Eastbourne Terrace,
London, W2 6LG, UK
Email: mark.danks@matthey.com
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Most of the global production of ammonia requires
fossil fuels and is associated with considerable
greenhouse gas emissions. Replacing fossil fuel
ammonia with green or zero-carbon ammonia
is a major focus for academia, industry and
governments. Ammonia is a key component in
fertiliser but is also attracting increasing interest
as a carbon-free fuel for the maritime sector and
as a hydrogen vector. This review describes the use
of green (electrolysed) hydrogen in conventional
Haber-Bosch plants and predicts adoption of the
technology by 2030. Further into the future, direct

Purification
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reforming

ZnO absorbent Steam
Hydrogenator

green ammonia synthesis by electrocatalytic
and photocatalytic means may present a costeffective alternative to the Haber-Bosch process.
Electrocatalytic and photocatalytic routes to
ammonia are reviewed, the catalytic systems are
compared and their potential for meeting the likely
demand and cost for ammonia considered.

1. Introduction
Ammonia is a vital commodity chemical incorporated
into the fertilisers that are needed to feed the
growing global population. The conventional
industrial process to produce ammonia involves the
conversion of hydrocarbons into hydrogen through
purification, steam reforming, water-gas shift and
separation. Nitrogen is incorporated from the air
during secondary steam reforming. Ammonia is
made in the Haber-Bosch process; a synthesis
loop that operates at high pressure (150–350 bar)
to favour the gaseous reaction of nitrogen and
hydrogen and high temperature (400–450ºC) to
promote the reaction kinetics (1). The reaction
is catalysed by metallic iron. The process is
summarised in Figure 1.
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Fig. 1. Conventional syngas route for ammonia production
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Equation (i) shows the equilibrium reaction of
nitrogen, hydrogen and ammonia:
N2 + 3H2 ⇄ 2NH3

∆H427ºC = –52 kJ mol–1

There are several approaches that can be used
to decarbonise ammonia. One route would be to
capture and store the CO2 emissions associated with
conventional synthesis gas (syngas) production,
known as blue ammonia. Carbon emissions could
be eliminated entirely by supplying green hydrogen
to the Haber-Bosch process. Green hydrogen can
be produced from the electrolysis of water, which is
powered by renewable electricity. There are several
recent industrial examples that implement this green
hydrogen concept and rapid growth is expected as
demand for lower carbon ammonia intensifies (10).
Finally, a more economical route to green ammonia
would be to eliminate the Haber-Bosch process
entirely and use renewable electrical energy
(electrochemical) or sunlight (photochemical) to
reduce nitrogen from air to ammonia in the presence
of water under ambient conditions. Direct synthesis
of green ammonia in this manner is non-trivial owing
to the chemical inertness of the nitrogen molecule.
It is unlikely to be achievable at the necessary
scale and cost to compete with conventional HaberBosch or green hydrogen Haber-Bosch for decades.
However, green ammonia synthesis could be the
most intrinsically economical process because it
would not require the combination of electrolysers,
air separation units and the high-pressure HaberBosch plant (11).
The introduction of these technologies can be
understood further by considering them as three

(i)

The Haber-Bosch process has provided ammoniabased fertiliser to feed our increasing population
for a century. Haber-Bosch supports nearly half of
global food production and demand for ammonia
is expected to increase as the world’s population
grows (2, 3). The use of ammonia as a carbon-free
fuel, or as a hydrogen vector, would also increase
demand. Fuel ammonia is a nascent concept but
the well-established supply line, stability as a liquid
under relatively mild conditions and high hydrogen
density make it an attractive zero-carbon fuel (4).
Indeed, the use of ammonia as a green fuel could
cut carbon emissions from shipping by 50% by
2050 (5–7). As a hydrogen vector, ammonia can be
converted to hydrogen (and nitrogen) by catalytic
cracking. The resulting hydrogen could be used in
fuel cells to generate electricity emitting water as
a byproduct (8).
Haber-Bosch and the associated processes require
considerable hydrocarbon input and ammonia
synthesis is the source of an estimated 1% of
global CO2 emissions (9). There is an evident need
for the development of ammonia synthesis routes
with reduced CO2 emissions if greenhouse gas
targets are to be met.
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Fig. 2. The generations of ammonia production
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generations as presented by Professor Douglas
MacFarlane at Monash University, Australia,
Figure 2. Present day (2020s) ammonia production
is Generation 1 with the option of capturing CO2 to
make blue ammonia. Generation 2 is electrolysed
hydrogen into the conventional process which is
predicted to be widespread by 2030. Generation 3
breaks the paradigm of the Haber-Bosch process with
direct synthesis of ammonia under mild conditions
with a target for commercialisation by 2050 (12).
This review highlights key trends within green
ammonia synthesis and identifies opportunities
for decarbonisation at the peaks of Generation 2
and Generation 3 (2030 and 2050 respectively).
Green hydrogen from the electrolysis of water
coupled with an electrically powered Haber-Bosch
process (Generation 2) receives considerable
attention in the industry already. Several major
ammonia producers have announced plans for
green ammonia plants though total capacity of
the green ammonia projects remains a fraction of
the global ammonia production with challenges of
high capital investment and access to sufficient
renewable energy. With the drive to zero carbon
emissions and increasing prominence of ammonia
as a hydrogen vector, direct ammonia production
(Generation 3) could become widespread.

2. Electrolysis of Water to Generate
Green Hydrogen for Haber-Bosch
2.1 Overview of Green Hydrogen for
Ammonia Synthesis
Green ammonia synthesis can be achieved with
hydrogen from the electrolysis of water powered by
renewable energy. For the process to achieve zero

carbon emissions, all aspects of the system must be
renewably powered, which includes the compression,
heating and separation requirements of the HaberBosch process. In addition, desalination of salt
water to feed the process must also be considered
in areas where access to fresh water is limited.
Equipment and technology vendors offer
packages to allow their customers to decarbonise
their ammonia plants. For example, contractor
and technology provider thyssenkrupp Industrial
Solutions (tkIS, Germany) have a strong presence
in alkali electrolyser technology and offer a 20 MW
electrolyser plant coupled with a 50 tonne day–1
ammonia plant (smallest tkIS ammonia plant).
Revamp options to existing plants are also offered
(13). A further step has been demonstrated by
Siemens Energy AG, Germany, with a demonstration
unit at the Rutherford Appleton Laboratory in the
UK where ammonia is synthesised using Johnson
Matthey catalyst in a renewably powered HaberBosch process from wind-powered electrolysed
hydrogen and nitrogen derived from air separation.
The Siemens ammonia is cracked back to hydrogen
and fed into fuel cells to derive on-demand electrical
power (14).
The current costs of electrolyser technology are
high; they have a significant energy demand and
upfront cost so improved efficiency in electrolyser
technology is a critical development area.
Table I compares different types of electrolyser to
generate green hydrogen for ammonia synthesis.
Polymer electrolyte membrane (PEM) electrolysers
offer the advantages of high hydrogen purity and
pressure to supply the Haber-Bosch process over
other technologies as the ammonia synthesis iron
catalyst is deactivated by oxygen and ammonia
synthesis is favoured at high pressure.

Table I Comparison of Electrolyser Technologies (15)
Electrolysis
method

System
efficiency,
%

Lifetime,
kh

Cost, US$
kW–1

Typical
pressure,
bar

Comments

Alkaline
(AEL)

51–60

55–120

800–1500

10–30

Mature technology, KOH electrolyte,
efficiency decreases at high
pressure. Hydrogen purity 99.9%

20–50

PEM (Nafion) separates half cells
with electrodes mounted on the
membrane (membrane electrode
assembly). Requires iridium anode
and platinum cathode. Hydrogen
purity 99.99%

1–15

Operates 700–900ºC. Highly
efficient electrolysis but high
temperature material stability is a
challenge.

Proton
exchange
membrane
(PEM) or
polymer
electrolyte
membrane
Solid oxide
(SO)
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46–60

76–81

60–100

8–20

1400–2100

>2000
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Three factors are critical for improved cost
competitiveness of green hydrogen ammonia:
lower electrolyser cost, cheaper renewable energy
and carbon taxation. Recent modelling from
Professor Bañares-Alcántara at Oxford University,
UK suggests green hydrogen ammonia will be
cost competitive with conventional Haber-Bosch
by 2030 with costs from US$310–1736 tonne–1
depending on location and availability of renewable
energy. The assessment is made on the basis of
the electrolyser cost falling from US$800 kW–1 to
US$344 kW–1, renewable energy costs down by
4.5% for wind and 8.9% for solar, and a carbon tax
of US$50 tonneCO2–1 (16).
Widespread incorporation of electrolysed hydrogen
into green ammonia has prompted consideration
of whether the ammonia synthesis process should
be operated to match the properties of the green
hydrogen feed, for example lower pressure
ammonia synthesis. Current electrolysis technology
generates hydrogen at maximum 30–50 bar which
is compressed for the Haber-Bosch process, in some
cases up to 300 bar (17). Electrical compressors
supplied with renewable electricity are used in the
green ammonia flowsheet so the process remains
green. However, the high pressure of the HaberBosch loop is beneficial for achieving high conversion
of nitrogen and hydrogen to ammonia. High
pressure is also favourable for separation, where
the ammonia product is removed from the synthesis
loop. At high pressure, separation can be achieved

with cooling water. At lower pressure, ammonia
would condense at much lower temperatures
requiring expensive refrigeration systems. For
green ammonia, operating condition decisions are
likely to be similar to those of conventional syngasfed Haber-Bosch plants. Syngas plants have similar
compression requirements to electrolysed hydrogen
and the trade-off between pressure, conversion
and separation in the loop must be made. There
is variety in syngas ammonia plants with some
operating at 300 bar and others a lower pressure,
for example 80 bar has been successfully achieved
with the Johnson Matthey catalyst KATALCO 74‑1.
The same variation can be expected for green
ammonia with reliance on the Haber-Bosch process
expected to dominate.

2.2 Alternative Catalysts for the
Haber-Bosch Process
Although low pressure ammonia synthesis is
unlikely to be suitable for the configuration of
conventional Haber-Bosch plants, there may be an
opportunity for low pressure systems as demand
for non-conventional uses of ammonia rises and if
distributed ammonia synthesis develops. There are
many examples in academia of research into new
catalysts for the Haber-Bosch process. Table II
provides some recent examples of research into
catalysts for the reaction of nitrogen and hydrogen
to make ammonia.

Table II Selected Examples of Ammonia Synthesis Catalyst Development
Researchers

Institution

Recent work

Reference

Professor Hideo
Hosono, Professor
Michikazu Hara

Tokyo Institute of
Technology, Japan

Ruthenium nanoparticles (12 wt%) on CaFH.
Strong interaction of ruthenium and H–
enhanced by inclusion of fluoride promotes
nitrogen reduction and results in ammonia
synthesis at 50ºC and atmospheric pressure

(18)

Professor Bingyu Lin,
Professor Jianxin Lin,
Professor Lilong Jiang

Fuzhou University,
China

Enhanced ammonia synthesis of Ru-Ba/aAl2O3 compared to performance over g-Al2O3
equivalent

(19)

Professor Edman
Tsang and Ian
Wilkinson

Oxford University,
UK and Siemens Plc

Lithium-promoted ruthenium nanoparticles
activate nitrogen to ammonia. Nitrogen
stabilised by Li+ on ruthenium terrace sites at
atmospheric pressure at 460ºC

(20)

Professor Franck
Natali

Victoria University
of Wellington, New
Zealand

Lanthanide (terbium, gadolinium,
praseodymium, dysprosium) metals react
with nitrogen to form nitrides which form
ammonia when exposed to hydrogen

(21)

Professor Justin
Hargreaves

Glasgow University,
UK

Fe3Mo3C is an active catalyst for ammonia
synthesis above 500ºC owing to lattice carbon (22)
substitution by nitrogen

233

© 2022 Johnson Matthey

https://doi.org/10.1595/205651322X16334238659301

Johnson Matthey Technol. Rev., 2022, 66, (3)

2.3 Separation of Ammonia from a
Low-Pressure Haber-Bosch Process

3. Electrochemical Synthesis of
Ammonia

Separation of ammonia from unreacted nitrogen
and hydrogen is a challenge to overcome if low
pressure ammonia synthesis is to become viable
for two key reasons; the lower yield of ammonia at
low pressure and the need to remove it from the
system to favour continued reaction of the nitrogen
and hydrogen. A summary of potential separation
techniques is provided below.
• Absorption - an absorber system could be
operated in a ‘lead-lag’ configuration with one
absorption bed picking up ammonia with the
other simultaneously regenerated. The use of
metal salts as absorbents is an active area of
research. For example, MgCl2 will form MgCl2.
NH3 at 300ºC and 0.1 bar (23). Metal salts
provide a highly selective system for ammonia
absorption with high capacity and are able
to operate at relatively high temperatures,
but the process is likely to be slower than for
adsorption
• Adsorption – exploiting the physical interaction
of the ammonia molecule with a high surface
area structure. There are many examples of
ammonia adsorption in literature; activated
alumina (24), ionic networks (25) and metalorganic frameworks (26). There are also
examples of ammonia adsorption by metals
dispersed on high surface area materials (27).
Proof of concept of low-pressure ammonia
synthesis
integrated
with
absorption
was
recently published by Laura Torrente-Murciano at
Cambridge University, UK (28). Here, ruthenium
(5 wt%) nanoparticles supported on ceria nanorods,
promoted with 10% caesium catalysed the ammonia
synthesis reaction under relatively mild conditions
of 300ºC and 20 bar. The absorbent was composed
of manganese chloride supported on silica. The
silica support is reported to provide thermal stability
to the absorbent, permitting operation at 300ºC.
The catalyst and absorbent were loaded in series
in discrete sub-beds within the same vessel with
a catalyst bed followed by the absorbent followed
by a catalyst bed. Ammonia production of the
integrated system was higher than that predicted
by equilibrium demonstrating favourable catalyst
kinetics and absorbent efficacy over the day long
period of the experiment. Once the absorbent was
saturated with ammonia, it was regenerated with a
flow of nitrogen at 360ºC for 2 h.

Electrochemical ammonia synthesis harnesses
electrical energy, which could be renewably sourced,
to directly convert the hydrogen of water and
nitrogen in air to ammonia at ambient temperature
and pressure. If electrochemical ammonia
synthesis could be achieved at high efficiency at
potentials close to that of the reaction (i.e. low
overpotential), it could compete with conventional
Haber-Bosch synthesis in terms of overall cost.
However, the current level of development for
electrocatalytic ammonia synthesis systems is not
far advanced beyond laboratory scale.
The recurring challenge for ammonia synthesis
is the inertness of the nitrogen molecule.
Electrocatalytic reduction of nitrogen requires
significant energy input and a catalyst site with
strong binding for nitrogen but a weak interaction
with ammonia so it is readily released. An
additional challenge for electrochemical synthesis
is the competing reaction for hydrogen evolution
from water rather than hydrogen incorporation
into ammonia. An ideal electrocatalyst maximises
conversion to ammonia (measured from current
density or turnover frequency), has long life,
minimises overpotential (electrochemical potential
above the thermodynamic potential that is
required to drive the reaction) and has a high
Faradaic efficiency (FE) (efficiency with which the
electric charge is transferred to the electrochemical
reaction) (11). The US Department of Energy (US
DOE) has set a target rate for viable electrochemical
ammonia production of 10–4 mol h–1 cm–1 and FE
of 50% but current systems suffer from insufficient
production rates less than 10–6 mol h–1 cm–1 and
FE less than 30% indicating how much technology
advancement is required. The US DOE estimates
that it will take until 2050 for electrochemical
ammonia production to compete with Haber-Bosch
(30).
If or when electrochemical systems reach the
targets, the cost per unit of electrochemical
ammonia would be cheaper than that of ammonia
from electrolysed hydrogen followed by electrically
powered Haber-Bosch. Estimates from Professor
Gal Hochman and Professor Alan Goldman from
Rutgers University, USA are that if renewable
electricity cost is US$50 MWh–1, the cost for
electrochemical ammonia is ~US$500 tonne–1
compared to ~US$630 tonne–1 for ammonia
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from electrolysed green hydrogen feeding into
2000 tonne day–1 Haber-Bosch. The estimate for
ammonia from conventional 2000 tonne day–1
Haber-Bosch is US$159 tonne–1 based on cost of
US$2.62 per one thousand British thermal units
(MBtu) natural gas (11).
Technoeconomic analysis from Jamie R. Gomez,
University of New Mexico, USA, confirms the
conclusion that direct electrochemical synthesis of
ammonia is intrinsically lower cost than the HaberBosch process fed with green hydrogen though the
calculated costs differ from those of Hochman and
Goldman. Gomez assumes that direct electrochemical
synthesis of ammonia will require the same
infrastructure as a Haber-Bosch plant: renewably
powered hydrogen generation, cryogenic nitrogen
separation prior to ammonia synthesis coupled with
ammonia liquefication and separation post synthesis.
Using the US DOE targets for electrochemical
ammonia production of 10–4 mol –1 cm–1 and efficiency
of 50% and electrochemical reactor operating at
200ºC, ambient pressure, the energy requirement is
17 MWh per tonne of ammonia. The cost of a tonne
of electrochemically derived ammonia from this
study is US$951 whereas the equivalent process with
Haber-Bosch ammonia synthesis was calculated to be
US$975 (29).

3.1 Electrochemical Ammonia
Synthesis Mechanism
The typical electrochemical ammonia synthesis
reaction is described by Equation (ii), the nitrogen
reduction reaction (NRR):
2N2 + 6H2O → 4NH3 + 3O2
Associative mechanism
NH2
N

(ii)

NH3

N

NH

Reduction of nitrogen occurs at the cathode
with six protons and six electrons required to
form ammonia (cathode reaction, Equation (iii)).
Oxidation of water to hydrogen and oxygen occurs
at the anode (anode reaction, Equation (iv)) (11).
N2 + 6H+ + 6e– → 2NH3

3H2O → 1.5O2 + 6e– + 6H+

NH2

pa
t

h

NH3

Di
st

Al

te
r
NH
pa nat
th in
g HN

NH2
HN

NH2
H2N

(iv)

The relatively high number of requisite protons
and electrons for nitrogen reduction suggests
considerable optimisation is required to improve
the reaction kinetics to deliver the charge
carriers (30). The mechanism for the reduction
of the nitrogen molecule by the six protons and
electrons incorporates many intermediates with
multiple proton-electron transfer steps. It is likely
that electrochemical ammonia synthesis follows
an associative mechanism with full cleavage of
the nitrogen triple bond after proton-electron
transfer, Figure 3. The Haber-Bosch process over
iron catalysts is known to follow a dissociative
mechanism where the first step is nitrogen triple
bond breakage. The difference in the mechanisms
means that electrochemical ammonia synthesis via
the NRR is intrinsically lower energy than the HaberBosch reaction. The reactions that constitute the
NRR together with their potentials are summarised
in Table III (31). The most negative and therefore
most energetically demanding step is the formation
of N2– (–4.16 V vs. normal hydrogen electrode
(NHE)). The formation of N2H is also negative
(–3.2 V vs. NHE). The negative potentials suggest
that these steps are likely to be rate limiting in the
electrochemical ammonia synthesis process.

al

N
N

(iii)

NH2

NH3

Fig. 3. Possible routes
to ammonia via the
NRR associative
mechanism.
The dissociative
mechanism that
occurs over the
iron catalyst of the
Haber-Bosch process
is provided for
comparison

NH3
Dissociative mechanism
N N
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Table III Summary of the Reactions
Constituting the Nitrogen Reduction
Reaction and Associated Electrode
Potentials

a

Reaction

E0, Va

H2O → 0.5O2 + 2H+ + 2e–

0.81 vs. NHE at
pH 7

N2 + e– → N2–

–4.16 vs. NHE at
pH 0

N2 + 2H+ + 2e– → N2H2

–1.10 vs. RHE

N2 + 5H+ + 4e– → N2H4+

–0.23 vs. NHE at
pH 0

N2 + 8H+ + 8e– → 2NH4+

0.27 vs. NHE at
pH 0

2H+ + 2e– → H2

–0.42 vs. NHE at
pH 7

N2 + H+ + e– → N2H

–3.2 vs. NHE at
pH 0

N2 + 4H+ + 4e– → N2H4

–0.36 vs. NHE at
pH 0

N2 + 6H+ + 6e– → 2NH3

0.55 vs. NHE at
pH 0

NHE is the normal hydrogen electrode, which is the potential of
a platinum electrode in 1 M acid solution with hydrogen supplied
at 1 atm and at 20ºC. RHE is the reversible hydrogen electrode
which is used directly in the electrolyte solution being studied
rather than being held at normal conditions and connected to
the solution of study by a salt bridge

Theoretical studies are often used to explore the
potential mechanisms for electrochemical reactions.
Schematic representation of the associative and
dissociative mechanisms is presented in Figure 3.
The electrochemical system has a significant
impact on the efficiency of the process. Factors such
as electrode potential, solvent and pH values of
electrolytes need to be optimised to achieve the best
yields. Electrochemical cell potential is fundamentally
dependent on temperature (see box). For the NRR to
ammonia from water and nitrogen, the higher the
temperature, the lower the potential required to drive
the system forward. Electrochemical potential is

also critical; different reaction systems tend to have
different potentials that will suit ammonia synthesis
(33). Furthermore, application of appropriate
potential for the NRR can reduce propensity for the
hydrogen evolution reaction.
The electrolyte also plays a role. For example,
a low pH solution and the ready availability of
protons may favour hydrogen evolution over NRR
so higher pH might suit some electrochemical
ammonia synthesis processes. However, there is
no definitive conclusion on the optimal NRR pH
range that universally applies to every system.
Catalyst design is also pivotal for achieving the
required rates and yields from electrochemical
ammonia synthesis. As mentioned, electrocatalysts
should have appropriate active sites to bind
nitrogen, easily release ammonia and limit
the hydrogen evolution reaction. There is
intense academic research into catalysts for
electrochemical synthesis of ammonia with many
reviews summarising progress. The recent paper
from Hui Xu of Giner Inc, USA, and Professor Gang
Wu of the University at Buffalo, USA (30) and the
review by Professor Liang-Xin Ding and Professor
Haihui Wang of the South China University of
Technology in Guangzhou, China (33) were highly
informative. Review papers from Muhammad Aziz
from The University of Tokyo, Japan (34) and Sarb
Giddey of CSIRO Energy Technology, Australia (35)
provide valuable summaries of electrochemical
ammonia production. In many cases, advances in
nanomaterials have supported recent developments
in electrocatalysis. Table IV highlights a few recent
examples with commentary in the sections below.

3.2 Precious Metal Electrocatalysts
Precious metal catalysts (gold, platinum, palladium,
rhodium, ruthenium) have promising nitrogen
binding energies and excellent conductivity to
convey electrons for the reduction reaction.

Electrochemical Cell Potential
The Nernst equation (Equation (v)) summarises
the relationship between reduction potential of an
electrochemical reaction to the standard electrode
potential, temperature and activities of the
chemical species involved.
E = Eᶱ – (RT/vF)lnQ
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(v)

where F = Faraday’s constant (eNA, e = charge
of an electron; NA = Avogadro constant); v =
stoichiometric coefficient of electrons in the
electrochemical reaction; Q = reaction quotient,
product activity/reactant activity; R = molar gas
constant; T = temperature in Kelvin (32).
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8.24

Electrolyte

0.1 M
phosphate
buffered saline
(PBS)

0.1 M HCl

0.005 H2SO4

0.1 M HCl

Catalyst

Pd/C

Au-CeO2/
reduced
graphene oxide

Au1C3N4

Ru@ZrO2/NC

Li+ in THF

LiCl–KCl–LiH

Li+/Li

LiCl–KCl

0.1 M Na2SO4

p-Fe2O3/CC

4.2

37

–1 vs. Li+/Li

1 V vs. Li+/Li

2.8 × 10–8 mol
cm–2 s–1

–0.4

–0.3

–0.2

–0.3

–0.2

–0.1

–0.2

–0.2

Eᶱ vs. RHE at
25ºC

28 ppm

14

18

0.1 M
Na2SO4 PBS
17
(phosphate
buffered saline)

FeTPPCl

8

95

10

0.1 M HCl

Mo2C

30

20.5

183

1305

8.3

4.5

Ammonia
production
rate, μg h–1
mgcat–1

1T-phase MoS2
nanodots on
g-C3N4

21

11.5

10.1

Faraday
efficiency, %

Table IV Examples of Electrocatalytic Systems for Generating Ammonia

(44)

(45)

Li+ deposited on metal electrode as lithium which reacts
with nitrogen in presence of H+ to form ammonia.
–3 V required to deposit lithium which makes process
unstable. Cycling between potentials for Li+ in solution
and deposited lithium has a stabilising effect, 125 h of
testing
High rate for electrochemical ammonia synthesis. Molten
salt electrolyte with LiH to provide H–. Isotope study to
prove 15N2 incorporated into 15NH3

(41)

Durable catalyst, 58 h operation. Greater FE than other
molybdenum catalysts: MoS2 1.17%, MoO3 1.9% MoN
1.15% and Mo2N 4.5%. 25 mA cm–2 current efficiency

(43)

(40)

1T MoS2 nano dots possesses high surface area with
many active edge sites. Graphitic carbon nitride
(g-C3N4) electronic effect makes catalyst highly selective
for NRR

Porous Fe2O3 nanorods grown on carbon cloth. Porosity
provides facile access to active sites

(39)

Ruthenium single-atom supported on nitrogen-doped
porous carbon. ZrO2 supresses hydrogen evolution.
Oxygen vacancy sites on ZrO2 promote catalytic activity
of ruthenium for ammonia synthesis

(42)

(38)

Gold single atom carbon nitride catalyst achieved 22
times more ammonia than equivalent system prepared
with gold nanoparticles

Tetraphenylporphyrin iron chloride. FeN4 site displays
strong interaction with nitrogen. Activity retained for
36 h of catalytic testing

(37)

(36)

Reference

Amorphous gold nanoparticles and structural distortion
from ceria provides active sites for NRR

Neutral electrolyte (pH 7) improved FE compared to FE
of less than 0.1% in NaOH pH 12.9 and H2SO4 pH 1.2

Comment
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However, hydrogen evolution often out-completes
the NRR over precious metal catalysts (46). Platinum
catalysts in particular display a strong propensity for
hydrogen evolution rather than nitrogen reduction
(36). Hydrogenation of the precious metal surface
may be a key first step in the reaction mechanism
for NRR over gold and palladium to promote the
formation of ammonia from nitrogen (47).

3.3 Transition Metal Electrocatalysts
In nature, nitrogenases of nitrogen fixing bacteria
catalyse the formation of ammonia from nitrogen
with iron and molybdenum identified as the
active metals. Iron-only nitrogenase has also
been isolated as has a version with molybdenum
replaced by vanadium (48). Investigation of
electrocatalysts based on iron and molybdenum is
a highly active field with promising ammonia rates
and FEs. Transition metals have the obvious benefit
of lower cost than the precious metal systems.

3.4 Molten Salt Electrolytes
Slow kinetics and hydrogen evolution are problems
with many of the aqueous systems designed for
ammonia synthesis from air and water at ambient
temperature and pressure. Systems operated at
higher temperature (+100ºC) may have more
promise for electrochemical ammonia synthesis
at viable rates (49). Molten salt electrolytes have
displayed relatively good ammonia synthesis rates
with excellent FEs. Of particular interest is a eutectic
mixture (a mixture that has a fusion temperature
lower than the fusion temperature of any of its
components) of LiCl and KCl able to stabilise the
N3– ion which would subsequently form ammonia
in the presence of a proton source (H2, H2O, HCl)
at 400ºC (50). Despite promising prospects for
this approach, detailed mechanistic studies put
the results into doubt; the reaction to form N3– in
the molten salt mixture occurs spontaneously with
the species reacting stoichiometrically rather than
catalytically. An alternative process with LiCl, KCl
and LiH was demonstrated to operate catalytically
with LiH providing a hydride H– to complete the
catalytic cycle and undergo oxidation at the anode,
see the final entry in Table IV (45).

3.5 Electrochemical Lithium Metal
Cycling
Li/Li+ cycling is another approach that takes
advantage of the spontaneous reaction of lithium
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with nitrogen to form N3– which reacts with a
proton source to yield ammonia. Together with
lithium’s reactivity, its small size is well suited for
the diffusion required in electrochemical processes
as exploited in the lithium-ion battery industry.
Here, a current is applied to reduce Li+ to metallic
lithium on an electrode. Metallic lithium reacts with
nitrogen to form N3–, which is protonated to form
ammonia. Various configurations of the system
have been reported.
In one set up, the steps are separate to avoid
selectivity problems and the hydrogen evolution
reaction. Initially, lithium is formed from LiCl-KCl/
LiOH-LiCl molten salt hydrolysis at 450ºC in the
absence of nitrogen or H+ followed by reaction
of lithium with nitrogen to make Li3N at 100ºC.
Finally, Li3N reacts with H2O to yield ammonia. LiOH
was recovered from the system to demonstrate
circularity. The dominant cost in this process is
reduction of Li+ to lithium which was achieved at
–3 V vs. the standard hydrogen electrode (SHE)
which is equivalent to 14 kWh kg–1 ammonia which
at US$50 MWh–1 electricity cost, corresponds to
US$700 tonne–1 ammonia (44).
Lithium metal cycling has its challenges, constant
deposition of lithium leads to the formation of
a lithium-containing passivation layer or solid
electrolyte interface (SEI) layer through a reaction
of lithium with the organic solvent electrolyte
which impedes current flow. To overcome this
barrier, experiments have shown that switching
electrochemical potential between a lithium
deposition regime and Li+ in solution leads to
a more stable process. The electrochemical
potential cycling technique also favours ammonia
production because electron availability to reduce
nitrogen is enhanced during the Li+ solution
phase. The system was demonstrated to generate
ammonia over 125 h with the highest reported
FE of 37% using deposition current –2 mA cm–2
applied for 1 min followed by up to 8 min of resting
potential at 0 V vs. Li/Li+. The SEI formed here
is also beneficial as it helps control diffusion of
Li+, protic species, nitrogen and ammonia. Once
formed, it also prevents excessive degradation of
the electrolyte (ethanol in this particular study) by
providing a barrier between the organic species
and lithium metal.

3.6 Electrocatalysis Summary
Significant development is required before
electrochemical ammonia synthesis will replace
the Haber-Bosch process. The substantial
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thermodynamic challenge to activate nitrogen
requires highly active catalysts that do not
simultaneously catalyse the reduction of water to
hydrogen. It is likely that a combination of careful
catalyst design and electrochemical system control
will be needed for the process to succeed. Economic
assessments indicate that an active and efficient
electrochemical ammonia synthesis process would
compete financially with electrolysed hydrogen
feeding Haber-Bosch with 2050 the estimate
for viable technology readiness. A variety of
catalysts and electrochemical systems have been
discussed in this section with gold nanomaterials
and lithium metal cycling promising candidates
though further breakthroughs are required to
achieve the performance needed for a production
plant. Effective separation techniques to isolate
ammonia from the electrolyte solution would also
be required.

4. Photochemical Ammonia Synthesis
Photochemical reactions are driven by light and
photocatalysed ammonia synthesis is regarded as
a potential route to green ammonia. The benefit of
photocatalysis is that energy for the reaction would
be provided directly from sunlight with water and
air to provide hydrogen and nitrogen respectively.
Unlike the electrochemical process, there would be
no need to supply electricity, making photochemical
synthesis a potential candidate for decentralised
off-grid ammonia production. An evident drawback
of photochemical processes is that they only
operate when the sun is shining.
The concept would likely feature the catalyst
dispersed in a panel to optimise light exposure,
potentially suspended in water or as a coated

catalyst with water and air bubbled over the
surface. Ammonia would need to be separated
from the mixture before application as a fertiliser.
Photocatalytic activities of ~500 mmolNH3 gcat–1 h–1
(51) have been reported from the current state of
the art systems which is 1000 times less than the
electrochemical systems. As Table V indicates, the
area of a coated 500 mmolNH3 gcat–1 h–1 photocatalyst
required to match a 2000 tonne per day HaberBosch plant would be 1265 km2, a considerable
area equivalent to the North York Moors National
Park in the UK. A 100-fold improvement in catalyst
activity would reduce the area required to 13 km2
which would be a more feasible area to cover. For
comparison, the world’s largest solar park at the
time of writing is 57 km2 at Bhadla, India (52).
As mentioned, photocatalysis might suit demands
of off-grid distributed ammonia production. In
this case ammonia demand would be significantly
less than a 2000-tonne-per day plant. Agricultural
fertiliser demands vary according to crop, soil
type and geography but if nitrogen requirement
of 200 kg nitrogen hectare–1 year–1 (53) is used
as a conservative average and 400 hectares the
size of a large arable farm (54), the quantity of
ammonia required is ~100 tonnes year–1. With a
500 mmolNH3 gcat–1 h–1 coated photocatalyst, the
area required is 0.2 km2 or 20 hectares, 5% of the
size of the farm.
A complicating factor is that molecular ammonia
is rarely applied as a fertiliser. Its high volatility
and solubility mean it would rapidly evaporate or
leach away. Ammonia is converted to a range of
compounds such as urea or ammonium salts (for
example, (NH4)2SO4 or NH4NO3) to be applied
as a fertiliser. Distributed ammonia production
would need additional technology for conversion

Table V Estimated Area Required for a Photocatalyst to Produce 2000 tonnes day–1 Ammonia
Unit

Current best
Activity
catalyst activity increase by 10

Activity
increase by 100

Photocatalyst layer

microns

10

10

10

Typical coated catalyst
loading

mg m–2

15500

15500

15500

15.5

15.5

15.5

gm

–1

Catalyst activity

mmol g
2

Ammonia from 1 m in 1 h

Ammonia in 12 h daylight
Area required for 2000
tonnes day–1 ammonia plant
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–2
–1

500

5000

50,000

mmol

7750

77500

775000

mg

131750

1317500

13175000

g

0.13175

1.3175

13.175

g

1.581

15.81

158.1

tonnes

1.581E-06

1.58E-05

0.000158

m2

1.265E+09

1.27E+08

12650221

1265

127

13

2

km

h
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of ammonia to fertiliser compounds. Furthermore,
different fertiliser compounds have varying CO2
emissions associated with their production and use.
The CO2 emissions from urea are 8% higher than
from ammonium nitrate (55). However, ammonium
nitrate can be highly explosive if not manufactured,
stored and handled properly according to
recognised standards and decentralised production
poses significant safety and security risks.
Together with advances in ammonia production,
decentralisation also requires developments in
fertiliser compounds, their application and stability
and ease of production from ammonia.

4.1 Mechanism of Photocatalytic
Ammonia Synthesis
Highly active photocatalysts are required to enable
photochemical ammonia synthesis to become
a viable process. Photocatalysts often rely on
semi-conductor materials to absorb solar energy.
The energy excites photo-induced electrons into
the semi-conductor conduction band and leaves
holes in the valence band. The electrons in the
conduction band are available for reducing nitrogen
to ammonia through migration to the catalyst active
site where nitrogen is bound. The holes provide
charge balance and complete the catalytic cycle
with the oxidation of H2O to O2 (56). The process
is summarised in Figure 4. A complication with
photocatalytic ammonia synthesis is that the rate of
hole quenching with water to complete the catalytic
cycle is slow so hole scavengers such as methanol
or formaldehyde can be used instead to achieve a
faster rate for the photochemical reaction.
As with electrocatalysed ammonia synthesis, it
is likely that the reaction follows an associative
Light

NH3

e–
O2 + H+
Hole+

N2 + H+

H2O

Fig. 4. Photocatalytic generation of ammonia
and oxygen following light activation of a
semiconductor and generation of electrons and
holes
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mechanism with hydrogenation of adsorbed nitrogen
prior to cleavage of the nitrogen-nitrogen bond.
Exact mechanisms are likely to differ depending
on the configuration of the various catalytic
processes. Hydrogen evolution remains a strong
competing reaction. A significant thermodynamic
barrier to overcome is the reduction potential of
N2 + e– → N2– –4.2 eV (Table III). The conduction
band gap of many semiconductors should be greater
than this energy requirement so semiconductor
choice is key for photocatalysis design (57).
Quantum efficiency (QE) is another critical factor
for photochemical processes and describes the
proportion of photons incident on a semiconductor
that go on to excite electrons and reduce nitrogen
in the case of photochemical ammonia synthesis.
Owing to the challenge of variation in equipment
and catalytic setups, incident light intensity rather
than absorbed light intensity is used to calculate
apparent QE (58).

4.2 Photochemical Ammonia
Synthesis Catalysts
A comparison of a variety of photocatalysts for
ammonia generation is provided in Table VI with
a more detailed discussion of the photocatalysts
in the next section. Several thorough reviews
of photochemical ammonia synthesis catalysts
have recently been published including one from
Professor Junwang Tang from University College
London, UK (53), one from Professor Tierui Zhang
from the Chinese Academy of Sciences, Beijing,
China (62) and another from Professor Zhong Jin
from Nanjing University, China (54).

4.2.1 Defect Incorporation
Vacancies in a photocatalyst can improve nitrogen
adsorption and charge separation of photoexcited
electrons and associated holes. For example,
oxygen vacancies in BiOBr nanosheets promote the
electron transfer to adsorbed nitrogen and enhance
ammonia generation compared to the BiOBr
material without vacancies. The BiOBr nanosheet
is composed of [Bi2O2]2– units interleaved with
bromine atoms with a band gap of 2.8 eV which
corresponds to visible light absorption. The oxygen
vacancies were formed through the reaction of
ethylene glycol with surface oxygen in BiOBr. An
ammonia production rate of 104 μmol h–1 gcat–1
was measured (63).

© 2022 Johnson Matthey

Johnson Matthey Technol. Rev., 2022, 66, (3)

https://doi.org/10.1595/205651322X16334238659301

Table VI Examples of Photocatalytic Systems for the Generation of Ammonia
Catalyst

BiOBr
nanosheet
with
oxygen
vacancies

FePt@C3N4

SV-1TMoS2-CdS
nanorod

CdS-FesMoS2

Quantum
efficiency,
%

0.23 at
420 nm

0.15 at
450–500 nm

4.4 at
420–780 nm

3.5 at
436 nm

Ammonia
production
Scavenger
rate, μmol
–1
–1
h gcat

Comment

Reference

104

None

Oxygen vacancies of BiOBr
nanosheets activate adsorbed
nitrogen. Enhanced electron density
at oxygen vacancy suppresses
electron/hole recombination and
promotes electron transfer to
nitrogen for reduction to ammonia.
Experiment preceded by theoretical
study to confirm feasibility. Oxygen
generation was detected proving H2O
able to act as electron donor

(59)

None

Platinum doping of FeC3N4
nanoclusters enhances nanocluster
morphology by preventing
agglomeration of magnetic particles
and improves electron/hole charge
separation to enhance nitrogen
reduction

(60)

Methanol

Oxygen doped 1T-MoS2 nanosheets
with sulfur vacancies (SV) deployed
as cocatalysts over CdS nanorods.
SVs and metallic conduction
properties of 1T-MoS2 promotes
electron/hole separation. The
SV-1T-MoS2 also provides active sites
for nitrogen binding

(61)

None

CdS 10 nm quantum dots as
cocatalyst for single-atom iron on
single layer MoS2. Electron/holes
generated by CdS and efficiently
separated at Fe-S2-Mo interface

(51)

4

457

459

4.2.2 Metal Doping
A photocatalyst composed of iron-platinum loaded
graphitic carbon nitride (g-C3N4) displays ammonia
production rate of 4 μmol h–1 gcat–1. Graphitic carbon
nitride is derived from urea and has semiconductor
properties. The prepared catalyst contained 0.3 wt%
platinum and 3 wt% iron on g-C3N4 and is designated
FePt@C3N4. The addition of platinum prevented
agglomeration of the nanoclusters compared to the
equivalent Fe@C3N4 species. Platinum doping also
causes an uplift in the semiconductor energy band
which improves electron/hole separation favouring
electron conduction to bound nitrogen and its
subsequent reduction. Photocatalytic activity was
tested in the presence of hydrogen and nitrogen
with formation of N2H4 considered indicative of
potential to make ammonia (60).

4.2.3 Cocatalyst Incorporation
Cocatalysts are used in photocatalytic processes
to enhance the photostability of catalysts.
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For example, cadmium sulfide has received
considerable attention as a photocatalyst. It has
favourable band positions and is relatively simple
to prepare but it is readily oxidised and corrodes
when exposed to light. Photocatalytic efficiency of
cadmium sulfide is also low owing to rapid electron/
hole recombination. Combining cadmium sulfide
with a cocatalyst can enhance its properties. In
one example cadmium sulfide nanorods prepared
by precipitation were combined with 30% oxygendoped 1T-MoS nanosheets with sulfur vacancies
(SV-1T-MoS2) also prepared by a hydrothermal
reaction and precipitation (61).
Another cocatalyst example is provided by
CdS‑Fe-sMoS2 from the research group of
Professor Edman Tsang at Oxford University, UK
and patented by Oxford University Innovation.
The photocatalyst displays relatively good activity
of 459 μmol h–1 gcat–1 and high quantum yield of
3.5%. It is composed of cadmium sulfide quantum
dots incorporated onto single-atom iron on single
layer molybdenum sulfide. The combination of
the component units raises the system’s valence
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band to a potential that exceeds nitrogen reduction
(–4.2 vs. NHE at pH 0) so electrons are of
appropriate energy to reduce nitrogen. The single
layer molybdenum sulfide catalyst is made from
bulk molybdenum sulfide by lithium intercalation
and sonication in water. Single atom iron doping
of the s-MoS2 is achieved hydrothermally before
combining with 10 nm particles of cadmium sulfide.
The cadmium sulfide particles provide additional
catalytic activity, likely though the contribution
of additional electron-hole pairs from visible light
illumination. Efficient separation of the electron
and holes is achieved by the [Fe-S2-Mo] motifs in
Fe-sMoS2 at the materials’ interface.

4.3 Photocatalysis Summary
A photocatalytic route to ammonia is likely to be
even further off than electrocatalytic ammonia
synthesis. Photocatalytic activity is roughly
1000 times less than the electrocatalysts.
Breakthroughs in catalyst development are
required to achieve adequate ammonia synthesis
rates. More active photocatalysts would enable
installations of reasonable and practical size
to capture the required solar energy to make
economically competitive quantities of ammonia.
The opportunity for photochemical ammonia
synthesis in isolated locations to make fertiliser is
questionable considering ammonia’s toxicity and
high solubility, requiring its conversion to fertiliser
compounds before application on farmers’ fields.
Truly decentralised ammonia production would
need to be coupled with fertiliser compound
synthesis which may delay realisation of the
concept.
Despite the challenges, a photocatalytic system
would be ‘super green’, powered by sunlight and
synthesising ammonia from air and water without
direct power requirements. In locations benefitting
from high sunlight levels, photocatalytic ammonia
synthesis could provide a production boost to an
existing ammonia facility. As for electrocatalysis,
successful photocatalytic systems are based on
nano-systems with strong propensity to bind
and activate nitrogen and optimised to conduct
photo-induced electrons to the catalyst active
site. A system based on CdS-Fe-sMoS2 was
recently patented by Oxford Innovations UK and
has among the highest ammonia production rates
reported.
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5. Conclusions
Green routes to ammonia are receiving considerable
attention from academia, governments and
industry to mitigate the high carbon footprint of
the conventional Haber-Bosch process which is
estimated to contribute 1% of global CO2 emissions.
Many key players of the ammonia industry have
already announced plans to incorporate green
hydrogen from electrolysis into their existing
plants. It is likely that more will follow.
The development of lower pressure ammonia
synthesis systems (less than 20 bar) is also an area
receiving attention though the current industrial
trend is towards higher pressure systems owing
to the challenges of separating ammonia at low
pressure and lower conversion. However, there may
be instances where smaller, lower pressure plants
make sense. These plants would require catalyst
development to operate at the lower pressure and
novel separation techniques to isolate the product
ammonia.
Although direct ammonia synthesis via electro- or
photocatalysis is a distant prospect, the gains to
be made are significant considering that the direct
route from water and air or (hydrogen and nitrogen)
is inherently lower cost than electrolysis and HaberBosch. Efforts on direct ammonia synthesis would
be a long-term undertaking as the technology is not
anticipated to be economically viable for another 30
years. However, if ammonia demand for fertilisers
and fuel increases as expected, production at
lower cost with zero carbon emissions presents an
attractive opportunity. Furthermore, the pursuit of
intrinsically lower cost routes to ammonia synthesis
such as electrochemical or photochemical will drive
innovation in these fields which may accelerate
breakthroughs. If ammonia is to be produced from
water and air, separation techniques to isolate
ammonia will be critical here too.

References
1. J. R. Jennings and S. A. Ward, ‘Ammonia Synthesis:
Thermodynamics of Ammonia Synthesis: Process
Consequences’, in “Catalyst Handbook”, 2nd Edn.,
ed. M. V. Twigg, CRC Press, Boca Raton, USA,
1996, p. 390
2. ‘The Future of Food and Agriculture: Trends
and Challenges’, Issue 1, Food and Agriculture

© 2022 Johnson Matthey

https://doi.org/10.1595/205651322X16334238659301

Organization of the United Nations, Rome, Italy,
2017, 163 pp
3. J. W. Erisman, M. A. Sutton, J. Galloway, Z.
Klimont and W. Winiwarter, Nat. Geosci., 2008, 1,
(10), 636
4. M. Aziz, A. T. Wijayanta and A. B. D. Nandiyanto,
Energies, 2020, 13, (12), 3062
5. T. Brown, ‘US House Draft Bill Defines Ammonia as
Low-Carbon Fuel’, Ammonia Energy Association,
New York, USA, 13th February, 2020
6. “Ammonia: Zero-Carbon Fertiliser, Fuel and
Energy Store: Policy Briefing”, The Royal Society,
London, UK, 19th February, 2020, 39 pp
7. T. Ayvalı, S. C. E. Tsang and T. Van Vrijaldenhoven,
Johnson Matthey Technol. Rev., 2021, 65, (2),
291

Johnson Matthey Technol. Rev., 2022, 66, (3)

20. J. Zheng, F. Liao, S. Wu, G. Jones, T.-Y. Chen, J.
Fellowes, T. Sudmeier, I. J. McPherson, I. Wilkinson
and S. C. E. Tsang, Angew. Chem. Int. Ed., 2019,
58, (48), 17335
21. J. R. Chan, S. G. Lambie, H. J. Trodahl, D. Lefebvre,
M. Le Ster, A. Shaib, F. Ullstad, S. A. Brown, B.
J. Ruck, A. L. Garden and F. Natali, Phys. Rev.
Mater., 2020, 4, (11), 115003
22. A. Daisley and J. S. J. Hargreaves, J. Energy
Chem., 2019, 39, (12), 170
23. C. Smith, A. V. McCormick and E. L. Cussler, ACS
Sustain. Chem. Eng., 2019, 7, (4), 4019
24. D. Saha and S. Deng, J. Chem. Eng. Data, 2010,
55, (12), 5587
25. X. Luo, R. Qiu, X. Chen, B. Pei, J. Lin and C. Wang,
ACS Sustain. Chem. Eng. 2019, 7, (11), 9888

8. B. Lee, J. Park, H. Lee, M. Byun, C. W. Yoon and
H. Lim, Renew. Sustain. Energy Rev., 2019, 113,
109262

26. T. N. Nguyen, I. M. Harreschou, J.-H. Lee, K. C.
Stylianou and D. W. Stephan, Chem Commun.,
2020, 56, (67), 9600

9. P. Gilbert and P. Thornley, ‘Energy and Carbon
Balance of Ammonia Production from Biomass
Gasification’, University of Manchester, UK, 2010,
9 pp, in host publication

27. A. M. B. Furtado, Y. Wang, T. G. Glover and M.
D. LeVan, Micro. Meso. Mater., 2011, 142, (2–3),
730

10. W. Thomas, ‘Fertiliser Industry Takes Leap of Faith
on Green Ammonia’, CRU International Limited,
London, UK, 25th June, 2021
11. G. Hochman, A. S. Goldman, F. A. Felder, J. M.
Mayer, A. J. M. Miller, P. L. Holland, L. A. Goldman,
P. Manocha, Z. Song and S. Aleti, ACS Sustain.
Chem. Eng., 2020, 8, (24), 8938
12. D. R. MacFarlane, P. V. Cherepanov, J. Choi, B. H.
R. Suryanto, R. Y. Hodgetts, J. M. Bakker, F. M.
Ferrero Vallana and A. N. Simonov, Joule, 2020,
4, (6), 1186
13. C. Schwiderek, Thyssenkrupp, ‘Green Ammonia
Technology’, NH3 Event, 4th European Power
to Ammonia Conference, Rotterdam, The
Netherlands, 3rd–4th June, 2021
14. ‘‘Green’ Ammonia is the Key to Meeting the Twin
Challenges of the 21st Century’, Siemens-Energy
AG, Munich, Germany: https://www.siemensenergy.com/uk/en/offerings-uk/green-ammonia.
html (Accessed on 1st February 2021)
15. A. Buttler and H. Spliethoff, Renew. Sustain.
Energy Rev., 2018, 82, (3), 2440
16. R. M. Nayak-Luke and R. Bañares-Alcántara,
Energy Environ. Sci., 2020, 13, (9), 2957
17. C. Smith, A. K. Hill and L. Torrente-Murciano,
Energy Environ. Sci., 2020, 13, (2), 331

28. C. Smith and L. Torrente-Murciano, Adv. Energy
Mater., 2021, 11, (13), 2003845
29. J. R. Gomez, J. Baca and F. Garzon, Int. J. Hydro.
Energy, 2020, 45, (1), 721
30. H. Xu, K. Ithisuphalap, Y. Li, S. Mukherjee, J.
Lattimer, G. Soloveichik, and G. Wu, Nano Energy,
2020, 69, 104469
31. X. Chen, N. Li, Z. Kong, W.-J. Ong and X. Zhao,
Mater. Horiz., 2018, 5, (1), 9
32. P. W. Atkins and J. De Paula, “Physical Chemistry”,
8th Edn., Oxford University Press, Oxford, UK,
2006, p. 221
33. M. Wang, S. Liu, T. Qian, J. Liu, J. Zhou, H. Ji, J.
Xiong, J. Zhong and C. Yan, Nat. Commun., 2019,
10, 341
34. F. B. Juangsa, A. R. Irhamna and M. Aziz, Int. J.
Hydro. Energy, 2021, 46, (27), 14455
35. S. Giddey, S. P. S. Badwal and A. Kulkarni, Int. J.
Hydro. Energy, 2013, 38, (34), 14576
36. G.-F. Chen, S. Ren, L. Zhang, H. Cheng, Y. Luo, K.
Zhu, L.-X. Ding and H. Wang, Small Meth., 2019,
3, (6), 1800337
37. S.-J. Li, D. Bao, M.-M. Shi, B.-R. Wulan, J.-M.
Yan and Q. Jiang, Adv. Mater., 2017, 29, (33),
1700001

18. M. Hattori, S. Iijima, T. Nakao, H. Hosono and M.
Hara, Nat. Commun., 2020, 11, 2001

38. X. Wang, W. Wang, M. Qiao, G. Wu, W. Chen, T.
Yuan, Q. Xu, M. Chen, Y. Zhang, X. Wang, J. Wang,
J. Ge, X. Hong and Y. Li, Sci. Bull., 2018, 63, (19),
1246

19. B. Lin, L. Heng, B. Fang, H. Yin, J. Ni, X. Wang, J.
Lin and L. Jiang, ACS Catal., 2019, 9, (3), 1635

39. H. Tao, C. Choi, L.-X. Ding, Z. Jiang, Z. Han, M.
Jia, Q. Fan, Y. Gao, H. Wang, A. W. Robertson, S.

243

© 2022 Johnson Matthey

https://doi.org/10.1595/205651322X16334238659301

Hong, Y. Jung, S. Liu and Z. Sun, Chem, 2019, 5,
(1), 204
40. X. Xu, X. Tian, B. Sun, Z. Liang, H. Cui, J. Tian
and M. Shao, Appl. Catal. B: Environ., 2020, 272,
118984
41. X. Ren, J. Zhao, Q. Wei, Y. Ma, H. Guo, Q. Liu, Y.
Wang, G. Cui, A. M. Asiri, B. Li, B. Tang and X.
Sun, ACS Cent. Sci., 2019, 5, (1), 116
42. X. Yang, S. Sun, L. Meng, K. Li, S. Mukherjee, X.
Chen, J. Lv, S. Liang, H.-Y. Zang, L.-K. Yan and G.
Wu, Appl. Catal. B: Environ., 2021, 285, 119794
43. Z. Wang, K. Zheng, S. Liu, Z. Dai, Y. Xu, X. Li,
H. Wang and L. Wang, ACS Sustain. Chem. Eng.,
2019, 7, (13), 11754
44. S. Z. Andersen, M. J. Statt, V. J. Bukas, S. G.
Shapel, J. B. Pedersen, K. Krempl, M. Saccoccio,
D. Chakraborty, J. Kibsgaard, P. C. K. Vesborg,
J. Nørskov and I. Chorkendorff, Energy Environ.
Sci., 2020, 13, (11), 4291
45. I. J. McPherson, T. Sudmeier, J. P. Fellowes, I.
Wilkinson, T. Hughes and S. C. E. Tsang, Angew.
Chem. Int. Ed., 2019, 58, (48), 17433
46. J. Wang, S. Chen, Z. Li, G. Li and X, Liu,
ChemElectroChem, 2020, 7, (5), 1067
47. C. Y. Ling, Y. Zhang, Q. Li, X. Bai, L. Shi and J.
Wang, J. Am. Chem. Soc., 2019, 141, (45), 18264
48. B. M. Hoffman, D. Lukoyanov, Z.-Y. Yang, D. R.
Dean and L. C, Seefeldt, Chem. Rev., 2014, 114,
(8), 4041
49. V. Kyriakou, I. Garagounis, E. Vasileiou, A. Vourros
and Stoukides, Catal. Today, 2017, 286, 2
50. T. Murakami, T. Nishikiori, T. Nohira and Y. Ito, J.
Am. Chem. Soc., 2003, 125, (2), 334

Johnson Matthey Technol. Rev., 2022, 66, (3)

51. S. C. E. Tsang and J. Zheng, Oxford University
Innovation Ltd, ‘Photocatalyst’, World Patent Appl.
2020/193,951
52. P. Sanjay, ‘With 2,245 MW of Commissioned Solar
Projects, World’s Largest Solar Park is Now at
Bhadla’, Mercom, India, 19th March, 2020
53. K. Sieling, O. Günther-Borstel and H. Hanus, J.
Agri. Sci., 1997, 128, (1), 79
54. M. B. Ali, N. L. Brooks and R. G. McElroy,
‘Characteristics of US Wheat Farming: A Snapshot’,
Statistical Bulletin No. SB 968, United States
Department of Agriculture, Washington, DC, USA,
June, 2000, 61 pp
55. F. Brentrup, A. Hoxha and B. Christensen, ‘Carbon
Footprint Analysis of Mineral Fertiliser Production
in Europe and Other World Regions’, 10th
International Conference on Life Cycle Assessment
of Food, University College Dublin, Ireland, Dublin,
19th–21st October, 2016, 9 pp
56. Q. Han, H. Jiao, L. Xiong and J. Tang, Mater. Adv.,
2021, 2, (2), 564
57. X. Xue, R. Chen, C. Yan, P. Zhao, Y. Hu, W. Zhang,
S. Yang and Z. Jin, Nano Res., 2019, 12, (6), 1229
58. H. Kisch and D. Bahnemann, J. Phys. Chem. Lett.,
2015, 6, (10), 1907
59. H. Li, J. Shang, Z. Ai and L. Zhang, J. Am. Chem.
Soc., 2015, 137, (19), 6393
60. Z. Li, Z. Gao, B. Li, L. Zhang, R. Fu, Y. Li, X. Mu
and L. Li, Appl. Catal. B: Environ., 2020, 262,
118276
61. B. Sun, Z. Liang, Y. Qian, X. Xu, Y. Han and J. Tian,
ACS Appl. Mater. Interfaces, 2020, 12, (6), 7257
62. S. Zhang, Y. Zhao, R. Shi, G. I. N. Waterhouse and
T. Zhang, EnergyChem, 2019, 1, (2), 100013
63. H. Li, J. Shang, Z. Ai and L. Zhang, J. Am. Chem.
Soc., 2015, 137, (19), 6393

The Author
Katie Smart has a PhD in Chemistry from the University of Paul Sabatier, France, where
she studied at the Laboratoire de Chimie de Coordination in Toulouse. Katie has worked
at Johnson Matthey since 2013 and is currently Technical Development Manager for
the Ammonia Synthesis and High-Temperature Shift R&D teams at the Chilton site in
Billingham, UK.

244

© 2022 Johnson Matthey

Johnson Matthey Technol. Rev., 2022, 66, (3), 245

https://doi.org/10.1595/205651322X16499427403168

www.technology.matthey.com

Erratum: Data-Driven Modelling of a Pelleting
Process and Prediction of Pellet Physical
Properties
Control of quality leads to improved economics and sustainability

Joseph Emerson*, Vincenzino
Vivacqua§, Hugh Stitt†
Johnson Matthey, PO Box 1 Belasis Avenue,
Billingham, TS23 1LB, UK
Email: *joe.emerson@matthey.com,
§

vincenzino.vivacqua@matthey.com,
hugh.stitt@matthey.com

†

NON-PEER REVIEWED FEATURE

It has come to our attention that there was an
error in the attribution of the brand name in a
recently published article (1) as follows.

2.1.1 Compaction Simulator
The STYL’One Evolution brand is owned by
Medelpharm SAS, France, as of the date of
publication of the article.
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Reliable storage and transportation of hydrogen
at scale is a challenge which needs to be tackled
to allow a robust and on-demand hydrogen
supply when moving towards a global low carbon
hydrogen economy with the aim of meeting netzero climate goals. Numerous technologies and
options are currently being explored for effective
hydrogen storage and transportation to facilitate a
smooth transition to the hydrogen economy. This
paper provides an overview of different hydrogen
storage and transportation technologies, focusing
in more detail on liquid organic hydrogen carriers
(LOHCs), its advantages and disadvantages and
future considerations for the optimisation of the
LOHC technology.

1. Introduction
In recent years there has been great interest
in reducing fossil fuel reliance. This comes in
an attempt for countries to deliver on pledges
outlined in the Paris Agreement of 2016, which
was compiled to tackle climate change by lowering
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greenhouse gas emissions (GHG) (1, 2). Individual
nationally determined contributions (NDCs) are
central to this agreement, detailing the collective
efforts required to achieve longer-term global aims.
Within these NDCs, several countries made specific
references to the increased use of renewable
energy resources, given their widely recognised
environmental advantages over more traditional
fossil fuel equivalents. Now, atmospheric CO2
levels are higher than any recorded in the previous
800,000 years, with a rise from 300 ppm to 400
ppm being recorded over the last 70 years (1950–
2020) (3). These continually rising levels are
commonly attributed to the increased consumption
of fossil fuels, which are conveniently employed
to satisfy ever-changing energy demands. Yet the
consequences are serious: during the 20th century
a 1°C increase in average global temperature
accompanied the growth of CO2 emissions, causing
drastic changes in weather patterns and rising sealevels (4, 5).
Fossil fuels are extremely widely used because
of convenience, availability and the economic
advantage of a lower initial capital expenditure.
Developing a ‘greener’ system with a comparable
energy density and transport efficiency is a
challenge (6). Despite several years of research
into alternatives, there is still a significant way to
go before achieving the goals proposed in the Paris
Agreement by 2050. In 2016 just 19.5% of the
global energy demand was fulfilled by renewable
sources (7). Germany, however, has pledged that
by 2050, 80% of its energy will be produced from
renewable sources, whereas other countries have
implemented strategies to increase collaborative
research to achieve net-zero emissions (7, 8). As
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an example, Portugal and The Netherlands signed
a memorandum of understanding to develop a
strategic export-import value chain to ensure
production and transport of green hydrogen from
Portugal to The Netherlands and its hinterland via
the ports of Sines and Rotterdam (9).
Hydrogen is a well-studied alternative to fossil
fuels. With its combustion producing only water
as a byproduct, the environmental advantages
of employing hydrogen as an energy carrier are
obvious. However, at present, around 96% of the
annual global hydrogen production is generated
from fossil fuels (grey or brown hydrogen)
(Table I). This comprises steam reforming of
methane (48%), reforming of oil/naphtha (30%)
and coal gasification (18%) (11). Thus, in order to
completely remove reliance on the non-renewable,
finite, fossil fuel resources, an alternative method
of hydrogen production is required. This can be
achieved with the electrolysis of water. Provided the
energy for this process is obtained from renewable
sources, sustainable, greenhouse gas emissionfree hydrogen production is possible. Hence,
hydrogen produced in this manner is termed green
hydrogen.
The European Union (EU) has pledged billions of
Euros to develop the so-called European Green Deal
in the coming years. Here, hydrogen is considered
‘a key’ to fulfilling the ambitious target of halving
carbon emissions by 2030 (8). To achieve this,
the European Green Deal acknowledges the need
to increase green hydrogen production capacity,
setting targets for around 10 million tonnes of
hydrogen to be produced annually by 2030 (8).
Currently, the hydrogen supplied from electrolysers
stands at just 4% of demand (8).
A third colour-coded category of hydrogen refers
to blue hydrogen (Table I). Blue hydrogen is
often considered a vital tool in transitioning from
grey to green hydrogen production and, like grey

hydrogen, uses a fossil fuel feedstock. However,
carbon capture and storage (CCS) technologies
are also employed to capture CO2, reducing
the greenhouse gas emissions (12). Given
the increase in carbon-tax expected over the
coming decades, blue hydrogen is an important
improvement upon grey hydrogen, despite
the currently higher initial capital expenditure
(12–14). Brown, grey, blue and green hydrogen
(Table I) are the most discussed colour-coded
categories of hydrogen within the energy
industry. Nevertheless, countless other hydrogen
colours (i.e. the hydrogen colour spectrum),
such as yellow, pink and turquoise hydrogen,
also exist with each colour code describing
the different type of source or process used to
produce hydrogen (15, 16). For instance: pink
hydrogen is generated by electrolysis of water
using electricity from a nuclear power plant;
yellow hydrogen is produced via electrolysis using
solar power; turquoise hydrogen is generated
via methane pyrolysis through direct splitting
of methane into hydrogen and solid carbon (15,
16).
Some countries are well-positioned to the
transition to blue hydrogen production, with
a potential access to large, offshore CCS
facilities (17). In contrast, many landlocked
countries in Europe have a greater focus on the
transition to green, rather than blue, hydrogen
due to their limited access to offshore facilities
(18). In addition, with blue hydrogen still
requiring a finite resource, the demand of one
country may eventually be pushed onto another,
where resources are more available (12, 19). For
example, an exhaustion of natural gas supplies
in one location would require a country to source
this elsewhere, resulting in the production of
hydrogen and its utilisation at different locations.
This dependence (expected to be governed by

Table I A Comparative Summary of Hydrogen Production Processes and Hydrogen Colour
Codes (10)a

a

Brown

Grey

Blue

Green

Feedstock

Coal

Natural gas

Natural gas

Renewable
electricity

Carbon capture

Gasification,
no CCS

Steam methane
reforming, no CCS

Advanced gas
reforming + CCS

Electrolysis

Emissions

Highest GHG
emissions
(19 tCO2 tH2–1)

High GHG emissions
(11 tCO2 tH2–1)

Low GHG emissions
(0.2 tCO2 tH2–1)

Potential for zero
GHG emissions

Cost

US$1.2–2.1
kgH2–1

US$1–2.1 kgH2–1

US$1.5–2.9 kgH2–1

US$3–7.5 kgH2–1

CCS = carbon capture and storage; GHG = greenhouse gas; tCO2 tH2–1 = tonne of CO2 per tonne of hydrogen
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maintaining amicable international relations)
is another factor causing several countries to
seriously consider the favourability of blue over
green hydrogen, or vice versa (12).
Producing hydrogen from renewable sources and
development of technologies for this purpose have
huge environmental benefits and supports the
implementation of the Paris Agreement and the
United Nations Sustainable Development Goals
(SDG) (20). It contributes to multiple SDGs, such
as SDG 7 (Affordable and Clean Energy), SDG 9
(Industry, Innovation and Infrastructure), SDG 11
(Sustainable Cities and Communities) and SDG
13 (Climate Action) (20). According to SDG 7:
Affordable and Clean Energy, a substantial increase
in the share of renewable energy in the global
energy mix is required by 2030 (i.e. Target 7.2
of SDG 7) (21). However, the energy output from
renewable sources is intermittent and dependent
on geographic, seasonal and temporal factors.
Furthermore, sites of highest energy potential
for renewable hydrogen production (such as a
desert, offshore wind and tidal farms) are rarely
located in areas of highest energy demand, such
as densely populated cities in central and southern
Europe (1, 22). When moving towards a global low
carbon hydrogen economy with the aim of meeting
net-zero climate goals, a reliable storage and
transportation of hydrogen at scale is a challenge
which needs to be tackled to achieve a widespread
usage of renewable hydrogen. The possibility to
store and transport hydrogen is essential for the
integration of high shares of renewable energy
source with positive effects on SDGs (23).
Numerous technologies and options are currently
being explored for effective hydrogen storage and
transportation to facilitate a smooth transition
to the hydrogen economy (24). LOHC is one
such technology which has gained considerable
attention in recent years (1, 6, 7, 25–27). In our
work, which consists of the present paper and
two accompanying papers (28, 29), we provide
an overview and new perspectives on the LOHC
technology among different hydrogen storage
and transportation technologies. We analyse
the advantages and disadvantages of the LOHC
technology and future considerations for its
optimisation which might accelerate its commercial
deployment. Furthermore, in our following second
paper we describe the potential deployment and
integration of LOHCs within different industries: the
transportation sector (automobiles, ships, trains);
steel and cement industries; the use of stored
hydrogen to produce fuels and chemicals from flue
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gases; and system integration of fuel cells and
LOHCs for energy storage (28). Due to numerous
possibilities for the commercial deployment and
integration of LOHCs within different industries, the
use of different LOHC systems might be considered
to accommodate specific requirements. A review
of the most prominent LOHC systems, focusing on
properties of LOHCs and catalytic materials used
for hydrogenation and dehydrogenation of LOHCs,
is presented in our third paper dedicated to the
analysis of LOHC systems (29).

2. Hydrogen Storage and
Transportation Technologies
Despite the attractively high gravimetric energy
density of hydrogen (120 MJ kg–1), the low
volumetric energy density at ambient conditions
necessitates the use of pressurised or liquified
hydrogen to ensure economic viability (30). On a
large-scale, the use of stored, highly pressurised
hydrogen in transport systems presents serious
safety concerns, such as an explosion. The
technology is also costly, much like that of liquified
hydrogen storage, which requires low temperatures
(–252°C). In addition, such liquified hydrogen
technologies can result in losses of between 0.3%
and 3% of the hydrogen due to boil-off from the
storage system (1).
Compressed hydrogen is typically transported
through pipelines. As a result, long-distance
transport is significantly more challenging when
compared to the infrastructure, such as ships or
railroads, currently available to transport liquid
fossil fuels. Although attempts have been made
to inject hydrogen into the natural gas grid
and numerous countries are exploring blending
hydrogen with natural gas, it can be argued that the
intercontinental transport of hydrogen would require
innovative solutions (31–33). These solutions are
predicted to resemble current methods, relying on
tanker vessels, trucks and railroads.
To overcome the challenges raised with the
transportation and storage of hydrogen as an
energy vector, more sophisticated concepts have
been developed (Figure 1) (24). One such concept
involves the use of low- and high-temperature
metal hydride systems, where reversible adsorption
and desorption of hydrogen is permitted through
formation and breakage of chemical bonds with
the storage material (1, 11, 34). Here, the terms
low- and high-temperature systems refer to the
dehydrogenation reaction temperature. These
methods of solid-state hydrogen storage, therefore,
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Hydrogen storage

Physical storage
Compressed
hydrogen
(7–27 kg m–3)

Liquified
hydrogen
(70 kg m–3)

Chemical storage

Metal hydrides
(40–70 kg m–3)

Chemical
hydrides
(including LOHCs,
methanol,
ammonia)
(50–120 kg m–3)

do not require the demanding pressures associated
with storing compressed hydrogen.
Low temperature metal hydrides are capable of
releasing hydrogen at ambient temperatures and
pressures but are typically limited to a maximum
hydrogen capacity of 2.15 wt% (for example,
LaNi5H6) (35). On the contrary, high temperature
hydrides are attractive for hydrogen storage
because of their high hydrogen storage capacities
(6.5 hydrogen atoms per cm3 (7.6 wt%) for the
metal hydride MgH2, compared to a hydrogen
storage density of 0.99 hydrogen atoms per cm3
for hydrogen gas and 4.2 hydrogen atoms per cm3
for liquified hydrogen). However, disadvantages of
high temperature metal hydride systems include
slow reaction kinetics of the adsorption-desorption
process. Moreover, the high desorption enthalpies
of these systems require high temperatures (300°C
for MgH2) for hydrogen release at atmospheric
pressure, raising questions around the economic
viability of the technology (34–36). The reversibility
of the process is also limited by the decomposition
of the metal hydride, making a regular replacement
of this storage material necessary.
A different concept for solid-state hydrogen
storage is the use of metal-organic frameworks
(MOFs). Here, hydrogen is stored in the pores of
the MOF framework, where the rate of hydrogen
adsorption is dependent on its diffusivity in the
particular MOF chosen (37). MOFs can be tailored
to specific applications, including supercapacitors,
fuel storage and batteries and have been noted
for their short refuelling times (37). However, this
technology typically requires low temperatures
(ca. –196°C) and high pressures (100 bar) to
achieve a reasonable energy density (7.2 MJ l–1,
4.5 wt%). To illustrate this, the MOF displaying
the highest hydrogen storage capacity to date
(MOF‑210: total hydrogen gravimetric uptake of
17.6 wt%) must be operated at 80 bar and –196°C
(38). It is therefore possible that a low system
efficiency in terms of energy consumption, and
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Sorbents
(including
MOFs)
(20–50 kg m–3)

Fig. 1. Categorisation
of hydrogen storage
methods. Reprinted from
(24) under a Creative
Commons Attribution
4.0 International Licence
(CCBY 4.0)

thus cost, will be observed. It has been predicted
that the hydrogen storage capacity of MOFs can
be improved by increasing MOF surface area, but
there are experimental limitations in synthesising
such structures (38). Moreover, as with using
compressed hydrogen, the requirement of a higherpressure system implicates explosion risks (37).
Borohydrides have also been considered for
hydrogen storage applications, given their
attractively high theoretical storage capacities.
For example, LiBH4 has a gravimetric hydrogen
storage capacity of up to 18.5 wt% (24). However,
in practice this is rarely achievable as stable
hydrides, such as LiH, can form during the hydrogen
unloading process, for which high temperatures
(typically greater than 300°C) are also required.
Direct employment of borohydrides for hydrogen
storage applications is therefore unfeasible. Yet, a
technology combining both borohydrides and metal
hydrides is now being considered. Such a system
reduces the endothermicity of the dehydrogenation
process, facilitating hydrogen release at lower
temperatures, but the kinetics of both the
hydrogenation and dehydrogenation reactions are
slow and require suitable catalytic additives (24).
This increases the complexity of the technology.
Chemical hydrides, both organic and inorganic,
are another method available to store hydrogen,
and rely on chemical reactions. Chemical hydrogen
storage is used to describe storage technologies
in which hydrogen is both released and restored
through a chemical reaction. Like metal hydrides,
chemical hydrides also form chemical bonds
between the storage material and hydrogen. Yet,
these two hydride classes have very different
properties. Arguably the most significant of these
is that chemical hydrides (such as methanol)
are generally liquids at ambient conditions. This
simplifies transportation and storage issues
associated with either gaseous hydrogen or
solid-state hydrides. Provided ammonia is in
its liquid form, which can easily be achieved
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by applying a pressure of 10 bar at ambient
temperature, ammonia can also be considered a
chemical hydride, with a very attractive storage
density (17.7 wt%) (24). In addition, given both
methanol and ammonia are already synthesised
on a large scale, there is the possibility of using
existing infrastructure and production plants (24).
Both chemicals have also been reported to have
potential as hydrogen-alternative energy vectors
(i.e. direct use as a fuel) rather than as hydrogen
storage materials (24).
Ammonia is currently of industrial interest for
hydrogen storage and transportation, given its
high gravimetric hydrogen density (17.7 wt%)
(24, 39–42). Additionally, the high ignition
temperature of ammonia increases the safety of
the technology and is considered advantageous
(41, 42). When green hydrogen is used for the
production of ammonia, such ammonia is classified
as green ammonia (43–46). Green ammonia,
when liquified, facilitates the transport and storage
of hydrogen, allowing existing infrastructure to
be used (42). With the potential for worldwide
transport of the green ammonia, for example via
ships, the distribution of green hydrogen to growing
zero-emission markets will be facilitated (42).
Once transported to the site of use, ammonia can
be reconverted into carbon-free hydrogen which
can be used at hydrogen refuelling stations, for
example (42, 47).
Within the framework of the NEOM project it was
recently announced that 650 tons of carbon-free
hydrogen per day will be produced using 4 GW
of renewable power from solar and wind in Saudi
Arabia (48). To facilitate hydrogen storage and
transportation, the hydrogen will be converted into
3500 tons of green ammonia per day (or 1.2 million
tons per year) which will be transported around the
world and then converted back into carbon-free
hydrogen at hydrogen refuelling stations (48). By
supplying the fuel cells currently used within the
transport sector (specifically in buses and trucks)
with this hydrogen, it is predicted that over 3 million
tons per year of CO2 emission can be prevented:
equivalent to all emissions from 700,000 cars (48).
Although ammonia is less flammable than
hydrogen, concerns around its toxicity to both
humans and the environment have been raised
(49). A spillage of this feedstock (for example
during transport) could therefore have serious
consequences, and questions around its suitability
have been raised. However, it is important to
remember that suitable controls have been
employed to mitigate the risks associated with
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fossil fuels (in the forms of gasoline and diesel),
which are also very harmful substances. Moreover,
as ammonia is already synthesised on an industrial
scale (Haber-Bosch process) for example, in the
fertiliser industry, it can be argued that the safety
concerns are known and can be managed effectively.
If the ammonia were not to be dehydrogenated at
its destination, but instead used as a fuel itself,
the ammonia would be classified as a renewable
fuel (50). As an example, using ammonia as
a transportation marine fuel is currently being
explored within the shipping sector to cut fossil fuel
use in ocean-going vessels (51–55).
Liquid hydrocarbons and formic acid can also fall
into the category of hydrogen carriers. Provided
such carriers are produced using green hydrogen
and atmospheric CO2, or CO2 from waste streams,
the cycle can be labelled as carbon-neutral (11).
However, as the carriers are used as liquid fuels,
regeneration of the carrier material is not possible
and thus new material must be purchased for every
cycle, much like employing fossil fuels as energy
vectors (11).
As previously discussed, renewable methanol can
also be considered as a chemical hydride. Although
the gravimetric energy density of methanol is lower
than that of ammonia (12.5 wt% and 17.7 wt%,
respectively), it is significantly higher than a typical
metal hydride, such as MgH2 (7.6 wt%, Table II)
(24, 37). Most commonly, methanol is synthesised
via the hydrogenation of CO2 and carbon monoxide,
whereas the release of hydrogen from methanol
is done in the methanol steam reforming process,
which involves the reaction of methanol with water
(24). This process is generally preferred over
methanol decomposition, permitting the release
of three moles of hydrogen in comparison to the
two moles from methanol decomposition, where
the extra mole of hydrogen is provided by the
water (24). Yet for the steam reforming reaction,
temperatures of between 220°C and 330°C
are often required to meet the thermodynamic
demands of the endothermic reaction (24).
Although renewable methanol (produced via the
hydrogenation of CO2 waste streams) is produced
on a much smaller scale than its non-renewable
equivalent (in which natural gas is used to produce
a mixture of carbon monoxide, CO2 and hydrogen),
similarities in the two processes exist (24). With an
overlap in the technology, progress in renewable
methanol production is better facilitated than
other hydrogen storage technologies and as a
result the first renewable methanol production
plant was constructed in Iceland in 2011 by Carbon
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Table II Overview of Hydrogen Storage Methodsa (24, 37)
Method of hydrogen
storage

Gravimetric energy
density, wt%

Volumetric energy
density, MJ l–1

Compressed

5.7

4.9

Liquid

7.5

6.4

Chemical hydride
• liquid ammoniab
• methanol

17.7
12.5

11.5
15.8

MOF

4.5

7.2

MgH2 (metal hydride)

7.6

13.2

Metal borohydrides

14.9–18.5

9.8–17.6

LOHC

8.5

7.0

a

Note: unless specified, the data represents typical figures, providing only an approximate comparison
b
at 10 bar pressure

Recycling International (24). Interestingly, it has
been reported that the separation of methanol and
water (via distillation) is not required when using
methanol as a hydrogen storage medium: the
hydrogen can simply be released from the mixture
in a steam-reforming reaction (24). This simplifies
the process and eliminates costs associated with
the energy intensive distillation step. However,
CO2 is also stored within the methanol-water
mixture and hence is also released upon steam
reforming. If a pure hydrogen output stream is
required, it has been predicted that CO2 could be
separated from the hydrogen relatively easily, but
this process would require additional separation
technologies (24). Alternatively, the gaseous
hydrogen and CO2 mixture could be used directly
within proton exchange membrane (PEM) fuel
cells (56).

3. Liquid Organic Hydrogen Carriers
LOHCs, also categorised under chemical hydrides,
are another option for the storage and transport of
hydrogen. The first studies into this technology were
completed in the 1980s by Japanese researchers,
studying a benzene/cyclohexane system (1). The
LOHC process comprises a two-step process,
which is based on the loading of hydrogen onto the
chosen LOHC in a catalytic hydrogenation reaction,
followed by the unloading of hydrogen in a catalytic
dehydrogenation reaction. This second step thus
produces a stream of gaseous hydrogen alongside
the unloaded form of the LOHC, which can then be
reused in subsequent cycles (Figure 2). Between
these two steps, the hydrogen-rich form of the
LOHC can be easily stored and transported at
ambient pressures, given its liquid state. The LOHC
technology eliminates the expense associated with
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repeatedly purchasing a feedstock (i.e. the LOHC)
and hence may be considered advantageous. Yet
one must also consider the expense of returning
the unloaded LOHC to the hydrogenation plant.
In some cases, finding an alternative use for the
unloaded LOHC may be most cost-effective.
Aromatic molecules are typically used as LOHCs
due to their high hydrogen loading capacities (57).
In addition, the cyclic compounds hydrogenated
form of aromatic compounds have relatively good
thermodynamic properties for the more challenging,
endothermic dehydrogenation reaction. This can
be explained by the stability gained on formation
of the aromatic system (58). In contrast,
dehydrogenation of bonds outside of such an
aromatic system is difficult (even if the double bond
formed can become conjugated with the system).
For instance, dehydrogenation of ethylcyclohexane
would form ethylbenzene not styrene as a result of
thermodynamic limitations (58).
Importantly, the high hydrogen loading capacities
of LOHCs enable high hydrogen storage and
transport efficiencies, increasing the economic
viability of the technology. This is highlighted by
previous research that identified several potential
carriers which meet the objectives for storage
capacity and volumetric energy density, set by the
United States Department of Energy (US DoE), as
6.5 wt% and 1.7 kWh l–1, respectively (7). However,
it is important to consider that the respective
hydrogenation and dehydrogenation reactions may
not always go to 100% completion.
As noted above, catalysts are required to
facilitate hydrogen loading and unloading via
hydrogenation and dehydrogenation reactions.
Despite some reports detailing advantages of
homogeneous catalysts (including lower operating
temperatures and improved dehydrogenation
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Hydrogen

Hydrogenation

Loaded LOHC
Transport/
storage

Dehydrogenation

Hydrogen
release

Fig. 2. Schematic
representation of the
LOHC concept, using
ethylbenzene as a model
LOHC molecule

Unloaded LOHC

product specificity), heterogeneous catalysts are
considered preferable for both reactions in largescale applications (26, 59).
A great majority of current studies examine
the hydrogenation and dehydrogenation steps
individually, often employing different catalysts to
complete the two transformations. Most commonly,
platinum group metal (pgm) catalysts, namely
platinum, palladium or ruthenium-based, are
employed (7, 30, 60, 61).
The LOHC technology is also an attractive option
for stationary on-site energy storage (on-grid
and off-grid), enabling long-term storage of large
amounts of energy, such as seasonal storage and
energy production buffering (26). In this case,
a catalyst which allows both hydrogenation and
dehydrogenation to be carried out in the same
reactor through altering process conditions (such
as temperature and pressure) can be deployed. The
development of such a bifunctional catalyst would
be an attractive research objective and facilitate a
lower capital expenditure since a set-up in which
only a single reactor and its associated pipework
is necessary. From a process safety perspective,
the
ambient
hydrogen
storage
pressures
facilitated with the use of LOHC technology are
an improvement on using a pressurised hydrogen
storage tank.
Since
the
catalytic
hydrogenation
and
dehydrogenation
processes
are
exothermic
and endothermic reactions, respectively, the
hydrogenation step is typically performed at
lower temperatures (100–240°C) and higher
pressures (10–50 bar) than the dehydrogenation
step (150–400°C, atmospheric pressure) (62).
Thus, a higher level of heat is needed for the
dehydrogenation reaction, which is often provided
by an external heating source (62). To improve
efficiency, system integration and intensification
can be achieved, with the heat produced in
the hydrogenation step being used to drive the
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dehydrogenation reaction when using LOHCs for
on-site hydrogen storage (63). This would not
be possible when the hydrogen is produced in a
different location to where it is needed.

4. Advantages and Disadvantages
of Liquid Organic Hydrogen Carrier
Technology
As discussed, a timely migration away from fossil
fuel reliance is of the utmost environmental
importance, and is achievable with a combination
of renewable energy, production of green
hydrogen via electrolysis and hydrogen storage
and
transportation
technologies.
However,
implementation of a LOHC hydrogen storage
and transportation system also has advantages
over simply using compressed hydrogen, or
direct employment of renewable electricity. On
the contrary to storage and transportation of
compressed hydrogen, the small quantity of gas
present in a LOHC system minimises the risk of
explosion and facilitates the safe handling of
hydrogen. Importantly, this allows for the longterm storage of large amounts of loaded LOHCs at
ambient conditions, without the loss of hydrogen or
negative impact upon carrier storage density, which
has been reported with the use of compressed
hydrogen and alternative storage technologies
such as metal hydrides (64).
The elimination of pressure-related hazards
also makes LOHCs suitable for long-distance
transport. The liquid state of the carriers enables
existing infrastructure, originally built for crudeoil transportation such as pipeline networks, to be
used (1). However, unlike liquified or compressed
hydrogen, the term ‘infrastructure’ also includes
the use of ships and trucks, which enables
worldwide transport of hydrogen using LOHCs.
This too is often considered as one of the main
advantages of the LOHC technology, meaning
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the dehydrogenation plant required to release
hydrogen from LOHCs does not need to be located
within proximity of the hydrogen production site.
Thus, the LOHC technology allows green hydrogen
release (and indirect renewable energy use) in
locations which are not best suited for renewable
energy production. Moreover, as LOHCs are in
the liquid state, they resemble current fossil fuelbased energy vectors, such as diesel and gasoline.
Given societal familiarity with these systems, it
is predicted that public acceptance of the LOHC
technology will be increased in comparison to
concepts such as metal hydrides, where public
understanding is limited (7). This potential for
greater acceptance of LOHC systems is considered
advantageous (7).
In theory, the reversibility of the hydrogen
loading and unloading processes allows LOHC to be
used continually without replacement. Practically,
however, this is unlikely due to LOHC material losses
from side-reactions and incomplete unloading
reactions (1). The choice of LOHC is also critical:
for maximum efficiency, both the dehydrogenated
and hydrogenated form must remain in their liquid
state throughout the cycle. For instance, if the
dehydrogenated form of the carrier material is a
solid at ambient conditions, transport complications
arise as it cannot be pumped through a pipe or
into a truck or ship. To maintain the liquid state,
incomplete hydrogen unloading or dilution of the
LOHC would be required, reducing storage and
transport efficiencies (7).
Moreover, the toxicity of the LOHCs themselves
must be considered and evaluated in terms of
projected applications; some LOHCs, such as
benzene and toluene, have a toxicity so great that
their use in practical applications is unfeasible,
despite attractively high hydrogen storage
capacities (65).
The choice of carrier can also influence the overall
cost of the technology in other ways. Aside from
the obvious cost associated with purchasing the
LOHC feedstock, the released hydrogen from
some carriers, like 1,2-dihydro-1,2-diazaborine,
requires further hydrogen purification steps, while
others (for example, dibenzyltoluene) have higher
dehydrogenation heating demands (1). Both factors
increase energy consumption. Moreover, the cost
of transporting the unloaded LOHC via ships back
to the site of hydrogenation (i.e. for hydrogen
loading) should be taken into account. Mainly longdistance transportation of renewable hydrogen in
LOHCs would be more economically viable than
transportation of compressed hydrogen, which
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is more suited to transport over short distances
using the existing pipeline infrastructure (25).
Methanol has also been reported to be economical
for long-distance transport, with some studies
suggesting that methanol can be a more costeffective option than LOHCs (66). The same applies
to ammonia (41). The Committee on Climate
Change has reported that using ammonia as a
hydrogen carrier for long-distance transport could
be economically viable (25, 67). One of the key
disadvantages of the LOHC technology is additional
costs required for transporting of the LOHC loaded
with hydrogen to end users followed by a transport
of the dehydrogenated LOHC back to a chemical
plant for loading with hydrogen.

5. Considerations for Process
Optimisation of the Liquid Organic
Hydrogen Carrier Technology
To improve economic viability of the LOHC
technology, additional developments into optimising
the LOHC technology might be needed. Reducing
energy intensity during loading and particularly
unloading of the LOHCs with hydrogen and efficient
system integration can contribute to the cost
reduction of the LOHC technology. In our following
work, we discuss efficient system integration and
potential deployment of the LOHC technology within
different industries (28) and provide a detailed
analysis of the most promising LOHC candidates,
catalysts used for hydrogenation as well as
dehydrogenation of LOHCs along with operating
conditions (29). Efficient system integration of the
LOHC technology as well as selection of the most
suitable LOHC system, optimisation of reaction
conditions and catalysts might improve economic
viability and facilitate widespread commercial
deployment of the LOHC technology.
Reactor configuration can also contribute
significantly to the overall efficiency of the LOHC
technology. The particular challenge for the LOHC
technology is the hydrogen release from hydrogenrich LOHC systems during the endothermic
dehydrogenation process which is combined with
the reaction mixture volume expansion. As an
example, 1 ml of fully hydrogenated dibenzyltoluene
can release more than 650 ml of hydrogen (68).
A range of reactor types have been proposed
for dehydrogenation of LOHCs, such as fixedbed, continuous stirred tank reactor batch-type,
tubular, spray-pulsed, pressure-swing and threedimensional (3D) structured monolith reactors,
among others (Figure 3) (68).
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(d)

(e)
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Fig. 3. Reactors used
for dehydrogenation of
LOHCs: (a) radial flow;
(b) horizontal tubular;
H18-DBT (c) fixed-bed; (d) 3D
structured monolith
(selective electron
beam melting); and (e)
spray-pulsed reactors.
Reprinted (adapted) with
permission from (68),
Copyright 2019 American
Chemical Society

(a)

H18-DBT

H2 gas
Catalyst bed
H18-DBT

HO-DBT

Tubular-type reactors are often discussed for
the LOHC technology. To optimise the process,
different orientations of the tubular reactors
have been evaluated (69). Tubular reactors can
have either a horizontal or vertical orientation
and have two possible operational modes: (a)
LOHC flowing through the central tube and heat
transfer fluid in the annulus; (b) heat transfer
fluid in the central tube and the LOHC in the
annulus (70). The heat transfer fluid enables
external heating of the LOHC (69). In comparison
to their horizontal equivalents, vertical tubular
reactors have the advantage of a more even heat
distribution, as a result of rising bubbles mixing
the LOHC (70). Moreover, several vertical tubular
reactors are suitable for both the hydrogenation
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and dehydrogenation reaction. Often, this is not
the case for horizontal tubular reactors, where the
interfacial region between the gaseous hydrogen
and LOHC is often too small to achieve the mass
transfer rates required for a hydrogenation
process (69). Vertical dehydrogenation tubular
reactors can also be constructed to produce either
a co-flow or counter-flow between the LOHC and
released hydrogen, offering more flexibility in a
system design. In a study using N-ethylcarbazole
as the carrier, different orientations of the reactor
(horizontal/vertical) were studied, revealing that
the maximum power densities are similar in both
orientations, but radial heat transfer is improved
compared to that in a horizontal orientation (69).
Despite this, several examples of horizontal tubular
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reactors can be found, with advantages including
convenient removal of hydrogen from the top of the
reactor and prevention of a multi-phase flow (71).
Helical reactors are more complex and comprise
the LOHC flow in the central tube, with the heat
transfer fluid in the surrounding shell space (70). A
more effective heat transfer can be achieved with
a helical reactor than a tubular reactor, as a result
of a ‘shear’ formation, while the rate of reaction
(hydrogen release) is also increased. A double
helical reactor is also discussed for the LOHC
technology (70). While this enables a significant
saving in terms of space, the construction and
assembly is typically complex and expensive. The
deployment of a hot pressure-swing reactor was
demonstrated for stationary hydrogen storage in
which hydrogenation and dehydrogenation were
performed within the same reactor using the same
catalyst with dibenzyltoluene as the LOHC (72).
This demonstrates the benefit of potential capital
expenditure and operational expenditure savings.
Structured reactors, such as monolithic, 3D printed
or foam reactors, are an attractive research area
within the LOHC technology as they provide high
heat conductivity, allowing for a good heat input for
the endothermic dehydrogenation reaction (73, 74).
Furthermore, the high porosity of such reactor
systems lowers pressure drop, on the contrary
to fixed-bed reactors where catalyst pellets are
typically used, and facilitates an efficient hydrogen
removal. This is important for dehydrogenation
of hydrogen-rich LOHCs, during which significant
reaction mixture volume expansions take place
upon hydrogen release (for example, 1 ml of fully
hydrogenated dibenzyltoluene can release more
than 650 ml of hydrogen) (68, 73).
Depending on the intended application, the
hydrogen purity released from LOHCs during
dehydrogenation should be considered. Given
that high temperatures are required for
dehydrogenation of LOHCs, side products might
be formed during hydrogen release, contaminating
the hydrogen stream. In such cases, separation
systems are required to purify the hydrogen, which
increases the cost of the LOHC technology. The use
of membrane reactors, which combine the benefit
of shifting the equilibrium of dehydrogenation to
the product side with integrated purification of
the released hydrogen, have been reported in
the literature for the LOHC technology (71, 75–
80). Byun et al. performed the technoeconomic
assessment of methylcyclohexane dehydrogenation
in both a packed-bed reactor and a membrane
reactor (78). This study demonstrates the cost
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effectiveness of an membrane reactor: the unit
hydrogen production cost of a packed-bed reactor
is US$11.76, US$9.50, US$8.50 and US$8.08 and
that of an membrane reactor is US$9.37, US$7.43,
US$6.58 and US$6.23 for hydrogen production
capacities of 30 m3 h–1, 100 m3 h–1, 300 m3 h–1
and 700 m3 h–1, respectively (78).
A lower temperature of operation for the
dehydrogenation reaction, deploying a reactive
distillation column under reduced pressure, could
also allow for an increase in the efficiency of
the LOHC system (81). This was demonstrated
for perhydrobenzyl toluene dehydrogenation. A
lowering of reaction temperature reduces the energy
intensity of the overall process and facilitates a
simpler and more effective integration of heat with
waste heat sources or from subsequent hydrogen
utilisation steps (81). Another recent study
demonstrated that an electrochemical hydrogen
compression (EHC) unit, which is connected to
the LOHC dehydrogenation unit, reduces hydrogen
pressure and shifts the thermodynamic equilibrium
towards dehydrogenation (82). This accelerates the
hydrogen release for the perhydrodibenzyltoluene
LOHC and lowers dehydrogenation temperatures
to 240°C. In addition, the EHC unit produces high
value compressed hydrogen and purifies hydrogen
contaminated with impurities such as traces of
methane (82).

6. Summary and Perspectives
Several approaches to effective hydrogen storage
technologies must be explored in parallel to
facilitate a smooth transition to the hydrogen
economy. LOHCs for hydrogen storage and
transportation are an attractive option for storing
and transporting green hydrogen. Key advantages
of the LOHC technology are: high storage capacity
compared to alternative hydrogen storage
technologies such as MOFs; no hydrogen losses
during extended storage periods; ambient storage
pressures and compatibility with existing fossil fuel
infrastructure (pipes, ships, trucks). LOHCs ideally
have high, reversible hydrogen-loading capacities,
enabling large quantities of hydrogen to be stored
in the liquid carrier. Importantly, LOHCs facilitate
the storage and intercontinental transport of
hydrogen and can capitalise on infrastructure
originally constructed for fossil fuels. Thus,
over long distances, the transport of hydrogen
using the LOHC technology has the potential to
be economically viable in comparison to other
hydrogen storage and transportation technologies.
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Though costs required for transporting of the
LOHC loaded with hydrogen to end users followed
by a transport of the dehydrogenated LOHC back
to a chemical plant for reloading with hydrogen
should be considered. Furthermore, additional
developments and research into optimising the
technology might be needed to improve economic
viability of the LOHC technology. Reducing energy
intensity during loading and particularly unloading
of the LOHCs and efficient system integration
can contribute to cost reduction of the LOHC
technology.
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The deployment of hydrogen as an infrastructure
fuel and an energy vector across a range of
industries is expected to aid with meeting
decarbonisation
goals
and
achieving
net
zero emissions. For the transition towards a
low carbon hydrogen economy, not only the
production of hydrogen needs to be addressed,
but also its transportation and storage.
Liquid organic hydrogen carriers (LOHCs)
are an attractive solution for the storage and
transportation of hydrogen to allow a reliable
and on-demand hydrogen supply, enabling
industrial decarbonisation. This work describes
the potential deployment and integration of
LOHCs within different industries. These include:
the transportation sector; steel and cement
industries; the use of stored hydrogen to produce
fuels and chemicals from flue gases and a system
integration of fuel cells and LOHCs for energy
storage.
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1. Introduction
Energy-intensive industries as well as the
transportation sector contribute significantly to
global greenhouse gas (GHG) emissions (1). To
mitigate climate change and achieve the goals of
the Paris Agreement (2), it is necessary that each
sector develops pathways towards GHG emission
reductions and accelerate the transition towards
deep decarbonisation. The production and use of a
low-carbon hydrogen is seen as a ground-breaking
aspect of a low carbon future, especially for
hard-to-decarbonise sectors (3–14). A significant
amount of renewable electricity will be required
to enable energy-intensive industries and the
transportation sector to reduce their emissions
and meet decarbonisation goals when deploying
green hydrogen produced via water electrolysis
using renewable energy sources (11). Given that
capacities of renewables and electricity costs for
the production of green hydrogen are extremely
heterogeneous (15–18), it is expected that the
production of green hydrogen in all required
locations at adequate costs will be challenging in the
future. Similar to fossil fuels, which are imported
and exported across the world, geographical
locations with high renewable potential and low
costs of electricity are expected to be focal points
for the production of green hydrogen. Robust
hydrogen storage and transportation systems
are among the key components in the successful
transition from fossil fuel-based energy systems
towards hydrogen-based alternatives (19–23).
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Storage and transportation of hydrogen at scale
are yet to be addressed. An innovative method for
long-distance transport and long-term high density
hydrogen storage is to use LOHCs. This process
is a two-step cycle, which is based on loading
of hydrogen via catalytic hydrogenation into
LOHCs, such as unsaturated organic compounds,
followed by unloading of hydrogen via catalytic
dehydrogenation after transport and storage (24–
27).
In our previous work we provided an overview
and perspectives on the LOHC technology among
different hydrogen storage and transportation
technologies (27). This study describes the
potential deployment and integration of LOHCs
within different industries. These include: the
transportation sector (automobiles, ships, trains);
steel and cement industries; the use of stored
hydrogen to produce fuels and chemicals from flue
gases; a system integration of fuel cells and LOHCs
for energy storage.

2. System Integration of Fuel
Cells and Liquid Organic Hydrogen
Carriers for Electrical Energy
Storage
Renewable sources, typically wind or solar, provide
the energy required for the electrolysis of water to
produce hydrogen (26). For the electrolysis stage,
polymer electrolyte membrane (PEM) electrolysis
is the preferred method, due to the ability of the
system to respond to the characteristic fluctuations
in renewable energy power supplies (25). The
hydrogen produced can then be stored in LOHCs
(through the hydrogenation step, Figure 1).
Interestingly, it has been reported that when
dibenzyltoluene is employed as the LOHC, the
hydrogen produced via electrolysis does not need
to be dried before the catalytic hydrogenation
reaction (28). When a ruthenium-based catalyst
was used in a pellet form rather than as a powder,
the activity of the catalyst was found to be
virtually unaffected by water, while only a small

decrease in hydrogenation activity was recorded
when employing platinum catalysts with wet
hydrogen (28). Costs associated with energyintensive hydrogen drying processes can therefore
be avoided. To better understand this observation,
the tolerance of the catalyst should be investigated
with other LOHC candidates.
When required, the stored hydrogen can
be released from the LOHC (through the
dehydrogenation step) and converted back into
electricity, again using fuel cells. In this step,
either PEM fuel cells (PEMFCs) or solid oxide fuel
cells (SOFCs) can be utilised. PEMFCs are better
designed to produce variable quantities of energy
and thus meet changes in energy demand (25).
Thus, the SOFC technology is only advantageous
when there is a constant electricity demand (25).
Nonetheless, using the SOFC technology to convert
green hydrogen back into electricity is widely
believed to become a future conventional method
for stationary, green electricity production (29).
Furthermore, the waste heat from SOFCs
(operated at 600–1000°C) is of the correct level
to allow its use in the dehydrogenation step of
the LOHC process (25). The coupling of LOHC
technology with SOFCs can therefore improve
the overall efficiency of the LOHC technology. To
emphasise this, scale-up calculations for a LOHC–
SOFC integrated system predict that 1 kg h–1 of
hydrogen is capable of producing around 18.04 kW
of power, corresponding to a SOFC efficiency
of 54.1% (29). Another study suggests that an
overall electrical efficiency of 45% is achievable
with a 10-year SOFC lifespan (30). Such a long
lifespan can be maintained if LOHC vapour does
not damage the SOFC (31).
In contrast, a combination of LOHC systems with
PEMFCs would require heat from another source,
such as burning a portion of the hydrogen produced,
to facilitate the dehydrogenation reaction (25).
This is because the waste heat of PEMFCs (below
180°C) is much lower than the heat required
for the endothermic dehydrogenation process
needed for hydrogen release. Hence an integrated

Transport/storage
Renewable
energy
(solar, wind)

PEMEL/SOFC

Hydrogenation
of LOHC

Dehydrogenation
of LOHC

PEMFC/SOFC

Renewable
Electricity

Transport/storage

Fig. 1. Schematic representation of the integration of fuel cells into LOHC technology (25)
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LOHC–PEMFC system would not be as efficient as a
LOHC–SOFC equivalent (31).
Interestingly, the SOFC technology has also
shown promise when combined with a mixed
LOHC feedstock (29). In a temperature cascade
dehydrogenation process, a eutectic mixture
of N-ethylcarbazole (NEC), N-phenylcarbazole,
ammonia and biphenyl-diphenylmethane increases
the energy generated per unit mass of the LOHC
(kilowatt hour per kilogram LOHC) by 1.3–2
times, compared to an individual LOHC (29). The
system integration of the LOHC technology, fuel
cell technologies and green hydrogen produced
via electrolysis using electricity from intermittent
renewable sources, can thus enable the local
storage of excess energy or renewable electricity.
Such a process is entirely sustainable as no harmful
emissions are produced.
The concept of system integration can be used
as a safety device for the storage of electricity
on a large-scale, such as the National Grid, UK.
There are currently several reports detailing the
problem of electricity fluctuation in the National
Grid, due to the lowered electricity demand during
the COVID-19 pandemic (32). Despite a rise in the
percentage of people working from home, resulting
in an increased demand for domestic electricity,
an overall decrease in electricity demand was

Electrolyser

O2
H2O

He

Power grid

Heat

Domestic
energy
demand

Photovoltaics

Electricity

Power plants

"Energy-trading building"

at

Public power grid

observed (32). This can be attributed to the closure
of non-essential offices, schools, hospitality and
leisure venues. As a consequence, measures such
as temporarily shutting down flexible windfarms
are expected to be taken, in order to lower the
excess of energy in the National Grid (32). Too
much electricity in the National Grid is equally
as concerning as too little electricity, as the rise
in frequency increases the potential to damage
infrastructure (33). As the proportion of renewable
energy in the National Grid will predictably
increase in the future, the fluctuations in electricity
are also expected to increase. An energy storage
technology, such as LOHC combined with fuel cells,
could therefore be extremely beneficial. Similar
would apply to ammonia and methanol, where such
hydrogen carriers can be deployed in combination
with fuel cells.
The above-mentioned energy storage ability
of the LOHC technology has been reported to
have implementation potential in residential and
commercial buildings (localised energy storage)
(Figure 2) (34, 35).
For such an application, heterocyclic aromatic
compounds, such as NEC, have been considered.
Although the fully dehydrogenated form is
a solid at room temperature, which limits
dehydrogenation to 90% and reduces the

H2O

Fuel cell

H2

H2

Hydrogenation
unit

Other
storage
capacities

Fig. 2. Concept of
integrating LOHC and
fuel cell technologies
to provide domestic
energy. Republished with
permission of The Royal
Society of Chemistry,
from (34); permission
conveyed through
Copyright Clearance
Center, Inc
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efficiency of the overall system, NEC is a safer
feedstock than other possibilities (for example a
toxic toluene/methylcyclohexane system). Thus,
the requirements for domestic implementation are
better accommodated (34).
In contrast to an application in which the loadedLOHC is not stored in the vicinity of intended use, a
‘decentralised energy storage’ system is proposed.
This technology also uses fuel cells to meet the
local demands for electrical energy but has the
added economic advantage that any unused
energy can be sold back to the National Grid, for
example. Furthermore, provided the building has
such a resource as solar panels fitted onto the roof,
the potential for a completely self-sufficient system
exists, while any waste heat generated from the fuel
cells, electrolyser and exothermic hydrogenation
process may be used to heat the building (34). Yet,
with the requirement of fuel cells, electrolysers,
hydrogenation and dehydrogenation units, in
addition to LOHC storage tanks, the physical space
requirement and initial economic investment are
high (34). It has, however, been suggested that
houses already possessing a crude-oil storage
tank may avoid the requirement for a subsequent
tank (34).

3. Green Hydrogen for Production of
Sustainable Fuels and Chemicals
The transformation of green hydrogen back into
electricity is just one example which demonstrates
how the LOHC technology can facilitate energy
storage. Green hydrogen, stored and transported
in LOHCs, can also be used as a ‘green’ feedstock
for the synthesis of fuels and chemicals. Moreover,
green hydrogen production and storage is a
vital part of most carbon capture and utilisation
(CCU) technologies which are focused on
capturing CO2 from either air or industrial flue
gases and converting it into chemicals or fuels.
For the moment, the hydrogen required for CCU
technologies is considered to be generated from
sustainable energy resources, however detailed
integrated processes have often not yet been
developed. The availability of green hydrogen
for CCU processes is limited by competing
demands such as hydrogen used in fuel cells for
the transportation sector, and hydrogen used as
domestic and industrial fuel supply.
Green hydrogen production is a key accelerator
of CCU for production of chemicals and fuels at
a commercial scale. Therefore, the production
of hydrogen via electrolysis and its storage and
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transportation using LOHCs (or other hydrogen
carriers such as ammonia or methanol) can be
viewed as an integral part of sustainable chemicals
and fuels manufacturing. One of such examples
is methanol production, with a global production
capacity of around 85 million metric tonnes in 2016,
which is expected to rise in the coming years (36).
Conventionally, methanol is synthesised using
synthesis gas (syngas) produced from fossil fuels.
However, a move towards the use of renewable
hydrogen for sustainable methanol synthesis, using
CO2 captured either from the air or from industrial
flue gases, would enable a reduction of global GHG
emissions.
Thus, a scenario under which low-cost green
hydrogen (i.e. produced at locations with an
abundant energy supply and so cheaper electricity)
is transported using LOHCs to the industrial sites
(for example, cement, steel, refinery industries)
with high CO2 emissions to produce sustainable
chemicals and fuels, might become viable in the
future. Nevertheless, technoeconomic assessments
and market penetration studies are required in
order to understand under which circumstances
this scenario can be realised.

4. Cement Industry
In the coming years, the proportion of electricity to
be obtained from renewable sources is expected to
increase. By 2024, it is predicted as much as 30%
of the global electricity demand will be met with
renewable energy sources: an increase of 4% in
four years (37). The expected 15–30% decrease
in the cost of solar power within the same time
frame is also expected to accelerate the growth of
renewable energy generation sites (37). However,
the fluctuations in renewable electricity supply make
it unreliable for direct industrial use. Integration
of the LOHC technology within a cement plant has
thus been studied as method of energy storage,
which can be utilised to equalise the plant’s energy
output (Figure 3) (38).
The electricity for a cement plant can be supplied
from renewable sources. During favourable
conditions, the excess electricity is converted into
hydrogen via electrolysis, followed by loading
the hydrogen onto the LOHC and storing it. The
dehydrogenation reaction is then performed
at times of insufficient power supply from the
renewable sources. The hydrogen released can be
converted into electricity using fuel cell technology,
a combustion engine or turbine (38). If an adequate
power supply still cannot be achieved with the
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Fig. 3. Schematic
representation of the
coupling of a cement
plant to a LOHC system.
Reproduced from (38),
Copyright © 2016
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Hydrogen burner

added electricity from the storage, the plant can be
connected to the National Grid.
The higher temperatures required for the
endothermic
dehydrogenation
reaction
(i.e.
hydrogen unloading) is a bottleneck of the LOHC
technology, with the requirement of an external
heating source resulting in a lowered system
efficiency. In order to improve the efficiency
of the LOHC system, the heat required for the
dehydrogenation reaction can be coupled to the
waste heat of a cement plant (Figure 3) (25).
Arguably, this is a more suitable solution than the
coupling of the dehydrogenation reaction to the
waste heat from the exothermic hydrogenation
reaction for heat recovery, as this is typically not
of the same temperature level as is required for
the dehydrogenation reaction. The waste heat
from a cement plant, however, is more suitable
(temperature level of up to 600°C) for the
dehydrogenation process. Attractively, this avoids
the need to reduce the efficiency of the process
by burning a portion of the released hydrogen and
there are no extra costs associated with employing
an external heating source (25, 38).
Integrating a LOHC system with a cement
plant allows an overall reduction in the working
electricity cost of a cement plant. For a plant with
an average power demand of 12.5 MW, it has been
found that converting the hydrogen released in the
dehydrogenation reaction to electricity and using
this to power the plant would reduce electricity costs
by around €1 million per annum (38). Although this
saving has not been expressed as a percentage of
the total electricity cost, it has been suggested
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that successful coupling of wind energy and the
LOHC technology to a cement plant would achieve
amortisation in fewer than 10 years. This is on the
condition that investment costs are kept to a limit
of €3.5 million. In addition, it should also be noted
that the savings in electricity costs are calculated
on the assumption that a thermal energy storage
system is also installed, which ensures hydrogen
can be released from the LOHC even in times of
lower exhaust heat from the cement plant (38).
In the absence of such a thermal storage system,
fluctuations in the temperature of the waste
heat must be provided for with the addition of a
hydrogen burner (38).

5. Steel Industry
The iron and steel industry is responsible for an
annual output of approximately 2.5–3.0 GtCO2
year–1, with up to 10% originating from within the
European Union (EU). This represents 6% of total
global CO2 emissions, and 16% of total industrial
CO2 emissions. To reach the EU climate targets, the
iron and steel industries must decrease their CO2
emissions by up to 90% by 2050. Several processes
are being explored to reduce CO2 emissions from
the steel industry. They can be broadly divided into
two categories: carbon-based (coal- or natural gasbased) and hydrogen-based steel production (39).
In carbon-based steel production, the residual
gas emissions from the iron and steel industry
can be transformed into valuable products, such
as fuels or chemicals, or captured and stored or
both. Hydrogen-based technologies, which use
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hydrogen as the reducing agent instead of carbon,
avoid carbon emissions altogether, provided that
hydrogen used in these processes is carbon-free
hydrogen, produced by electrolysis of water using
renewable electricity.
Numerous steel manufacturers have started
to explore hydrogen-based technologies. As an
example, voestalpine AG, Austria, has set up a goal
of direct avoidance of CO2 emissions in their steel
manufacturing over the coming years by moving
towards the use of green hydrogen for steel
production (i.e. direct reduction of iron (DRI)). To
this end, voestalpine together with their project
partners have commenced the production of green
hydrogen at the voestalpine premises in Linz,
Austria within the framework of the EU-funded
project called H2FUTURE (40, 41). In this project,
the proton exchange membrane electrolysis
technology is demonstrated on an industrial scale
(6 MW), simulating rapid load changes in electricity
generated from renewable energy sources and from
electric arc furnace steelmaking (grid balancing).
Thyssenkrupp Steel Europe AG, Germany’s biggest
steelmaker, is also looking into using hydrogen
for steel manufacturing. RWE AG, a German
multinational energy company, and Thyssenkrupp

Blast furnace route

Steel Europe AG have agreed to collaborate towards
a longer-term hydrogen partnership to supply
green hydrogen for steel manufacturing (42, 43).
RWE plans to build a 100 MW electrolyser which
can produce 1.7 tonnes of hydrogen per hour
for Thyssenkrupp Steel Europe AG. This could
potentially cover 70% of the quantity required by
the Thyssenkrupp steelmaker’s blast furnace in
Duisburg, Germany.
Another example is a joint venture between
SSAB, LKAB and Vattenfall, all in Sweden, within
the framework of the Hydrogen Breakthrough
Ironmaking Technology (HYBRIT) project. The aim
is again to reduce CO2 emissions and decarbonise
the steel industry by replacing coal with hydrogen
in the steelmaking process to produce fossil-free
steel at Sweden’s pioneering fossil-free steel
production plant (Figure 4) (44–46).
Interestingly, the HYBRIT project faces two major
challenges: (a) to develop an effective process
to use 100% hydrogen on an industrial scale;
(b) to produce hydrogen in an energy efficient way
that is economically justifiable and commercially
viable (46). To this end, the HYBRIT project has
recently invested SEK 200 million (£17.5 million)
in a pilot plant for storage of green hydrogen in

HYBRIT route
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pellets
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Pelletising

Non-fossil fuels
Iron ore
pellets

Fig. 4. Steel
manufacturing in the
HYBRIT route using
green hydrogen vs. blast
furnace route. Reprinted
from (46) under Creative
Commons Attribution 4.0
International (CC BY 4.0)
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Lulea, Sweden near the SSAB steel manufacturing
site (47). The implementation study for the
HYBRIT initiative has recognised the need for
large-scale storage of hydrogen. To ensure an even
flow of green hydrogen produced from renewable
energy for steel manufacturing at the SSAB site,
a large-scale hydrogen gas storage facility is
required to balance the electricity system with an
increasing proportion of weather-dependent power
generation. It is expected that the integration of
large-scale storage of green hydrogen to a fossilfree value chain for steel manufacturing will allow
the fossil-free steel to be price competitive.
In the HYBRIT project, the 100 m3 subterranean
(25–35 m underground) pilot hydrogen gas
storage facility is built in a bedrock cavern with a
steel lining as a sealing layer to store pressurised
hydrogen (47). In contrast to SSAB, other steel
manufacturing companies might not have the
facilities for the underground storage of green
hydrogen. Furthermore, geographically some of the
steel manufacturing sites might not have access to
low-cost surplus renewable electricity. In addition,
if they are located in energy demanding industrial
districts, numerous sectors will compete for
green hydrogen or renewable electricity to reduce
their CO2 emissions in the near future. To ensure
a competitive production cost for the fossil-free
steel (i.e. DRI technology), an effective hydrogen
storage and transportation technology, such as the
LOHC technology, might thus be required to allow a
reliable and on-demand supply of green hydrogen.
As large-scale storage of hydrogen is an
important part for a fossil-free value chain for steel
manufacturing, it should become an integral part of
the DRI technology. For the deployment of the LOHC
technology in the steel industry, two scenarios can
be foreseen. One is an onsite hydrogen production
and storage in LOHCs. Such a scenario can be
realised when a steel manufacturing site has access
to surplus renewable electricity from intermittent
resources to produce hydrogen that should be
stored to balance the electricity. Another one is using
LOHCs to transport hydrogen, which is produced
at geographical locations with high availability of
renewable electricity, to a steel manufacturing site
with low availability of renewable electricity but high
demand for green hydrogen.

6. Mobility Application: Transport
Industry
BMW AG, Germany, has been developing
automobiles that employ hydrogen technology
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for around 40 years (48). The first model built
using such a technology was named the BMW
Hydrogen 7, and comprised the storage of liquid
hydrogen in a cryogenic tank. However, during its
early development serious technological challenges
were realised (48). For instance, sufficient hydrogen
storage space must be provided to enable longerdistance travel, but size and weight limitations for a
practical motor vehicle must also be considered. In
addition, the safety risks associated with burning
hydrogen in the internal combustion engine must
also be adequately minimised. As only 100 vehicles
of the Hydrogen 7 model were ever released, it
can be deduced that the disadvantages of the
technology outweighed the advantages (48). More
recently, BMW has announced a partnership with
Toyota Motor Corporation, Japan, to develop a fuel
cell-based system suitable for integration within its
motor vehicles (49). It is predicted that the new
model will be commercially available by 2022 (49).
As an alternative for onboard liquid hydrogen
storage in mobility applications, the LOHC
technology has been suggested (Figure 5) (50).
Advantageously, onboard storage of hydrogen
in the LOHC would resemble that of gasoline
and diesel (liquid state of the LOHC at ambient
pressures), which is widely understood, and the
safety hazards of storing high-pressured hydrogen
are removed (48). Moreover, a range of 500 km is
reportedly achievable using 100 l of NEC loaded
with hydrogen (equivalent to 5 kg of hydrogen) as
the LOHC (48).
For motor vehicles, the loaded LOHC would be
transported to the refuelling station, before a
subsequent release of hydrogen from the carrier
in a catalytic dehydrogenation reaction occurring
onboard the vehicle (50). In contrast to diesel and
gasoline fuels, the dehydrogenated LOHC would
not be consumed, but stored within the vehicle
until replaced with new hydrogen-loaded material
at a designated station (48). The unloaded LOHC
can then be transported back to a hydrogenation
site and reloaded. Therefore, either two tanks,
or a tank capable of separating the loaded and
unloaded forms of the LOHC, is required. The
hydrogen produced could then be used in an
internal combustion engine or combined with fuel
cell technologies. Despite the burning of a portion
of hydrogen to meet the working temperature of
a typical fuel cell, it has been predicted that the
overall efficiency would still be higher than that of
a combustion engine (48).
Highlighting the attractiveness of implementing
the LOHC technology within the mobility sector,
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Hyundai Motor Company, South Korea, has recently
announced plans to develop an onboard LOHC
storage technology (51). This encompasses a
partnership with Hydrogenious LOHC Technologies
GmbH, Germany, who will supply dibenzyltoluene
to be used as the LOHC. Initially, the technology
will be introduced in South Korea, before being
extended to the European market (51). It is
expected that the development of LOHC compatible
automobiles will raise the profile of the technology
as an important tool in the transition to the
hydrogen economy.
The use of hydrogen in maritime applications is
also an active research area aimed at reducing
the pollution from the maritime industry. One of
the major challenges is the storage of hydrogen
on board of ships (52). The LOHC technology is
seen as one of the potential hydrogen storage
solutions (52–54). For instance, the use of a
double chamber tank system has been proposed,
which is capable of separating the loaded and
unloaded carriers during the fuelling process into
different sections of the tank (53). Nevertheless,
providing a suitable level of heat to facilitate the
dehydrogenation reaction remains problematic.
Similarly, the use of LOHCs in trains has also been
considered (55). Since a significant portion of trains
are currently operated using diesel, or a combination
of electricity and diesel, future environmentalfocused objectives are likely to concentrate heavily
on finding alternatives to these fuels (55). Although
trains can be powered electrically with renewable
electricity to meet zero-emission transportation
goals, building the infrastructure of overhead
wiring is relatively expensive. Currently, 42% of the
UK railway routes are electrified and can become
zero-carbon when using renewable electricity (56).
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The remaining 58% still rely on diesel (56). An
alternative approach to electrification is the use of
hydrogen fuel cells to generate electricity onboard
to power trains (57). Hydrogen powered trains
have a potential to revolutionise railway operations
in Europe (56).
Using LOHCs for onboard hydrogen storage,
coupled with hydrogen fuel cells for electricity
production to power trains would avoid the
production of hazardous emissions (i.e. CO2, soot,
nitrogen oxides), while still permitting long-distance
travel, an essential criterion for trains. In a recent
study, the LOHC technology (with dibenzyltoluene
as the LOHC) was found to be a very promising
option for hydrogen storage, transport and release
and can be combined with electricity generation by
hydrogen fuel cells to power trains (55). The choice
of dibenzyltoluene as a LOHC was influenced by
its favourable properties, such as low flammability,
low toxicity and liquid-state within the range of
hydrogenation and dehydrogenation temperatures,
in addition to its commercial availability as a heattransfer oil (55). Notably, this technology has been
supposed to be favourable over alternatives, such
as batteries, which are typically characterised
by low energy densities (55). Furthermore, the
hydrogen fuel cell technologies required for the
integration with the LOHC technology for onboard
hydrogen storage are expected to become a lower
cost alternative to battery and diesel options in the
second half of the decade.
Even though the studies into hydrogen-powered
aviation are somewhat immature in comparison to
trains and cars, it is anticipated that sustainable
aviation will quickly become a central research
focus in the coming years. Like other mobility
sectors, hydrogen is again expected to be named
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as a primary energy source for propulsion
in the aviation industry. This can be realised
either through powering aircrafts with electricity
generated through hydrogen fuel cells, direct
burning of hydrogen in gas turbines or using
hydrogen as a building block for production of
sustainable synthetic aviation fuels (58). Notably,
Airbus has already revealed three hydrogenpowered planes to lower aircraft emissions,
which comprise the use of hydrogen gas-turbine
engines (59, 60). In addition, Airbus SE, The
Netherlands, has postulated the combined use of
hydrogen fuel cells with a gas-turbine engine to
create a ‘highly efficient hybrid-electric propulsion
system’ (61). The urgency of this sustainable
transition has also been emphasised by the
Swedish government. A mandatory reduction in
GHG emissions, originating from aviation fuels,
will be introduced for fuel to be sold in the country
from 2021 (62). This will start at a 0.8% reduction
in 2021 and reach 27% by 2030, in preparation
for reaching their national fossil-free target in
2045 (62).
In summary, the LOHC technology is an attractive
solution for the storage and transportation
of hydrogen to allow a reliable and ondemand hydrogen supply, enabling industrial
decarbonisation. The potential deployment and
integration of the LOHC technology within different
industries, such as the transportation sector, steel
and cement industries, the use of stored hydrogen
to produce sustainable fuels and chemicals from
flue gases, and a system integration of fuel cells
and LOHCs for energy storage, is depicted in
Figure 6.

267

7. Summary and Perspectives
The possibility of deployment and integration of
LOHC systems within different industries is reviewed
in this study. These include: the transportation
sector, steel and cement industries, the use of
stored hydrogen to produce fuels and chemicals
from flue gases and system integration of fuel cells
and LOHCs for storing renewable electricity. An
effective system integration of the LOHC technology
with different industries might help with the
cost reduction of the LOHC technology, when for
example, waste heat is used for dehydrogenation
of LOHCs. Importantly, the deployment of the
LOHCs for storage and transportation of hydrogen
to allow a reliable and on-demand hydrogen supply
might enable energy-intensive industries to reduce
their emissions and meet decarbonisation goals.
Numerous possibilities for the deployment and
integration of LOHCs within different industries
might necessitate the use of different LOHC carriers
in each instance. While a carrier choice offers a large
amount of flexibility in the LOHC technology, the
myriad of possible carriers and catalysts combined
with reactor technologies might be considered as
one of the factors impeding the integration and
commercial deployment of the LOHC technology
across different industries. Customer-tailored
solutions and offerings might need to be developed
to accommodate specific requirements. A review
of the most prominent LOHC systems, focusing on
properties of LOHCs and catalytic materials used
for hydrogenation and dehydrogenation of LOHCs,
is presented in our following work dedicated to the
analysis of LOHC systems (63).
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Liquid organic hydrogen carriers (LOHCs) provide
attractive opportunities for hydrogen storage and
transportation. In this study, a detailed examination
of the most prominent LOHCs is performed,
with a focus on their properties and scope for
successful process implementation, as well as
catalytic materials used for the hydrogenation
and dehydrogenation steps. Different properties
of each potential LOHC offer significant flexibility
within the technology, allowing bespoke hydrogen
storage and transportation solutions to be provided.
Among different LOHC systems, dibenzyltoluene/
perhydro-dibenzyltoluene has been identified as
one of the most promising candidates for future
deployment in commercial LOHC-based hydrogen
storage and transport settings, based on its physical
and toxicological properties, process conditions
requirements, availability and its moderate cost.
Platinum group metal (pgm)-based catalysts have
been proven to catalyse both the hydrogenation
and dehydrogenation steps for various LOHC
systems, though base metal catalysts might have
a potential for the technology.
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1. Introduction
The LOHC technology could be an attractive solution
for storing and transporting green hydrogen,
facilitating the transition to the hydrogen economy
(1–16). To better assess the implementation
potential of the technology, it is necessary to review
the most promising LOHC candidates, catalysts
and system operating conditions in further detail.
Early investigations into the LOHC technology
were conducted in the 1980s and were focused
around using benzene/cyclohexane or toluene/
methylcyclohexane systems (2, 17–20). Such
systems were chosen for their high energy storage
capacities and thus were predicted to allow the
development of an efficient technology (10).
Interestingly, even at the very outset of these
experiments, the efficiency of the technology
was evaluated in a combined scheme with water
electrolysis (17). In terms of toxicity, a toluene/
methylcyclohexane
system
was
considered
preferable, but the benzene/cyclohexane system
was also studied further; in 2000 it was reported that
100% conversion of cyclohexane to benzene could be
achieved at 175°C if a palladium membrane reactor
was used (17). In the time since, numerous LOHC
molecules have been investigated and assessed in
terms of their technoeconomic and environmental
impacts, with several carriers being noted to have a
great potential for the LOHC technology.
Once established that a benzene/cyclohexane
system facilitated the storage of hydrogen,
substitutes to the known carcinogen, benzene,
have been sought to reduce the hazards associated
with the technology and facilitate its deployment
(Table I). In addition, alternative systems which
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reduce the thermodynamic limitations associated
with benzene (i.e. high temperature requirement
for cyclohexane dehydrogenation) have been
studied (21). This is important, given high
temperatures increase the energy intensity, and
thus the total costs of the LOHC technology.
A very common alternative to benzene is
N-ethylcarbazole (NEC) and more generally,
N-containing aromatic heterocycles (2). This
class of compounds is recognised for their lower
dehydrogenation enthalpy when compared against
other LOHCs. For example, the dehydrogenation
enthalpy of perhydro-NEC (53.2 kJ mol–1 hydrogen)
is significantly lower than that of methylcyclohexane
(68.3 kJ mol–1 hydrogen), and hence hydrogen
release from perhydro-NEC is possible at lower
temperatures (22). This reduces energy costs
and increases system efficiency. However, NEC is
significantly more expensive than toluene (€40.00 kg–1
and €0.30 kg–1, respectively), which could hinder
the large-scale commercial implementation of this
particular LOHC (1, 2). Additionally, the solid state of
the fully dehydrogenated NEC at room temperature
complicates its handling and transport and can thus
require dilution, which significantly reduces the
efficiency of the system (1). Solidification of a carrier
also diminishes the key liquid-nature advantage
of using LOHCs as storage materials. As a result,
several subsequent studies have since concentrated
on seeking alternatives with higher boiling points and
lower melting points, ensuring the carrier remains a
liquid at ambient conditions throughout the cycle.
A higher boiling point of the storage or transport

medium also reduces the likelihood of atmospheric
pollution via evaporation and inhalatory exposure to
potentially hazardous vapours, as well as lowering
LOHC flammability (23).
The heterocycle quinaldine (with a lower melting
point than NEC) has recently gained research
interest. Decahydroquinaldine (H10-QLD) is
reported to require a lower minimum temperature
to
achieve
a
dehydrogenation
equilibrium
corresponding to 99.99% hydrogen recovery
when compared to alternative LOHC candidates,
such as methylcyclohexane and dibenzyltoluene
(DBT) (24). Although a quinaldine system has an
ecotoxicity approximately equivalent to diesel oil, it
is less biodegradable (23). Of a series of quinaldine
compounds tested, only 2-methylquinoline was
noted to be biodegradable: thus, a spillage of an
alternative, non-biodegradable quinaldine (as is
occasionally reported for fossil fuels) could persist
for several years (23). In this regard, traditional
fossil fuels could be considered superior over
LOHCs: diesel oils primarily consist of chains of
linear hydrocarbons of which the majority can
decompose. Yet, for the diesel fraction of more
complex structures this is not the case (23).
The potential of many more carriers has been
assessed and reported in the literature, each
focusing on a favourable property which would
be beneficial for LOHC technology. For instance,
amine boranes have been reported to have high
gravimetric storage densities and comparable
overall efficiencies to other LOHC candidates,
although regeneration of such a carrier presents a

Table I Comparison of the Properties for Selected Liquid Organic Hydrogen Carrier
Candidates (1, 6)
LOHC
candidatea

NEC
H0/H12

DBT
H0/H18

NAP
H0/H10

TOL
H0/H6

AB
H0/H6

Hydrogen, wt%

5.8b

6.2

7.3c

6.2

7.1

Energy density, kWh l–1

2.5

1.9

2.2d

1.6

2.4

Cost, € kg

40

4

0.6

0.3

n.d.

Liquid range, °C

68–270 /
20–280

–39–390 /
–45–354

80–218 /
–43–185

–95–111 /
–127–101

–45–87/
63–87

Dehydrogenation temperature, °C

180–270

270–310

210–300

250–450

80

Hydrogenation temperature, °C

80–180

150–200

80–160

90–150

80

–53.2

–65.4

–66.3

–68.3

–35.9

Hazard information

–

H305

H228, H302,
H351, H400,
H410

H225, H304,
H315, H361d,
H336, H373, H412

n.d.

Flash point, °C

186

212

78

4

22

–1

Reaction enthalpy, kJ molH2

–1

a

NEC: N-ethylcarbazole, DBT: dibenzyltoluene, NAP: naphthalene, TOL: toluene, AB: 1,2-dihydro-1,2-azaborine, n.d.: no data available
NEC is a solid at room temperature, severely restricting dehydrogenation and thus hydrogen weight percent
Naphthalene is also a solid at room temperature, dilution with toluene reduces hydrogen storage to 3.8 wt%
d
Dilution with toluene reduces energy density to 1.1 kWh l–1
b
c
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challenge (21). Nevertheless, amine boranes have
previously been employed as a disposable hydrogen
source in fuel cell-based applications (25).
Nevertheless, it is evident that some LOHC
systems are emerging as favourites (1, 2, 26).
One of the most well-studied LOHC candidates is
the DBT/perhydro-DBT system. A well-known and
commercially available heat transfer oil, DBT has
a much lower melting point than NEC and can
thus be considered like a more traditional liquid
fuel (such as gasoline) with the advantage of low
flammability. Yet, important differences between
gasoline and DBT are the higher viscosity and
lower volatility of DBT. The cost of DBT (€4 kg–1)
is also significantly lower than NEC (€40 kg–1) (1).
Moreover, DBT is commonly regarded to have a
good thermal stability, low toxicity and reasonable
hydrogen storage capacity (6.2 wt%), highlighting
the potential of this compound for the LOHC
technology (27, 28). However, possible factors
impeding commercial implementation of the LOHC
technology with DBT as a carrier could comprise the
relatively high dehydrogenation temperature and
high cost (for example, compared to toluene) (23).
The evaluation of each LOHC medium also
requires the implicit assessment of hydrogenation
and dehydrogenation catalysts. The studies of the
hydrogenation and dehydrogenation steps of a
LOHC cycle are typically performed independently,
employing
different
catalysts.
Where
the
dehydrogenation and hydrogenation plants are found
at different locations, this allows for optimisation of
the separate reactions and catalysts. However, if the
LOHC technology were to be focused more around
the onsite hydrogen storage function, rather than
transportation ability, a catalyst which is suitable
for both reactions would be most favourable,
with the interchanging of hydrogenation and
dehydrogenation reactions driven by a change in
pressure and a moderate change in temperature in
the same reactor (29–31). Clearly, the requirement
for only one catalyst and one reactor for both
hydrogenation and dehydrogenation reduces the
costs associated with this application (10).
As the dehydrogenation process is an endothermic
reaction, this part of the LOHC cycle presents
greater challenges than that of hydrogenation.
Thus, a great proportion of studies has focused
their efforts towards evaluating effective catalysts
for the dehydrogenation process. Several literature
sources state that the dehydrogenation process
contributes significantly to the overall cost of
the LOHC technology (32, 33). In particular,
it has been suggested that improvements to
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catalytic performance could lower the cost of the
dehydrogenation reaction by almost 40% (32).
Catalysts based on pgm are commonly used for
hydrogenation and dehydrogenation processes
of the LOHC technology (10, 34). Nevertheless,
nickel-based catalysts have shown promise for the
use within the LOHC technology, but further catalyst
development is required to address the selectivity
issues. Monometallic nickel catalysts are so active in
hydrogenation reactions that unwanted reactions,
such as C–C cleavage, can occur (35). Additionally,
it has been reported that nickel-based catalysts
could be problematic if employed for feedstocks
comprising oxygen or nitrogen functionalities. This
is because nickel catalysts are also very active in
hydrogenolysis side-reactions (35). For example,
it has been reported that aryl ethers can be
converted into arenes and alcohols without any ring
hydrogenation (36). This would be an extremely
unfavourable reaction for the LOHC technology,
as no hydrogen storage is facilitated. Such issues
might be overcome by the development of bimetallic
nickel-based catalytic systems. In addition to their
high activity, the addition of a second metal to a
nickel-based catalyst, such as nickel-copper on
activated carbon cloth, has been suggested to
suppress unfavourable side reactions (for example,
hydrogenolysis) by electronic modification of nickel.
This improves selectivity and overall efficiency of
the LOHC technology (37). Another example of
improved selectivity for the ring hydrogenation
when using nickel-based catalysts, is an addition of
zinc which blocks sites for C–C dissociation (38, 39).
The comparatively high reducibility of several
bimetallic catalysts (including nickel-copper and
nickel-cobalt), further highlights their potential for
implementation within the LOHC technology (40).
Although the development of novel catalysts
(pgm-free or with reduced pgm content) might
lower the costs associated with the LOHC
technology, as well as risks associated with reliance
on highly fluctuating costs of pgms, the key to this
technology is catalyst performance (space-time
yield, selectivity, lifetime). This is essential to reduce
energy intensity during loading and particularly
unloading of the LOHCs (32, 33). Catalyst stability
is a particular issue in the dehydrogenation step
of the LOHC cycle, where reaction temperatures
are typically higher than those required for the
hydrogenation step (41). It is expected that over
time, catalyst degradation from carbonisation will
occur, although the exact identity of such residues
remains largely unknown (42). Catalyst reactivation
could be achieved by implementing a regular
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cleaning procedure, which for noble metal catalysts
often involves thermal treatment with oxidative
substances (for example, air, oxygen) (42).
However, this process is highly dependent on the
catalyst and reactor used. For 0.5 wt% platinum on
alumina core shell pellets exposed to dynamic DBT
experiments for three months (dehydrogenation
temperatures between 280°C and 320°C), major
regeneration was achieved between 200°C and
300°C, although complete regeneration could
not be attained. Oxygenates and carbon dioxide
were also produced during catalyst regeneration,
which were suggested to contribute to catalyst
restructuring (42). The study of Oh et al. highlighted
that a palladium catalyst supported on carboncoated alumina was more stable than palladium
on alumina or palladium on carbon catalysts as
the carbon-coated alumina support prevented the
sintering of palladium nanoparticles into larger
particles (43). Here, perhydro-2-(n-methylbenzyl)
pyridine was deployed as the LOHC (43). However,
most literature studies discuss the stability
of the catalyst over only a limited number of
hydrogenation/dehydrogenation
cycles.
Thus,
further work is required to assess catalyst stability
over longer time periods.

2. Analysis of Liquid Organic
Hydrogen Carrier Systems
2.1 Benzene/Cyclohexane
Although benzene, which is the hydrogen-lean
form of the benzene/cyclohexane LOHC system
(Figure 1), is a known carcinogen (the most
significant drawback of this specific system), several
studies have been conducted into the properties of

Hydrogenation
+ H2

– H2
Dehydrogenation

Fig. 1. Benzene/cyclohexane LOHC system
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effective hydrogenation/dehydrogenation catalysts
for this model feedstock.
Hydrogenation is generally accepted to occur
via associative adsorption of benzene onto the
catalytic surface. During the hydrogenation step,
it is believed the carrier molecules are arranged
as п-complexes and are hydrogenated in a
stepwise fashion, through a series of cycloolefins
(Figure 2) (44). This is supported with the
detection of cyclohexene (44).
Early research concluded that monometallic
iron-catalysts
with
body-centred
structures
were essentially inactive for the hydrogenation
of benzene, while the activity of a mixed
iron‑cobalt catalyst decreased with increasing
iron content (45). Since cobalt and nickel, both
with face-centred cubic structures, were found
to be active for the reaction, it was assumed the
body-centred structure of iron was responsible
for its inactivity (45). However, a monometallic,
face-centred copper catalyst was deemed to be
completely inactive unless in the presence of a
suitable promoter, such as nickel (45). The inactivity
of the copper catalyst has since been attributed to
difficulties in obtaining a suitably high dispersion
on the catalyst support, while the mechanism of
the promotional effect observed with the addition
of nickel remains a topic for debate (35). Several
hypotheses for this have arisen, including a
changing in copper crystal structure, or an alteration
in surface concentration as a consequence of nickel
collection (45). Interestingly, even in the very early
studies, it was clear that palladium has a high
activity for the reaction, but only on the condition
that the surface area was sufficiently high, while
the conversion is also reported to be catalysed by
rhodium(I) complexes (45, 46).
Nickel-based catalysts are frequently considered
for ring-hydrogenation reactions, with several
detailed studies revealing key information for
future catalyst development. For example, the
hydrogenation of benzene using nickel catalysts
has been suggested to be a structure insensitive
reaction, while an unexpectedly low activity at
low nickel loadings (less than 5 wt%) is the result
of a nickel aluminate spinel formation, when an
alumina support is used (47). More commonly
however, this spinel structure is formed at high
reaction temperatures. Although expected, these
findings are important, signifying not only the
choice of metal, but also the properties of the
support (such as acidity, interaction with the metal)
and reaction conditions play a role in determining
catalytic performance. The move from pgm-based
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Fig. 2. The stepwise
hydrogenation of
benzene (44)
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catalysts to base metal catalysts could also lower
the cost associated with the LOHC technology as
well as reliance on highly fluctuating costs of pgms
(48, 49). This is provided that comparable or even
improved catalytic performance can be achieved.
Nickel is also widely referenced for its activity
in catalysing the dehydrogenation reaction of
cyclohexane. Given the low boiling point of
cyclohexane (81°C), this reaction is often performed
in the gaseous phase. The studies have shown that
when using a cyclohexane feedstock, a bimetallic
nickel/platinum combination (20 wt% nickel
and 0.5 wt% platinum) can improve catalytic
dehydrogenation activity 60-fold when compared
to using a monometallic platinum catalyst (0.5 wt%
platinum on activated carbon cloth), or 1.5-fold
when compared to a monometallic nickel catalyst
(20 wt% nickel on activated carbon cloth) (34).
In addition, selectivity in the dehydrogenation
reaction was improved using various monometallic
nickel catalysts with the addition of platinum (50).
For these cyclohexane dehydrogenation studies, a
spray-pulsed reactor was used at a temperature of
300°C (34).
The concept of improved catalytic performance
through the use of bimetallic combinations has also
been reported for silver-based catalysts, employed
for the benzene hydrogenation reaction (34).
Here, the same spray-pulse reactor and reaction
temperature (300°C) as discussed for the platinum
catalyst above was used. For the most significant
catalytic enhancement, it was concluded that
the secondary promoter must be classified as a
pgm (34). As an example, the hydrogen production
rate was doubled when using a platinum-promoted
silver catalyst on activated carbon cloth (1 wt%
platinum + 10 wt% silver) compared to the
non‑promoted 10 wt% silver equivalent (34). This
was suggested to be the result of a synergistic effect
between the two metals for breaking C–H bonds,
high hydrogen reverse-spillover, or hydrogen
recombination abilities of the catalyst (51). The
improvement in catalytic activity of the silver
catalysts promoted with 1 wt% of a pgm were
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found to follow the trend: platinum > rhodium >
palladium, although catalyst stability improved in
the order platinum > palladium > rhodium (51).
The study did not comment on expected lifetime
of the catalysts, highlighting the need for further
research regarding key performance indicators
(activity, selectivity, lifetime).

2.2 Toluene/Methylcyclohexane
To catalyse the hydrogenation of toluene to
methylcyclohexane, palladium-based catalysts
have been reported to be effective. For example,
in 1 h a 10 wt% palladium/carbon catalyst can
achieve a 90% toluene conversion at 80°C and
15 bar hydrogen pressure, when the hydrogenation
reaction is performed in a batch reactor (52).
Interestingly, when this palladium on carbon
catalyst was coated with a liquid coordination
complex (LCC), the conversion of toluene
increased to 99.9%, under otherwise identical
reaction conditions (52). LCCs are described as
‘ionic liquid-like’ Lewis acid species, with their
equilibrium composition containing cations, anions
and neutral components (52). In this experiment,
the LCC was synthesised from aluminium chloride
and urea (52). It was concluded that only a thin
film of the liquid (ionic liquid coating at 13 wt%)
was required to improve the catalytic performance;
when larger quantities were applied to the catalyst
a decrease in activity was observed as a result of
pore blocking and mass diffusion limitations (52).
As for benzene hydrogenation, platinum-based
catalysts have also been found to be successful
in catalysing the hydrogenation of toluene to
methylcyclohexane. For example, a 0.3 wt%
platinum catalyst supported on zeolite CBV‑780
(silicon:aluminium ratio of 40) is capable of
achieving full hydrogenation at just 120°C,
with a hydrogen pressure of 30 bar (53). The
activity of the catalyst notably decreased when
alloyed with palladium. A trimetallic combination
of nickel, cobalt and molybdenum on a zeolite
support was also found to effectively catalyse
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this hydrogenation reaction (54). In a batch
reactor, with a reaction temperature of 200°C
and a hydrogen pressure of 20 bar, it was found
that a HY support (silicon:aluminium ratio of 5.1)
allowed for superior catalytic activity after 30 min
on-stream, when compared to using mordenite,
HY (silicon:aluminium ratio of 80) or ZSM-5
alternatives. In explanation, the authors propose
the larger pore volume and pore diameter of the
HY support (silicon:aluminium ratio of 5.1) reduces
pore diffusion limitations (54).
Moreover, monometallic nickel-based catalysts
are effective for toluene hydrogenation (55). For
example, one study highlighted the increase in
catalytic activity observed for a 20 wt% nickel
catalyst, compared to a 5 wt% nickel catalyst,
both supported on gamma-alumina (55). Since
it is generally accepted that an increase in the
number of metallic active sites increases catalytic
activity, this result is unsurprising (55). However,
it was also found that employing supports of
different alumina phases (γ-Al2O3 or ĸ-Al2O3)
has different effects on catalytic activity when
different nickel loadings are used. For instance, a
significantly higher catalytic activity was reported
for a 5 wt% Ni/ĸ-Al2O3 catalyst than for a 5 wt%
Ni/γ-Al2O3 (toluene conversions of 98% and
28%, respectively), under the same reaction
conditions (55). Yet at higher nickel loadings an
opposite trend was observed: a 20 wt% Ni/ĸ-Al2O3
catalyst resulted in a lower toluene conversion
than that of a 20 wt% Ni/γ-Al2O3 catalyst, although
the difference in activities between the catalysts
is smaller at this higher nickel loading (55). In
explanation, it was concluded that changes in
reducibility of the surface nickel sites has a
larger effect on the observed activity than simply
the number of active sites present (55). These
reactions were performed in a plug-flow reactor,
using 0.1 g of catalyst (55).
Nickel on kaolinite catalysts have also been
considered for the hydrogenation of toluene (56).
Using a flow-type system at ambient pressures, it
was found that modification of the catalyst with
a small amount (2 wt%) of either potassium or
zinc (using KNO3 or Zn(NO3)2) increased catalytic
activity, which was attributed to a decrease in
interaction strength between the nickel and
kaolinite. Yet, a larger modification (3–7 wt%)
resulted in a significant decrease in activity (56).
This was proposed to be a result of potassium
covering the nickel active sites, or an unfavourable
zinc-nickel interaction (56).
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The dehydrogenation reaction (methylcyclohexane
to toluene, Figure 3) typically employs a platinum
or nickel-based catalyst, supported on alumina (1).
Reaction temperatures for such catalysts often
vary between 350°C and 450°C (with a general
increase in temperature increasing the conversion
of methylcyclohexane to toluene before equilibrium
is reached) (57, 58). Another study highlighted
the influence of process conditions on increasing
conversion of methylcyclohexane and lowering
operating temperatures by using efficient palladium
or palladium-alloy membranes in catalytic
membrane reactors. Such reactors combine
the catalytic dehydrogenation reaction with the
extraction of hydrogen in a single unit (58).
Interestingly, a potassium-platinum on alumina
catalyst was reported to achieve a hydrogen yield
of 95%, when employed at 320°C in a fixed-bed
reactor, which is slightly above the typical yield
range given above (1). Moreover, an excellent
selectivity (>99.9%) was reported for this
reaction (1). A Raney-nickel catalyst has also been
reported to achieve a 65% yield after 30 min onstream, under multiphase reaction conditions (59).
Although this reaction was performed at the lower
reaction temperature of 250°C, the Raney-nickel
catalyst is not a suitable candidate to catalyse
the reactions of the LOHC technology (1). This is
in view of the accompanying isomerisation and
disproportionation reactions which would ultimately
necessitate the need for more frequent LOHC
replacement (1). It should be noted that from a
thermodynamic viewpoint, the dehydrogenation
of methylcyclohexane, like all LOHC candidates,

Hydrogenation
+ H2

– H2
Dehydrogenation

Fig. 3. Toluene/methylcyclohexane LOHC system
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should be performed at the lowest possible pressure
as this facilitates the use of the lowest possible
temperature for full conversion to toluene (34).
However, in practice, it has been found that such
conditions may not be compatible with the catalyst,
potentially resulting in side reactions and catalyst
deactivation (34).
As has already been stated, the catalyst
support materials can be modified to increase
catalytic performance (34). For the toluene/
methylcyclohexane system, it was concluded that
the hybrid composite support alumina-titania
was responsible for a huge increase in catalytic
dehydrogenation activity, when compared to
alumina (99% and 16.5% methylcyclohexane
conversion, respectively, where nickel is the active
site) (34). In addition, properties of the perovskite
La0.7Y0.3NiO3, and metal oxides including La2O3,
CeO2 and MnO2 have been evaluated in terms
of their suitability as catalyst supports for the
dehydrogenation of methylcyclohexane (34, 60).
Most notably, it was found the hydrogen production
rate more than doubled when comparing
the Pt/La2O3 and Pt/La0.7Y0.3NiO3 catalysts
(21.1 mmol gmet–1 min–1 and 45 mmol gmet–1 min–1,
respectively) (60). These reactions were conducted
in a spray-pulsed reactor.
This particular LOHC system has also been
studied alongside a palladium membrane reactor,
which allows for purification of the hydrogen
released from the LOHC (34). Contaminants of
the hydrogen can include carbon monoxide, CO2,
methane and cyclic hydrocarbons and have been
reported to be present in quantities between
100 ppm and 1000 ppm, depending upon the
operating conditions of the LOHC system (61).
The exact origins of the impurities remain
unknown, but it is believed a combination of
atmospheric oxygen and residual moisture in the
LOHC is responsible for the formation of carbon
monoxide and CO2, while partial decomposition
of the LOHC at high reaction temperatures, or
contaminants from the production of the LOHC,
can explain the hydrocarbon presence (61). The
quality of the hydrogen released depends upon
the intended application: for example, several
fuel cells have specific regulations on compatible
hydrogen purity (61). Despite this, only a few
examples of hydrogen purification processes exist
in the literature, most of which employ palladium
membranes. This is not surprising, considering
palladium has a high hydrogen solubility, permitting
effective separation of hydrogen and contaminants
at high temperatures (typically above 300°C) (61).
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A palladium membrane reactor has been
reported to have a dual functionality, acting both
as a dehydrogenation reactor and a hydrogen
purification system (34). The dehydrogenation
of methylcyclohexane using such a reactor and a
1 wt% platinum on alumina catalyst, permitted
the use of a 20°C decrease in temperature than
would otherwise be required to achieve the
same conversion (70%) without employing the
membrane (225°C and 245°C, respectively) (34).
In addition, the platinum catalyst demonstrated
good stability and selectivity within the temperature
range 150–325°C, with no significant deactivation
for approximately 600 h time on-stream (62). A
5 µm palladium-silver membrane, coupled with a
microstructured system, has also been reported to
effectively purify the hydrogen released (61).

2.3 Naphthalene/Decalin
Boasting a high theoretical hydrogen storage
capacity of up to 7.4 wt%, a naphthalene/decalin
LOHC system has been considered (Figure 4).
However, in practice, dilution with a solvent such as
toluene is necessary to keep the LOHC cycle within
the liquid phase (melting point of naphthalene:
80°C). This lowers the overall hydrogen capacity
to 3.8 wt% (1). For this reason, the naphthalene/
decalin system is less widely studied than other
possible carriers, although important learnings
have been gained, which can be transferred
to other LOHC systems. It is worth noting that
decalin exists as structural isomers, and thus an
approximately equimolar mixture of the cis- and
trans-isomers are produced upon hydrogenation
of naphthalene, despite the thermodynamic
favourability of the trans-isomer (1). The exact
cis:trans ratio is naturally dependent on reaction
conditions, in addition to the catalyst itself (1).

Hydrogenation
+ H2

– H2

Dehydrogenation

Fig. 4. Naphthalene/decalin LOHC system
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Much like other LOHC systems, platinum-based
catalysts have also been the focus of most studies
on the hydrogenation of naphthalene (1, 63). Yet, in
contrast to other systems discussed, an aluminium
Mobil Composition of Matter No. 41 (Al-MCM-41)
support was investigated (63). Harsher reaction
conditions (temperatures of 300°C and pressures
of 69 bar) than employed for alternative systems
were required to achieve full hydrogenation
to decalin in 150 min, in a batch reactor (1). It
was found that the reaction temperature could
be lowered to 200°C under the same reaction
pressure, but this imposed the requirement of a
drastically increased reaction time (480 min) (1).
Generally, conclusions from this study are similar
to those of other systems: hydrogenation activity
and selectivity are both strongly dependent on
support properties (63).
Although the hydrogenation process presents its
relative challenges, it is the dehydrogenation step
which confirms the incompatibility of this system
with the LOHC technology. For instance, this
step is likely to produce intermediates including
tetralin (Figure 5). Although tetralin itself can
be dehydrogenated and become part of the LOHC
process, it is unlikely that no tetralin molecules will
remain following the dehydrogenation reaction.
As tetralin is still partially hydrogenated, the
hydrogen storage capacity of the LOHC is lowered
in subsequent cycles. Thus, regular replacement of
the carrier material would be required to ensure
a constant hydrogen storage capacity (34). This
would increase the operating expenditure of the
technology (more LOHC required) in the case of
naphthalene. In light of these challenges, a pilot
scale demonstration is yet to be achieved (1).
Research into the dehydrogenation reaction
of naphthalene has, however, produced some
interesting results. Typically, when employing
a platinum catalyst supported on carbon at
conditions slightly milder than those used for the
hydrogenation reaction (280°C for 150 min at
atmospheric pressure), almost full conversion of
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decalin to naphthalene can be achieved in a batch
reactor system. Furthermore, adding rhenium to
the catalyst (platinum-rhenium on carbon) can
decrease the reaction time from 150 min to 120 min
under otherwise identical conditions (1, 64).
A 3 wt% platinum on carbon catalyst was also
used to investigate the effect of varying the catalyst
preparation method on catalytic performance for
the dehydrogenation of decalin (34). It was found
that advanced methods of preparation, including
ion-exchange and polyol-assisted synthesis (in
which ethylene glycol was used as a solvent and
reducing agent), resulted in a greater dispersion of
platinum (19.6% and 14%, respectively) than the
more conventional precipitation and impregnation
methods (10% and 5.4% platinum dispersion,
respectively) (34, 65). Increasing the platinum
dispersion increases the surface area of the metal
over which the reaction can occur, consequently
resulting in a greater rate of hydrogen release
from decalin (34, 65). Again, optimisation of the
support must also be considered. Several carbonbased possibilities including nanofibers, carbon
black, carbon xerogel and ordered mesoporous
carbon have been evaluated, with the high surface
area of ordered mesoporous carbon believed to be
responsible for demonstrating the highest activity
for the dehydrogenation of decalin (34). Yet, over
longer operation times catalyst deactivation was
observed as a result of pore blockages with the
bulky LOHC feedstock (34). Thus, it can be argued
that as carbon black has wider pores than the
ordered mesoporous carbon, this would be the
most suitable support, despite a lower activity.
These experiments were performed at 260°C, in a
batch reactor (34).
Catalytic activity, in addition to selectivity, has
also been reported to be improved with the addition
of tin to platinum on activated carbon (66). The
effect is two-fold: (a) the electronic modification
of platinum by tin prevents the cleavage of C–C
bonds on the catalyst surface, facilitating the
adsorption and desorption of reactant and product
molecules; (b) the addition of tin as a catalytic
promoter improves catalyst stability by preventing
the sintering and agglomeration of platinum at
high temperatures (34).

2.4 N-Ethylcarbazole/Perhydro-NEthylcarbazole
Fig. 5. Structure of tetralin, a probable naphthalene
dehydrogenation intermediate
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The most significant advantage of the NEC/
perhydro-NEC LOHC system (Figure 6) is the
relatively low energy required for dehydrogenation
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Fig. 6. NEC/perhydro-NEC LOHC system

(53.2 kJ mol–1 hydrogen, Table I) (1). This lower
reaction enthalpy facilitates a lower temperature
for the dehydrogenation reaction and consequently
improves the overall efficiency of the system. As
such, interest into the potential applications of NEC
has significantly grown in recent years, culminating
in its use as a feedstock for the LOHC technology.
However, like other LOHC candidates discussed thus
far, NEC also possesses unfavourable properties for
its employment within LOHC technology. Arguably
the most significant of these is the solid nature
of NEC at ambient temperatures. To ensure the
key liquid property of the LOHC technology is
not lost, employing NEC would thus require NEC
dilution (1). This reduces the efficiency of the LOHC
technology (1). Moreover, NEC is significantly more
expensive than alternative LOHCs, such as toluene
(€40.00 kg–1 and €0.30 kg–1, respectively) (1).
The dehydrogenation reaction is again most
commonly performed with pgm-based catalysts,
particularly palladium on alumina or platinum on
alumina at metal loadings of around 5 wt%. These
catalysts have been reported to have the highest
catalytic activities, when compared to ruthenium
and rhodium equivalents (67). Specifically,
catalyst dehydrogenation activity follows the trend
palladium > platinum > ruthenium > rhodium
under atmospheric pressure and at 180°C (67).
Full dehydrogenation to NEC was observed for
palladium and platinum catalysts, after reaction
times of 240 min and 300 min, respectively, while
employment of a ruthenium catalyst over the same
time frame produced a mixture of both the fully
dehydrogenated NEC (71.28%) and the partially
hydrogenated species, 4H-NEC (28.54%) (67).
Using the catalyst with the lowest dehydrogenation
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activity (rhodium on alumina), even less of the fully
dehydrogenated NEC is obtained (10.64%) (67).
Important to note, all reactions are carried out
below 270°C. Beyond this temperature, NEC
becomes susceptible to dealkylation reactions,
producing the byproduct carbazole (1, 68).
Like
the
dehydrogenation
reaction,
the
hydrogenation of NEC is frequently catalysed
by a pgm. However, given the comparative ease
of the hydrogenation reaction (in comparison
to the dehydrogenation reaction), a palladium
or ruthenium-based catalyst is more frequently
employed than for the dehydrogenation reaction.
For example, full hydrogen loading onto NEC has
been achieved in 3 h at 150°C and 50 bar hydrogen
pressure using a 5 wt% ruthenium on alumina
catalyst in a batch reactor (68). The molar ratio
of LOHC to ruthenium used in these experiments
was 400:1 (68). The catalyst Pd2Ru on silicon
carbonitride has also been reported to successfully
catalyse the hydrogenation of NEC (69). In
comparison to the 5 wt% ruthenium on alumina
catalyst discussed previously, a milder reaction
temperature (110°C) and hydrogen pressure
(20 bar) can be employed (69). However, a
significantly longer reaction time (36 h) is required
for full hydrogenation of NEC to perhydro-NEC, and
a greater amount of active metal is also required,
compared to the ruthenium on alumina catalyst
described above (0.52 mol% and 0.25 mol%,
respectively) (68, 69). The same Pd2Ru@SiCN
catalyst has also been reported to successfully
catalyse the dehydrogenation of perhydro-NEC
at 180°C in a reaction time of 7 h, in a batch
reactor (69).
More recently, full hydrogenation has also been
attained using ruthenium supported on a rare earth
hydride catalyst, Ru/YH3 (70). Reporting both the
mildest conditions (100°C, 10 bar) and the highest
catalytic activity for the hydrogenation of NEC to
date, it is clear that such rare earth supported
catalysts have potential for LOHC applications (70).
This was highlighted by concluding the high
stereoselectivity of the Ru/YH3 catalyst for the
all-cis product would be advantageous for any
subsequent dehydrogenation reactions, since the
cis product is more easily dehydrogenated than
the trans equivalent. In explanation, the authors
propose the cis product is less sterically hindered
on the catalyst surface (70). However, despite an
excellent catalytic performance and satisfactory
stability, a high hydrogen pressure is required to
achieve high selectivity (70). Manufacturing costs,
handling and scale-up considerations were not
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discussed and may present challenges for such a
material.
The Ru/YH3 catalyst has also been reported to
effectively catalyse the hydrogenation of another
N-heterocycle: 2-methylindole, which has been
suggested as a suitable LOHC candidate (70, 71).
However, much like NEC, 2-methylindole is a
solid at ambient temperatures and possesses a
slightly lower hydrogen storage capacity than NEC
(5.7 wt% and 5.8 wt%, respectively) (71).

2.5 Dibenzyltoluene/Perhydrodibenzyltoluene
To achieve an effective and efficient hydrogen
storage and transportation system, the choice of
LOHC is of critical importance. For commercial
implementation of the LOHC technology, DBT can
be seen as the most suitable candidate, considering
its key advantages: relatively low-cost, low toxicity
and high hydrogen storage capacity (6.2 wt%,
Table I). In addition, DBT is already mass produced
as it is used as a heat transfer agent. As a result,
there is a vast exploration of DBT as a potential
carrier molecule in the literature.
Several catalysts have been evaluated for the
hydrogenation and dehydrogenation reactions of
the DBT/perhydro-DBT system (Figure 7). Much
like NEC, DBT hydrogenation is also typically
catalysed with an alumina-supported pgm, namely
platinum or ruthenium (1). As an example, in a
batch reaction, a ruthenium on alumina catalyst
can achieve full hydrogen loading of DBT in 4 h
at 150°C with a 50 bar hydrogen pressure, which
is longer than that of NEC (3 h) under the same
conditions (68).
The more in-depth studies on this feedstock
have also revealed that the catalytic hydrogen-
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loading does not have to be performed with pure
hydrogen. As DBT hydrogenation is selective, and
provided the catalyst is not negatively affected by
the presence of other components, a mixed gas
stream (for example, including methane, CO2) can
be used (34). From an industrial perspective this
is very attractive, enabling otherwise low-value
hydrogen present in waste gas streams, from
processes including reforming and gasification
reactions, to be stored and transported. The
first example of such a process was reported
in 2017 by Dürr et al., in which a mixture of
hydrogen and methane from the decomposition
of methane (obtained from offshore drilling) was
fed directly to the hydrogenation unit containing
the DBT feedstock (72). Separation of the loaded
(hydrogenated) LOHC and gaseous methane can
then be facilitated. It has also been reported that
the presence of methane does not negatively
affect the hydrogenation or dehydrogenation of
DBT/perhydro-DBT (30). In contrast, methane
was remarkably found to slightly improve the
hydrogenation rate, postulated to be a result of a
lower DBT viscosity and thus improved hydrogen
mass transport (34).
In a similar vein, hydrogenation of DBT has been
investigated using a hydrogen/CO2 stream (up to
30% CO2) (73). However, with such a hydrogenating
mixture, both methanation (CO2 to methane) and
reverse water gas shift (CO2 to carbon monoxide)
processes were found to occur, with the extent of
such side-reactions being strongly dependent on
the catalyst employed (34). Even with the most
promising palladium on alumina and rhodium on
alumina catalysts, the degree of hydrogenation
in a batch reactor reached only 0.8 and required
elevated temperatures (210°C and 270°C for the
rhodium and palladium catalysts, respectively)
Fig. 7. DBT/Perhydro-DBT
LOHC system

+ H2

– H2
Dehydrogenation
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when compared to using a pure hydrogen
stream (34). For the rhodium catalyst, moderate
methane formation (methane:CO2 ratio of less than
0.1) can be achieved at temperatures between
120°C and 150°C (rhodium on alumina), while the
palladium catalyst showed a lower selectivity for
methane formation, with a methane:CO2 ratio of
less than 0.1 between 120°C and 270°C (palladium
on alumina) (34, 73).
Despite the frequent employment of platinum and
ruthenium catalysts with pure hydrogen streams,
these catalysts were found to be ineffective for the
selective hydrogenation of DBT using a hydrogen
and CO2 stream (34). Their respective unsuitability
was concluded to be a result of platinum catalyst
poisoning from the reduction product carbon
monoxide formed via reverse water gas shift of CO2
and facilitation of CO2 methanation by ruthenium.
Palladium-based catalysts have low activities for
the dehydrogenation reaction of perhydro-DBT, and
have thus been identified as catalysts to avoid (34).
Under the same reaction conditions (270°C, 3.5 h,
batch reactor), a stark difference in the degree of
dehydrogenation between a palladium on carbon
(5 wt%) catalyst and its platinum equivalent has
been observed (16% and 55%, respectively) (68).
In a different study, a lower metal loading has proven
to be advantageous (lowering the metal content
of the platinum on carbon catalyst to 1 wt% from
5 wt% increased the degree of dehydrogenation
from 55% to 71%), while the support preference
for this particular dehydrogenation reaction was
found to follow carbon > alumina > silica (34, 68).
In these experiments, the catalysts were used in
batch reactions in quantities of 0.15 mol% with
respect to perhydro-DBT (68).
Interestingly, the wider research around the use of
DBT as a LOHC has included a study in which the same
platinum on alumina (0.3 wt%) catalyst has been
used for both hydrogenation and dehydrogenation
reactions (34). Under the same reaction
temperature (291°C), Jorschick et al. reported that
the two reactions could be interchanged by varying
the pressure between 1.05 bar (dehydrogenation)
and 30 bar (hydrogenation) in a hot pressure swing
reactor (30). However, the use of a non‑optimised
catalyst
for
the
dehydrogenation
process
resulted in a lengthy reaction time (20 h), when
compared to the examples discussed previously.
In addition, it must be noted that the productivity
of the dehydrogenation (and thus catalyst activity)
decreased significantly over the first cycle, before
stabilising for the following three cycles. This was
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concluded to be a consequence of bulky, high boiling
point byproduct formation via thermal cracking of
DBT. Such molecules, including diphenylmethane
and 2,6-dimethyldiphenylmethane, were found to
increase per cycle and can be expected to block
active sites of the catalyst (34, 74). It has also been
suggested that some of the possible byproducts
of the dehydrogenation reaction are unstable
and thus undergo cracking during a subsequent
hydrogenation reaction. Such an example would
be the conversion of perhydromethylfluorene to
perhydrobenzyltoluene (74).
DBT
exists
as
structural
isomers
and
consequently, more than 24 stable intermediates
can be found in a partially hydrogenated solution.
These can be categorised into four main groups:
DBT
(H0-DBT),
hexahydro‑DBT
(H6‑DBT),
dodecahydro‑DBT (H12‑DBT) and octadecahydro‑DBT
(H18-DBT) (75). Laboratory studies regarding
selectivity would require advanced analytical
detection methods. DBT conversion can be studied
using ultraviolet-visible spectroscopy (i.e. the
degree of ring hydrogenation, providing information
about conversion levels only), but detailed studies
probing catalyst selectivity would be challenging,
requiring either a complex high-performance liquid
chromatography (HPLC) method or 1H nuclear
magnetic resonance (NMR) analysis (29, 76, 77).
As such, alternative model carriers are often
sought for fundamental academic studies aimed
at deepening the chemical understanding of how
to improve the performance of catalytic materials
for the LOHC technology. In addition to being
easily characterisable, the ideal carrier would have
high boiling points and low melting points of both
hydrogen-rich and hydrogen-lean molecules. This
enables the whole cyclic process to be carried out in
the liquid phase. A high melting point would result
in the formation of a solid at ambient temperatures,
with a dissolving process or incomplete hydrogenunloading significantly lowering storage efficiency.
Whereas a low boiling point would require extra
economic expense in gas condensation equipment.
Frequently, toluene is employed as such a model
compound. Given its structural similarities to the
central motif of DBT, this is a logical choice. Yet,
the environmental health and safety hazards
associated with its usage are quite significant,
being noted for serious concern regarding both
human and aquatic toxicity (23). Thus, to lower
the hazards associated with the feedstock, other
aromatic compounds similar in structure to toluene
might be chosen.
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3. Summary and Perspectives
In this study, the most prominent carriers for the
LOHC technology are discussed in terms of their
properties, typical reaction conditions, and catalytic
materials employed in the respective hydrogenation
and dehydrogenation reactions. The following LOHC
systems are reviewed: benzene/cyclohexane,
toluene/methylcyclohexane, naphthalene/ decalin,
NEC/perhydro-NEC, DBT/perhydro-DBT. Each LOHC
candidate has properties which are advantageous
for use within the LOHC technology, but also has
disadvantages associated with its use. Among
these LOHC systems, NEC/perhydro‑NEC and
DBT/perhydro-DBT were found to be the most
attractive for commercial deployment, given their
favourable physical properties and demands on
process conditions. For example, employment of
NEC lowers the dehydrogenation temperature, yet
at ambient conditions the fully dehydrogenated
NEC is a solid. DBT on the other hand, is a more
cost-effective LOHC option than NEC, given its
relatively moderate price, and has lower toxicity
compared to toluene which results in fewer
regulatory restrictions to its use. However, higher
temperatures for the dehydrogenation process
are required to release the hydrogen. Typically,
to achieve such temperatures, a portion of the
hydrogen released from the LOHC is burned, which
clearly reduces the efficiency of the technology.
Using the waste heat from fuel cells (for example,
in a LOHC – fuel cell coupled system) to provide the
heat for the dehydrogenation reaction, can diminish
this effect and increase the overall efficiency of
the technology. These competing advantages and
disadvantages of each LOHC candidate arguably
increase the complexity of the LOHC technology
but provide an opportunity to develop bespoke
hydrogen storage and transportation solutions.
According to the literature, pgm-based catalysts
have been proven to catalyse both the hydrogenation
and dehydrogenation steps for various LOHC
systems, though base metal catalysts might have
a potential for the LOHC technology. Given the lack
of information currently available in the literature
and understanding of key performance indicators,
such as catalyst lifetime, selectivity and activity
under truly industrial conditions (technology
readiness level 6 and above), further research into
the LOHC technology is still required. Specifically,
developments should attempt to reduce the
energy intensity associated with the hydrogenation
and dehydrogenation reactions, while increasing
catalyst lifetime and cycle efficiency. This might
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be achieved either through the catalyst or reactor
technology development.
In summary, to improve economic viability and
enable widespread commercial deployment of the
LOHC technology, further work might be required,
focusing on: development of novel cost-effective
catalysts with improved space-time yield, activity,
selectivity and lifetime; increased lifetime of the
LOHC (i.e. number of cycles before a replacement is
required); reduction of total costs for transporting the
LOHC, including the cost of transporting the unloaded
LOHC back to the hydrogenation plant; high purity
of the hydrogen released in the dehydrogenation
reaction; deployment and system integration of
LOHCs with different industries. Furthermore, the
selection of a suitable LOHC candidate must also be
considered: it should remain a liquid throughout the
LOHC cycle, have a low toxicity and low cost, and a
high hydrogen loading capacity.
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Transition metal carbides are attracting growing
attention as robust and affordable alternative
heterogeneous catalysts to platinum group
metals (pgms), for a host of contemporary and
established
hydrogenation,
dehydrogenation
and isomerisation reactions. In particular, the
metastable α-MoC1–x phase has been shown to
exhibit interesting catalytic properties for lowtemperature processes reliant on O–H and C–H
bond activation. While demonstrating exciting
catalytic properties, a significant challenge exists
in the application of metastable carbides, namely
the challenging procedure for their preparation. In
this review we will briefly discuss the properties
and catalytic applications of α-MoC1–x, followed by
a more detailed discussion on available synthesis
methods and important parameters that influence
carbide properties. Techniques are contrasted, with
properties of phase, surface area, morphology and
Mo:C being considered. Further, we briefly relate
these observations to experimental and theoretical
studies of α-MoC1–x in catalytic applications.
Synthetic strategies discussed are: the original
temperature programmed ammonolysis followed
by carburisation, alternative oxycarbide or
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hydrogen bronze precursor phases, heat treatment
of molybdate-amide compounds and other lowtemperature synthetic routes. The importance
of carbon removal and catalyst passivation in
relation to surface and bulk properties are also
discussed. Novel techniques that bypass the
apparent bottleneck of ammonolysis are reported,
however a clear understanding of intermediate
phases is required to be able to fully apply these
techniques. Pragmatically, the scaled application
of these techniques requires the pre-pyrolysis
wet chemistry to be simple and scalable. Further,
there is a clear opportunity to correlate observed
morphologies or phases and catalytic properties
with findings from computational theoretical
studies. Detailed characterisation throughout the
synthetic process is essential and will undoubtedly
provide fundamental insights that can be used
for the controllable and scalable synthesis of
metastable α-MoC1–x.

1. Introduction
The pgms have been the cornerstone of many
catalytic applications and will continue to be
so as processes become more sustainable.
Platinum is a highly reactive catalytic metal with
applications in highly contemporary processes,
such as low temperature water-gas shift (1, 2)
proton exchange membrane fuel cells (3) and
green hydrogen production through the hydrogen
evolution reaction (4). Ruthenium and iridium
oxides are state-of-the-art catalysts for the
associated oxygen evolution reaction (5, 6). The
pgms are also found to be highly active for aqueous
phase hydrogenation and reforming reactions, of
relevance for biomass platform chemical utilisation
(7–12). Yet, it is often considered that pgm-rich
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catalysts cannot satisfy the requirements needed
for the employment of these new technologies
at scale, because of their relative scarcity, high
cost and poor catalytic stability in certain key
reactions. Carbon monoxide poisoning of platinum
in fuel cell applications is an excellent example
of catalyst poisoning and instability. Regarding
scarcity and environmental cost, Nuss and
Eckelman in a life cycle assessment showed that
the global warming potential of rhodium, platinum,
iridium and ruthenium are 35,100 kgCO2 kgM–1,
12,500 kgCO2 kgM–1, 8860 kgCO2 kgM–1 and
2110 kgCO2 kgM–1 (M = metal) respectively (13).
Although the scale of use of these materials in
relation to iron, steel and aluminium must be
placed in context.
Strategies to mitigate against these issues can
be broadly summarised as: (a) improving atom
efficiency of pgms through control of atom cluster
or nanoparticle sizes, i.e. improving performance
per gram of pgm; (b) pgm-non-noble metal alloying
to reduce pgm content and improve stability and
poisoning resistance; and finally (c) complete
replacement of pgms with other catalytic materials.
Advancements in synthetic procedures and
characterisation has seen a proliferation of work
around controlled pgm clusters and single atom
catalysts that incorporate the concept of a ‘single
site catalyst’ (14–19). The term, coined by the late
Sir John M. Thomas, refers to a single energetically
equivalent active site providing maximum efficiency
of catalytic material (20). However, control over
metal nuclearity in an applied context is far from
trivial, catalyst stability is challenging and proof of
the existence or retention of ‘single-sites’ requires
robust in situ or operando characterisation (21).
Utilisation of non-noble metals (alone or in alloys)
clearly reduces the environmental burden of
catalysts. Straight replacement of pgms with first
row transition metals can result in acceptable
catalytic performance, but notably poorer than
a pgm regarding activity and stability (22–24).
Specifically, metals such as nickel and copper are
more prone to oxidation and leaching into liquid
reaction media. Alloying of these metals with pgms
often removes these weaknesses and even on
occasion produces superior catalytic performance,
but perhaps fail in their main remit of sufficiently
reducing reliance on pgms (25–28). It is worth
noting that these strategies are not mutually
exclusive, and combinations can be quite successful
for specific applications (vide infra).
An alternative strategy is to diversify into abundant
metal compounds. Transition metal carbides are a
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class of Group IV–VI metal compounds with carbon
occupying interstitial sites of the relevant metal. In
addition to being known for their hardness (29), the
early transition metal carbides have been shown by
Levy and Boudart to have ‘platinum-like’ catalytic
behaviour (30). Since the seminal work by Levy and
Boudart on tungsten carbide catalysed hydrogen
oxidation and hydrocarbon isomerisation, metal
carbides have been widely used as catalysts for a
host of hydrogenation (31–34), dehydrogenation
(35–38), hydrogenolysis (39–41), carbon monoxide
or nitric oxide reduction (42), isomerisation
(43, 44) and water-gas shift reactions (45–48).
Molybdenum carbide phases, which are the focus of
this review, have received significant attention for
contemporary applications in green and sustainable
processes. Interest in molybdenum carbide catalysis
is driven by its catalytic properties, low cost, earth
abundancy and resistance to poisoning from sulfur,
nitrogen and carbon monoxide impurities present in
both hydrocarbon and biomass feedstocks (49–52).
Such properties make these catalysts appealing
as robust alternatives to pgm catalysts. However,
this generalisation of properties is overly simplistic,
given the numerous possible structures of carbides,
a vast array of potential applications that have
subtly different requirements, and the fact that
while similar, the properties of metal carbides and
platinum are clearly not identical. The reader is
directed to several excellent reviews which discuss
these complexities in detail, such as discussing
metal carbides properties in the context of other
alternative catalytic systems (such as nitrides,
phosphides and boron alloys (53)) and those that
focus on specific catalytic applications or resistance to
poisoning (49, 54, 55). A further recent observation
is the exceptionally strong metal support interaction
between platinum and some first row transition
metals and molybdenum carbides, in particular the
metastable α-MoC1–x phase. Several reports show
that single-atom platinum can be supported on
α-MoC1–x to improve catalytic properties (56–58).
The application of molybdenum carbides is more
complicated than may be initially perceived, as
demonstrated by the lack of its widespread adoption
in industrial processes. One aspect to consider is
the challenge in identifying and selecting a specific
phase and morphology of molybdenum carbide,
which is desirable for a particular process. In this
context, theoretical studies of reaction mechanism
with respect to termination and morphology
of different carbide phases has provided great
insight. Specifically, they provide understanding
of the thermodynamic stability of specific surfaces
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1.1 Phases and Properties of
Molybdenum Carbide
As alluded to above, all molybdenum carbide
phases are generally characterised by outstanding
mechanical properties and, like other transition
metal carbides has (in parenthesis Mo2C values):
high hardness (17 Gpa), tensile strength
(530 GPa), high melting point (2520°C) and
good thermal (15 W m–1 k–1) and electrical
conductivity (57 µΩ cm) (59). The latter point
on electrical conductivity being defined by the

-MoC1-x
(FCC)

Alternative
methods

delocalisation of the molybdenum d-band due
to increased Mo–Mo distances, which result in
an increased density of states near the Fermi
level (60). The novel catalytic properties of
molybdenum carbide, which as we already have
said, have been found to be comparable to the
noble metals, can be explained by the surprising

30
Density of states, arbitrary units

with respect to synthesis, reaction conditions and
Mo:C composition, then used this as a basis to
elucidate a preferred structure to a specific catalytic
application. A further challenge is a reliable,
scalable and affordable preparation method that
allows for the synthesis of such specific carbide
phases and morphologies. This current review
will provide a brief overview of molybdenum
carbide phases and their general properties, then
discuss the properties and synthetic routes of the
metastable molybdenum carbide (α-MoC1–x) phase
that has recently received significant interest. An
overview of the potential synthetic strategies to
produce α-MoC1–x is given in Scheme I.
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Fig. 1. Comparison of calculated d-band
structures from projected density of states of
platinum (111), β-Mo2C surfaces and Mo (110).
Reprinted from (61), Copyright (2005), with
permission from Elsevier
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Scheme I. Overview of the potential synthetic strategies to produce α-MoC1–x
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similarity of its electronic properties to platinum
(61, 62) (Figure 1). Specifically, these metallic
properties are due to the hybridisation of carbon
sp and molybdenum d-orbitals, which allows the
delocalisation of the d-band of the molybdenum,
similar to the d-band of metallic platinum (61).
It is this broad partially occupied d-band in MoCx
that makes this material particularly successful as
catalysts, in hydrogen evolution and purification,
reforming reactions, hydrogenations and FischerTropsch synthesis (53, 57, 61, 63).
Taking these general aspects and applications for
which MoCx has grown in popularity into account,
a more thorough analysis of the different phases is
necessary. Phases will have differences according to
geometric factors (Hagg’s rule regarding the ratio
of the hard ball radii of nonmetal to metal (64)) and
electronic factors (Engel and Brewer theory on s–p
electron count (65)), which define their structure,
stability and activity as illustrated by Oyama
(60, 66). In addition, it is worth remembering that,
as with any material, bulk and specific surface
structures can have different features (67).
Molybdenum carbide forms a range of phases with
1:2 or 1:1 Mo:C stoichiometry (68, 69), although
significant nonstoichiometry has been observed. In
all cases they are considered interstitial compounds
and changes in the content of carbon and a
variation of the oxidation states of molybdenum are

observed accordingly. Across this Mo:C composition
range seven main phases are reported, as shown
in Figure 2 and Table I. Some of them are
thermodynamically stable at room temperature,
others are only stable in a very small range of
temperatures and compositions, while others are
metastable. Importantly, the stability of the phases
varies according to the stoichiometry. Hugosson et
al. affirmed that a substoichiometric phase is not
favourable for the γ and γ’ phase, while η and δ are
present only with a certain amount of vacancies
(δ-MoC is experimentally found only between
MoC0.66–MoC0.75
(70–73)).
Nonstoichiometry
influences multiple properties, such as the bulk
moduli and the electronic properties, with vacancies
changing the density of states (DOS) due to the
unscreened Mo–Mo (74, 75).
It is worth noting that terminologies are
inconsistent across the literature, with the
orthorhombic Mo2C being previously assigned
as α (76, 77) or β (68, 69, 78). Experimentally
and theoretically (79) it has been observed that
orthorhombic Mo2C is the most thermodynamically
stable phase and is extensively reported in
numerous publications. Confusion arises as this
phase is sometimes referred to as α-Mo2C to
differentiate it from a high-temperature phase
discussed in the relevant papers as β-Mo2C (80, 81).
Also an intermediate temperature phase between

Fig. 2. Representations of common molybdenum carbide structures

288

© 2022 Johnson Matthey

Johnson Matthey Technol. Rev., 2022, 66, (3)

https://doi.org/10.1595/205651322X16383716226126

Type

Range of
temperature,
stability

Structure

Lattice
Space
parameter, group
Å (ICSD)a
(ICSD)a

C atom
position

Stacking
sequence

α-Mo2C

ζ-Fe2N

Room
temperature
(76, 80, 81)

Orthorhombic
(distorted)
hcp

a = 4.724
b = 6.004
c = 5.199

Pbcn
(60)

Octahedral

ABAB

ε-Mo2C

ε-Fe2N

Intermediate
temperature
(81, 92)

Hexagonal/
trigonal hcp

a = 5.190
b = 5.190
c = 4.724

P-31m
(162)

Octahedral

ABAB

β-Mo2C

Nb2N/
W2C

High
temperaturesd
(76, 80, 81, 93)

Hexagonal
(filled) hcp

a = 3.002
b = 3.002
c = 4.724

P63/mmc
(194)

Octahedral

ABAB

η-MoC

η-Mo3C2

Metastable (84,
94, 95) Stable T
> 1700°C (71)

Hexagonal
(complex)
hcp

a = 3.010
b = 3.010
c = 14.610

P63/mmc
(194)

Octahedral

ABCACB

α-MoC1–xb fcc

Table I Crystallographic Information of Common Molybdenum Carbide Phases

NaCl

Metastable (84)
Stable T >
1700°C (71)

Cubic
fcc

a = 4.270
b = 4.270
c = 4.270

Fm-3m
(225)

Octahedral

ABCABC

γ-MoC

WC
type

Room
temperature
(84, 93, 96)

Hexagonal
simple

a = 2.903
b = 2.903
c = 2.828

P-6m2
(187)

Trigonal
prismatic

AAAA

γ’-MoC

TiAs/TiP

Always
metastablee
(84, 93, 95)

Hexagonal

a = 2.932
b = 2.932
c = 10.97

P63/mmc
(194)

Trigonal
prismatic/
octahedral

AABB

β-Mo2C

b

hcp

Phase

δ-MoCc

a

Inorganic Crystal Structure Database
Names commonly found in catalytic and experimental studies
c
Also referred to as α-MoC, δ is mainly found in computational studies
d
Normally referred to as the L’3 disordered phase
e
Intermediate between β and γ during carburisation with carbon monoxide (can be considered as an oxycarbide)
b

these two, called ε, has also been observed, which
has a hexagonal or trigonal structure (71, 81, 82).
Due to the low scattering cross-section of carbon,
laboratory source X-ray diffraction (XRD) patterns
of these phases are quite similar and only recently
advanced neutron scattering experiments have
classified these structures conclusively (80–83).
Consequently, materials focused research refers
to the stable orthorhombic phase as α-Mo2C, while
the catalytic community refers to this phase is as
β-Mo2C as a way to easily differentiate it from the
metastable face-centred cubic MoC1–x designated
as α-MoC by Clougherty et al. (84). Further
confusion is caused by this face-centred cubic
MoC1–x being interchangeably referred to as α or
δ. We will follow the commonly used notation of
β-Mo2C (hcp) and α-MoC1–x (fcc).
The most commonly catalytically studied phase
is the orthorhombic β-Mo2C. However, there has
been increasing interest and research into the
metastable MoC1–x phases, in particular the cubic
α-MoC1–x, although the hexagonal η-MoC and γ-MoC
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phases have also been shown to be of interest in a
limited number of studies (85–87). The stability and
properties of these phases and the influence of Mo:C
ratio (45, 88, 89) and nonstoichiometry in this context
has been thoroughly investigated (71, 90, 91).

1.2 Surface Properties of the α and β
Phases
Extending the earlier work by Chen and coworkers
on β-Mo2C (61), Illas and coworkers investigated
the projected density of states (PDOS) of MoCx
phases (Figure 3) (97). The study highlighted the
difference in the character of the fcc α-MoC1–x and
hcp β-Mo2C phases, with the former having more
covalent character due to the presence of localised
states in the DOS, and the latter being more metallic
with a broad region of states around the Fermi level.
A combination of charge density difference (CDD)
iso-surfaces and electron localisation function
(ELF) plot analysis spatially confirmed the electron
distribution being more localised on the carbon for
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40

Total
Mo (5d)
C (2s)
C (2p)

30
20

phases. Surface free energies of different
stoichiometric and nonstoichiometric surfaces
(i.e. molybdenum, carbon, mixed terminations)
have been determined at different temperatures
and carbon chemical potential (μC) of a range of
molybdenum carbide phases. Computed Wulff
constructions then allow for determination of
particle morphology at different conditions. Saidi
showed that the prevalence of the (011) surface
increases in β-Mo2C as the chemical potential is
lowered to ca. –10 eV below which (021) and
carbon terminated (100) begin to dominate (98).
In comparable studies, Jin and coworkers (99)
and recently Hao and coworkers (100) determined
the surface stability and morphology of α-MoC1–x.
Generally, molybdenum-rich (carbon deficient)
surfaces decreased in stability with increasing μC,
the inverse being observed for carbon-rich surfaces,
and no change being observed for stoichiometric
surfaces. The result was the domination of
the (311) surface at ‘conventional’ synthesis
conditions, while proposed syngas conditions result
in the emergence of (100) and (211) surfaces.
In
addition
to
corroborating
the
Wulff
constructions suggested above (Figure 4(a)),
Paolucci and coworkers theoretically considered
the influence of particle size and predicted
crystallisation pathways of all major molybdenum
carbide phases (79). A clear observation was that
small particle size is a predominant factor in the
thermodynamic stability of the α-MoC1–x phase
(Figure 4(b)). Further, the phase boundary
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Fig. 3. Total and projected density of states for
δ-MoC (fcc phase referred to as α-MoC1–x in
this review), α-MoC and β-Mo2C. Republished
with permission of Royal Society of Chemistry,
from (97); permission conveyed through Copyright
Clearance Center, Inc

the α-fcc phase, while being spread between the
atoms in the β phase. Analysis of the low index
planes, including non-polar and polar surfaces, of
these phases showed significant differences work
function with the β-Mo2C (011) being the most
stable with a ~3.4 eV work function.
Since this initial work, significant effort has
been expended on theoretically determining
the properties and stability of specific surface
terminations of a range molybdenum carbide
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Fig. 4. (a) Calculated Wulf constructions of a range of carbide phases; (b) phase diagram regarding particle
size and chemical potential. Note that phase nomenclature is not that conventionally used in catalytic
literature (i.e. δ-MoC is the fcc phase frequently referred to as α-MoC1–x). Reprinted with permission
from (79). Copyright (2021) American Chemical Society
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between carbides and molybdenum metal changes
with size and μC, which suggests that carbon
vacancies may stabilise larger α-MoC1–x particles,
as supported by work from Hugosson et al. and
Zaoui et al. (72, 101). While these theoretical
studies provide insight into the thermodynamic
stability of certain structures, kinetic aspects must
also be considered, particularly for the synthesis
of the α-MoC1–x that frequently is formed from
topotactic rearrangement of a suitable precursor
phase (discussed in detail below). Finally, in
a comprehensive theoretical study, Quesne
and colleagues showed that significant surface
reconstruction or rumpling was observed for low
index planes, with higher relaxation being seen
for less stable surfaces (102). The lowest energy
surface was the (100) and the lowest work function
(an indication of high reactivity during reductions)
was the (110).

1.3 An Overview of the Catalytic
Application of α-MoC1–x
In the following section we will briefly discuss
the different catalytic properties of α-MoC1–x and
β-Mo2C phases within the context of key catalytic
applications (53, 103). Specifically, reforming
(56, 104, 105) and water-gas shift reactions for
sustainable hydrogen production (45, 46, 57,
88, 106), CO2 hydrogenation (31, 89) and the
hydrogen evolution reaction (63, 107, 108). Given
the focus of the article is α-MoC1–x synthesis, the
discussion below is not exhaustive and the reader is
directed to specific reviews regarding the catalytic
applications highlighted above.

1.4 Thermal Catalytic Applications
of α-MoC1–x
As Ma and coworkers have succinctly described
in their recent review, the β-Mo2C phase is
historically the most studied for high-temperature
reactions, such as hydrocarbon isomerisations,
dehydrogenations
and
ammonia
syntheses
(57, 109). The thermodynamic stability, superior
C–H bond activation and strong dissociative
hydrogen adsorption are key parameters for these
reactions. On the other hand, α-MoC1–x has recently
been shown to have superior catalytic performance
at lower temperatures for reactions such as
methanol reforming, water-gas shift and biomass
utilisation (alcoholises of lignin (110), furfural and
succinic acid hydrogenation (111, 112) and Kraft
lignin decomposition (113)). The improved activity
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for these water-containing reactions is attributed
to high O2 and O–H bond activation in the α-MoC1–x
phase. A summary of reaction conditions and key
findings from select studies regarding reforming
and water-gas shift are given in Tables II and III
respectively.
Several aspects of the α-MoC1–x phase and how it
differs from β-Mo2C account for this improved O–H
activation at low reaction temperatures. Firstly, it
is important to note that α-MoC1–x is suitable only
for processes at low temperatures (below 300°C),
specifically because it is a metastable phase that
at elevated temperatures is likely to transform into
the thermodynamically stable β-Mo2C (57). The
high surface area, compared to β-Mo2C, clearly
increases the proportion of active sites available
during a reaction. While clearly advantageous, this
does not account for the improved reactivity in
water activation. An intrinsic increase in catalytic
activity of the α phase in these reactions is due to
the fact that α-MoC1–x (0.25 < x < 0.35), with Mo:C
ratio between 1.3–1.5, has a lower percentage of
molybdenum, compared to β-Mo2C, which has a Mo:C
ratio of 2 (70). According to Rodriguez et al. (88)
this reduced molybdenum content is beneficial in
limiting the reactivity of active oxygen species to
produce oxycarbides (89, 119). A reduction of the
metal:carbon ratio results in a lower reactivity of the
surface because fewer metal atoms are present on
the surface and with more positive charge. As noted
by Palma et al. this will prevent catalyst deactivation
from activated water species as it facilitates the
desorption of OH (and O) species (120). The
excellent low-temperature water-gas shift reactivity
of this catalyst is explained by this reduced water
activation vs. the β-Mo2C.
It has also been noted that α-MoC1–x has reduced
hydrogen adsorption strengths, C–H and C–O
bond activation in comparison to β-Mo2C. These
changes in adsorption strengths are credited
with the reasonable catalytic performance in the
reverse water-gas shift reaction (CO2 reduction
to carbon monoxide) (34, 121). Gao et al. noted
the high carbon monoxide selectivity in α-MoC1–x
and attributed it to its weak adsorption (121).
Given the reverse water-gas shift reactivity and
low methanation, CO2 hydrogenation to methanol
has become an area of great interest regarding
α-MoC1–x, as shown in Table IV.
The interplay between the reverse water-gas
shift reaction, methanation and CO2 hydrogenation
was studied by Rodriguez and Illas using model
polycrystalline catalysts under ultrahigh vacuum
conditions (33, 89). It is reported that with δ-MoC

© 2022 Johnson Matthey
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1:1
1:3
1:1
1:1

2% Pt/Al2O3

ZnO-Pt/MoC

ZnPt/MoC

β-Mo2C

1:1
1:1

Pt1.6Mo98.4C
fcc phase

Cu/ZnO/
Al2O3

per metal m2

1:1

Fe1.6Mo98.4C
hcp phase

b

1:1

n(CH3OH):n(H2O),

a

1805

1:3

0.2%Pt/α‑MoC Aqueous-phase
reforming
2%Ni/α-MoC

Methane steam
reforming

18,046

1:3

2%Pt/α-MoC

–

–

–

–

2470

1098

1077

4134

168

1:3

–

1:3

Reforming TOF,
ratioa
h–1 b

2%Pt/β-Mo2C

Reaction

α-MoC

Catalyst

not detected
not detected

160°C
1 bar
160°C
1 bar
150–400°C

62.9
100% at
400°C <20%
at 250°C

97.3

100% at
200°C

100% at
350°C 70%
at 250°C

65.9

250°C

150–400°C

150–400°C

0.4

240°C
20 bar of N2

<15

1

<5

<5%, peak
300°C

10% at 400°C

0.7

<15

0.14

0.06

0.13

0.83

240°C
20 bar of N2

190°C

190°C

190°C

Selectivity
CO, %

190°C

–

–

–

–

Conversion,
Conditions
%

109

22.1

–

–

28.8

29.7

30.7

171

76.2

129.6

5.0

2.3

Hydrogen
production,
μmolH2 g–1cat s–1

Table II Summary of Methanol Reforming Using α-MoC1–x, Mo2C and Conventional Copper Catalysts

–

9000 cm3 g–1 h–1

9000 cm3 g–1 h–1

9000 cm3 g–1 h–1

1.2 ml h–1

1.2 ml h–1

Batch

GHSV/WHSV
flow

(116)

(105)

(115)

(104)

(114)

(56)

Ref.
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Table III S
 ummary of Water-Gas Shift Reactions Using α-MoC1–x, Mo2C and Conventional
Copper Catalysts
Catalyst
1.5% Pt/Mo2C
1.5% Au/Mo2C
1.7% Pd/Mo2C
β-Mo2C

Reactant composition

120°C, 7% CO, 22% H2O,
37.5% H2, 8.5% CO2, 1 atm, flow
rate of 75.4 cm3 min–1

CO
conversion,
%

<10

Cu/Zn/Al2O3

Water-gas shift
production rate,
µmol g–1cat s–1

Apparent
Ea,
kJ mol–1

Ref.

1.8
1.6
1.4

48
44
63

(117)

0.3

90

(117)

0.2

76

(117)

8

–

(48)

Ni0.25Mo0.75C

180°C, 10.5% CO, 21% H2O, flow
rate of 60 ml min–1

3% Au/Mo2C
α-MoC1−x

130°C, 3% CO, 10% H2O,
WHSV = 120,000 ml g–1cat h–1

23.6
–

44
57

(106)

2% Au/Mo2C

120°C and 200°C, 1 atm,
GHSV = 180,000 h–1, 10.5% CO,
21% H2O, 20% N2

103

22

(46)

325

41

(46)

2.05

64

(46)

2.06

38

(46)

20.5

43

(118)

α-MoC1−x

120°C, 1 atm, GHSV =
180,000 h–1, 11% CO, 26% H2O,
2% Au/β-Mo2C 26% H , 7% CO
2
2
Ir/α-MoC1−x

200°C, 1 atm, flow rate of
30 ml min–1, 18,000 ml g–1cat h–1,
2 vol% CO, 10 vol% H2O

(α-MoC1–x) a reaction mechanism goes via a formate
intermediate (COOH) with minimal C–O cleavage
and results in reduced methane formation. It was
observed that on β-Mo2C (001) surfaces methane
selectivity was much higher due to facile CO2 (and
carbon monoxide) activation and dissociation.
Theoretical and single studies have allowed for
correlation of specific surface terminations with
key elementary reaction steps in reforming and
hydrogenation reactions. Taking Quesne’s observed
stability of the (001) α-MoC1–x surface (102), Illas and
coworkers investigated a range of different pathways
for hydrogen adsorption on α-MoC1–x and other
Group IV transition metal carbides. They showed
that this surface is particularly favourable towards
hydrogenation reactions with strong associated H*
hydrogen adsorption energies vs. non-dissociative
adsorption (i.e. a Kubas type interaction between
hydrogen and surface). Moreover, α-MoC1–x is
particularly suitable in this sense since it presents the
highest adsorption energies among the transition metal
carbides, although these values are still moderate
and comparable to late transition metals (127). Ge
and coworkers considered methane adsorption,
dissociation and coupling on the (111) cubic α-MoC1–x
and noted comparable properties to platinum (128).
Another useful property of α-MoC1–x is the strong
interaction with (noble) metals which allows for
the production of a stable supported catalyst
with multiple functionalities in one material. In
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50

<15

this context, the MoC phase and its O–H bond
activation can be combined with noble metals
with complementary functions (like C–H or C–C
cleavages) to produce high reactivity (56, 57,
129, 130). Several papers have noted that this is
specific to α-MoC1–x and that there is a significantly
reduced interaction between metals, such as
platinum or gold, and β-Mo2C, resulting in no
significant improvement in activity for the latter
carbide phase (45, 88) (Figure 5).

1.5 Hydrogen Evolution Reaction
As a critical component of water splitting the
hydrogen evolution reaction (HER) remains a topic of
great interest and requires significant improvement
in catalytic performance, ideally with little or no pgm
content. Reactivity can be correlated to the hydrogen
adsorption free energy (taking into account the
catalysts dependence of the rate constant) (131,
132). Molybdenum carbides have been extensively
studied for the acid/alkaline hydrogen evolution
reaction as a potential replacement to platinum (129,
133). Numerous molybdenum carbide phases have
been explored, with many studies finding conflicting
or unclear preference for one phase over another
(Table V). However, through excellent synthetic
control of molybdenum carbide phase (vide infra)
Leonard and coworkers have provided compelling
evidence for β-Mo2C being the most active (85).

© 2022 Johnson Matthey
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α-MoC1−x/ZrO2

α-MoC1−x/TiO2

MoxCy/SiO2

α-MoC1−x

250°C, 30 bar, H2:CO2 = 3:1, 50 ml min–1

300°C, He:CO2:H2 = 1:1.5:8, 20 bar
GHSV = 5.8 h–1

1.7

2.2

24.5

17

11.5

16

400°C, 0.1 MPa, CO2:H2:N2 = 1:1:3,
GHSV = 3000 h–1

α-Mo2C

300°C, He:CO2:H2 = 1:1.5:8, 20 bar
GHSV = 3.8 h–1

>60

250–600°C, 1:4 molar ratio CO2:H2,
WHSV = 36,000 ml g–1cat h–1

α-MoC1−x nanowire

β-Mo2C

60–75

<6

250°C, 30 bar, WHSV = 30,000 ml g–1cat h–1,
CO2:H2:N2 = 20:60:20 (vol%)

MoOxCy/C
β-Mo2C/C
α-MoC1−x/C

69

68

64

40

82

99

99

9.6

10
8.6

200°C, 40 bar, H2:CO2 = 3:1, liquid state

Cu/Mo2C

Pd/Mo2C

4.9

–

–

37

35

49

28

15.2

73.6

79.2

CO

4

11

0

0

2

–

–

10–20

68

63

53

60.3

43

23

26

22

4

–

–

–

CH3OH

Selectivity, %

Mo2C

23.2

18.7

230°C, 3 MPa, H2:CO2 = 3:1

Cu/ZnO/Al2O3

Cu/ZnO/ZrO2/Al2O3

26

9%Cu/Mo2C

28

17

α-MoC1−x

5%Cu/Mo2C

24

300°C, 20 bar, flow rate = 30 ml min–1,
Ar:CO2:H2 = 10:15:75 (%)

22.1

19.8

19.8

CO2 conversion, %

β-Mo2C

300°C, 20 bar, WHSV = 40 h , H2:CO2 = 2.7

Reaction conditions

Fe/Al2O3

NP-α-MoC1−x/C

Bulk α-MoC1−x

Catalyst

Table IV CO2 Hydrogenation Using α-MoC1–x, Mo2C and Conventional Copper Catalysts

24

16

33

52

14

<1

<1

10–20

7.6

9.8

17

–

–

28

27

20

45

41.4

17.4

16.3

CH4

3

5

3

8

2

–

–

<2

14.8

18.6

25.1

–

–

12

12

9

23

42.7

8.9

4.4

C2+

(126)

(125)

(124)

(121)

(40)

(32)

(123)

(122)

(31)

(34)

Ref.
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25
CO2
20

435 K

Au/MoC
Au/Mo2C

15
10

CH4
Au/Mo2C

5
0

Au/MoC
MoC

Mo2C

MoC

Mo2C

Fig. 5. Representative figure showing the hydrogen
rich water-gas shift reactivity and selectivity of
α-MoC1–x and β-Mo2C (with and without gold)
model catalysts in an ultrahigh vacuum (UHV)
experiment. Catalysts were exposed to carbon
monoxide (20 Torr), hydrogen (100 Torr) and
H2O (10 Torr) for 5 min at 435 K. CO2 is the
observed product of the water-gas shift reaction
and methane from undesirable methanation.
Republished with permission of Royal Society
of Chemistry, from (45); permission conveyed
through Copyright Clearance Center, Inc
This observation that β-Mo2C is the best phase
for electrochemical hydrogen production has been
further verified (59, 134). Saidi and coworkers have,
using density functional theory (DFT) approaches
(vide supra), shown that the best HER activity is
observed on the (011) surface followed by the C
terminated (001). The much higher H* adsorption
strength on β-Mo2C provides a clear explanation
as to why the phase is superior for acidic based
media. An open question remains regarding the
potential of α-MoC1–x in alkaline media, where water
dissociation becomes a key reaction step (135).
Interestingly some reports, such as that by Wang
and coworkers on HER in acidic media, have also
proposed a synergistic effect through the formation
of
α-MoC1–x/β-Mo2C
heterostructures
(136).
Therefore, significant interest in α-MoC1–x catalysts
for this reaction remains.
In summary, a broad picture emerges in which
the more metallic β-Mo2C is considered superior
for C–H bond activation and strong dissociative
hydrogen adsorption, but with moderate surface
area values. The phase is also considered thermally
stable for use in high-temperature applications. In
contrast α-MoC1–x is considered to have notably
better O–H bond activation, forming high hydroxyl
group coverage in aqueous phase reactions or
alkoxy intermediates in alcoholic media. In addition,
α-MoC1–x has been applied as a non-benign support
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for both platinum and first row transition metals,
with very strong metal support interactions being
observed leading to formation of single-atom
catalysts. These properties, coupled with higher
surface areas, present an opportunity to develop
novel and interesting catalyst technologies that
operate at relatively low temperatures and require
water tolerance or activation.
The scientific and technical challenges that arise
from pursuing such metastable phase are twofold.
Firstly, given the metastable nature of the phase,
possible bulk phase changes cannot be discounted
during catalytic reaction or handling under ambient
conditions. An extension of this is the possibility, as
highlighted by Hargreaves and Alexander (53, 144),
that the presence of oxygen could influence the
surface or subsurface structure of α-MoC1–x. Thus,
the nature of the active catalyst may be different
to that originally envisaged, complicating rational
design. The second challenge is the successful
synthesis of the α-MoC1–x without forming
significant quantities of more thermodynamically
favourable phases, such as β-Mo2C. The remainder
of this review will focus on reported synthetic
strategies, the associated challenges with such
methodologies and their effectiveness.

2. Synthesis of α-MoC1–x
Historically, interstitial metal carbide synthesis
techniques have been grouped (66, 145) as: (a)
those associated with high temperature techniques;
(b) temperature programmed techniques; and (c)
thin film synthesis by plasma or chemical vapour
deposition. Oyama provides, in his 1992 review, an
excellent general overview of the first two techniques
at the time (66). In summary, high-temperature
methods, such as traditional carbonisation of
oxides or metals with solid carbon, reaction of
vapourised metals with hydrocarbons or solid
combustion methods produce thermodynamically
stable carbides of generally low surface area and
are of limited scalability. Prior to the introduction
of temperature programmed synthesis, the only
procedure known for the synthesis of α-MoC1–x
was quenching a mixture of Mo–C from around
2000°C (70).
Boudart and his group developed in 1973 the
temperature programmed synthesis route to
making tungsten and molybdenum carbides (30).
In the direct temperature programmed reaction
of molybdenum trioxide and various methane/
hydrogen mixtures the β-Mo2C phase can be produced
with surface areas between 50–100 m2 g–1 (146).
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Table V Hydrogen Evolution Reaction using α-MoC1–x, and Mo2C catalysts
Acid media
(0.5 M H2SO4)

Alkaline media
(1 M KOH)

Loading,
mg cm–2

Stabilityc

Ref.

54

0.8–1.4

48 h

(137)

47

71

0.9

2000
cycles (acidic)
1000
cycles (alkali)

(138)

59
31
30

195
67
50

64
55
40

2
2
–

50 h
50 h
–

(139)

–

–

110

98

1.18

10 h

(140)

α-MoC1–x nanosheets

158

54

147

43.6

0.3

5000 cycles

(86)

α-MoC1–x + β-Mo2C +
SiO2

155

48

–

–

0.213

5000 cycles
and 30 h

(136)

Pt/MMCd
Pt/α-MoC1−x
Pt/C

–

–

45
140
82

30
78
48

14 (Pt)e

1000 cycles

(129)

α-MoC1−x/NCf

142

74

118

84

–

40 h in acid
60 h in alkali

(141)

Mo2C@NCf

124

60

60

–

0.28

80

(142)

α-MoC1–x-MoP/C
a-MoC1–x/C
MoP/C

173
304
255

57
96
85

–

–

0.213

>6 h

(143)

β-Mo2C/C
α-MoC1–x/C

135
179

75.1
91.1

96
138

62.2
75.1

–

10 h

(133)

Catalyst

η10, mV

Tafel
slope,
mV dec–1

η10,
mVb

Tafel
slope,
mV dec–1

β-Mo2Ca

210

56

190

Mo2C@C
nanospheres

141

56

α-MoC1−x-NPs
α-MoC1−x/Pt NPs
Pt/C

180
30
30

α-MoC + β-Mo2C@Co

b

a

1 M H2SO4
overpotential at i = 10 mA cm–2
c
cycles for the long-term cycling test and hours for the current-time response test
d
MMC: ordered mesoporous metastable α-MoC1−x on templated on KIT6
e
µg cm−2
f
/NC and @NC: encapsulated in nitrogen-doped carbon
b

Depending on the CH4:H2 ratio used a clean Mo2C
was formed or a mixture of β-Mo2C and surface
polymeric carbon, which could be removed by
controlled treatment in hydrogen. The reaction
proceeds through an initial reduction of MoO3 to
MoO2, first via the formation of sub-MoO3 oxides,
followed by carburisation to form Mo2C. Boudart
and coworkers showed that control of ramp rate
and the reduction potential of the gases is key to
controlling the kinetics of oxygen removal, carbon
migration into the structure and molybdenum
species sintering (146). Synthesis of the α-MoC1–x
phase was not observed by the group using this
methodology, which can be rationalised by an
aggressive carburisation process that facilitated the
rearrangement of the molybdenum cations to form
the thermodynamically favoured β-Mo2C phase.
The method developed by Boudart and coworkers
to produce α-MoC1–x via a modification of this
temperature programmed synthesis remains today
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the most studied and adopted synthesis strategy,
mainly for the very high purity of the carbides
produced as well as for the high surface area.

2.1 Temperature-Programmed
Synthesis of α-MoC1–x
The method developed by Volpe and Boudart is
reported in a pair of seminal papers (147, 148) and
involves the initial synthesis of γ-Mo2N, from the ca.
700°C heat treatment of MoO3 in pure ammonia,
referred to as ammonolysis. Following this, the
γ-Mo2N undergoes carburisation using CH4/H2
between 400–700°C to form highly pure α-MoC1–x.
The importance of the intermediate γ-Mo2N for
α-MoC1–x synthesis has been discussed in detail in
the following papers (147, 149, 150). The overall
process from MoO3 through the cubic γ-Mo2N
intermediate to the fcc α-MoC1–x, is considered
topotactic. The initial changes from orthorhombic
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MoO3 to the cubic γ-Mo2N structure involves only
a ‘soft’ variation of the metal planes distance, and
the final fcc cubic lattice of γ-Mo2N is retained in

(a)

(b)

(c)

the formation of cubic α-MoC1–x (Figures 6 and 7).
A lack of molybdenum rearrangement during
this topotactic process is what is hypothesised to

(d)

(e)
-Mo2N
970K

-Mo2N

Intensity, arbitrary unit

900K

MoO2

-Mo2N
850K

MoO2

800K

MoO2

-Mo2N

MoO2

750K

Y

y

y
x

x

x

MoO2

700K

X

x

MoO3

650K

30

60

90

2 , °

Fig. 6. Topotactic formation of γ-Mo2N from MoO3. The steps of structural rearrangement are reprinted
from (147), Copyright (1985), with permission from Elsevier: (a) to (b) 11% contraction of the oxide during
N and H insertion, forming the oxynitride and the restacking of the planes (x3 superlattice distances of
205 pm); (b) to (c) a further distension to d = 208 pm when the Mo2N is formed; (d) the final distended
structure for the γ-Mo2N; (e) XRD patterns reproduce the evolution of the crystallographic properties for
the topotactic route from MoO3 to γ-Mo2N. Oxynitride intermediate phases have unknown composition and
are simply reported as X and Y. Reprinted with permission from (150). Copyright (1998) American Chemical
Society.

(e)
(a)

(200)

(b)

MoC1-X

(111)
(220)

Sg = 193 m2 g–1

(101)

(c)

20 m

(d)

Mo2C

Intensity, arbitrary unit

20 m

(002)

Sg = 70 m2 g–1

(100)

(102)
(200)
MoN1-X

(111)
(200)

Sg = 191 m2 g–1

MoO3

20 m

Sg = 0.65 m2 g–1

20 m
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(060)
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60

70

80

90

2 , °

Fig. 7. Topotactic formation of α-MoC1–x from γ-Mo2N. Microscopy showing retention of platelet morphology
of: (a) MoO3; (b) Mo2N; (c) MoC1–x; (d) Mo2C has a totally different conformation due to non-topotactic
synthesis; (e) XRD and surface area during process. Reprinted with permission from (149). Copyright (2004)
American Chemical Society.
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prevent the formation of the thermodynamically
stable β phase (147, 149, 150). Interestingly the
morphology of α-MoC1–x is dictated by that of the
original precursor phase (pseudomorphism), i.e.
the morphology of orthorhombic MoO3 is retained
after synthesis (see microscopy in Figure 6). It has
been observed that these platelet structures are
secondary morphologies of very small (sub-10 nm)
primary particles which provides α-MoC1–x with
dramatically greater porosity and surface area than
MoO3 (surface area of the oxide is often reported
to be below 1 m2 g–1). These observations are
corroborated by the much more recent theoretical
studies by Paolucci and coworkers (vide supra) that
highlight the thermodynamic stability of α-MoC1–x
at low particle size (79). What is not clear is the
morphology of these primary particles in these
original temperature programmed reactions.
While the process is scientifically elegant and
conceptually simple, it has several practical
challenges that make synthesis of α-MoC1–x via
this route non-trivial. Specifically, this concerns the
ammonolysis step, which requires careful control of
a number of parameters to facilitate the topotactic
process, such as low heating rates and high space
velocity of gases (151). The reader is directed to
the review by Alexander and Hargreaves for a more
detailed discussion on metal nitrides synthesis
and characterisation (144). The challenging
conditions of ammonolysis clearly present logistic
issues, both at the laboratory scale (although this
can be overcome with sufficient knowledge and
investment) and in large-scale application. In
addition to the more obvious issue around handling
ammonia at elevated temperatures, control of flow
dynamics and heat transfer issues are of concern
in large-scale application. In the context of the
synthesis of metastable carbides like α-MoC1–x,
different strategies can be employed to overcome
these issues. These vary from alternative routes
to synthesise γ-Mo2N to avoiding nitride phases
altogether.
Progress towards ammonolysis-free synthesis
was made directly by Levi and Boudart, who found
that adding transition metals like platinum to the
starting molybdenum precursor was a successful
way to produce α-MoC1–x (70). Lee and coworkers
further hypothesised that specific transition metals,
such as platinum, palladium and nickel, facilitate, via
dissociative hydrogen adsorption and spillover, the
formation of a hydrogen bronze HxMoO3 (70, 149).
This phase lowered the reduction temperature of
Mo(VI) from 600°C, seen for pure MoO3, to ca. 175°C
and in the process produced a cubic oxycarbide
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MoOxCy phase, which provided the conditions for
the topotactic transition to α-MoC1–x (152, 153).
Despite the observation that pseudomorphism from
MoO3 to α-MoC1–x was limited when using transition
metals, the surface areas reported were comparable
(200 m2 g–1) to those from the Boudart γ-Mo2N
route (225 m2 g–1), making the process appear
desirable for use in catalyst synthesis. Yet, it is
possible that the presence of the transition metal
impurities in the final product could be problematic,
becoming sources of catalytic poisons or promoters
of undesired catalytic side reactions. However, given
that α-MoC1–x is being actively used as a non-benign
support for these very transition metals, as seen
in work from Ma and coworkers on aqueous phase
reforming of methanol (56), such problems may
appear unfounded in certain circumstances. Indeed,
Sun et al. recently showed that metal loaded MoO3
transformed into metal/α-MoC1–x with higher activity
for water-gas shift than an unloaded carburised MoO3
sample (154). Although the influence of the transition
metal on activity cannot be deconvoluted from the
molybdenum carbide phase produced, as the absence
of the metal produced Mo2C as opposed to α-MoC1–x.
Lastly, even if the transition metal is beneficial to
catalytic performance, it is likely that most of said
metal is ‘wasted’, from a catalytic perspective, in the
bulk of the synthesised material and unusable for
surface catalytic reactions (70, 149).
Later Bouchy et al. (152, 155–157) discovered
that a prereduction of MoO3 in pure hydrogen
at 350°C prior to carburisation could produce
α-MoC1–x without requiring ammonolysis or
transition metals. Through the same mechanism
as shown with transition metals, hydrogen
insertion into the oxide bulk to form a hydrogen
bronze MoOxHy then facilitates the formation of the
desired α-MoC1–x (155). However, it was observed
that reduction of MoO3 under pure hydrogen
resulted in a mixture of MoOxHy and MoO2, which
subsequently on carburisation produced a mixture
of α-MoC1–x and β-Mo2C. In addition, the procedure
initially used pure methane as the carburisation
gas, which resulted in significant carbon deposition
and a relatively low surface area of 90 m2 g–1.
Replacement of pure methane with 9:1 H2:CH4
mixture produced a carbon deposit free catalyst
with a surface area of 179 m2 g–1. Unfortunately,
no evidence for the MoC1–x:Mo2C ratio was provided
for this higher surface area material and only a
statement to the effect that Mo2C was a minor
phase was provided. While the Mo2C was the minor
phase it is unproven that this specific methodology
can produce a pure single phase MoC1–x catalyst.
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Several researches have studied the influence of
using different n-CnH2n+2x carburising agents (152).
The group of the late Malcolm Green reported
that α-MoC1–x could be synthesised directly from
MoO3 when the carbon chain is increased from C1
to C4 (158, 159). Through the use of extended
X-ray absorption fine structure (EXAFS) and 13C
nuclear magnetic resonance (NMR) they showed
that ethane resulted in a mixed MoC1–x:Mo2C
material while butane produced a poorly crystalline
material comprised of only α-MoC1–x. Although
intermediate phases were not reported by Green,
it was shown in analogous experiments that an
MoOxHyCz phase was formed during heat treatment
of H2/C4H10 (157). A summary of the proposed
topotactic synthesis via MoOxHyCz precursors and
XRD evidence is shown in Figure 8.
Unfortunately, the reported surface area of
α-MoC1–x produced via Green’s route was only
35 m2 g–1, although it should be noted that no
attempt was made to identify the presence of carbon
deposits or, if present, remove them. Following this
work a host of different carbon sources (151), such
as C2H2 (160), C2H6 (159, 161, 162), C3H8 (163),
C4H10 (35), CO (150), C7H8 and C7H16 (164) have
been used to produce different carbide phases.
Bouchy and coworkers showed that this technique
always produced MoO2 in addition to the oxycarbide
(152, 156, 165). Perret and coworkers showed
in TiO2/ZrO2 supported MoC1–x for succinic acid
hydrogenation, that changing the carburisation
temperature and the hydrocarbon percentage in
the hydrocarbon/hydrogen mixture altered the

-Mo2C

carbon content in the α-MoC1–x, with a consequent
influence on the catalytic activity (112).

2.2 Temperature-Programmed
Synthesis of α-MoC1–x Using Carbon
Supports and Amine Precursors
Temperature-programmed reactions to produce
molybdenum carbides, including α-MoC1–x, are (as
stated above) dependent on molybdenum precursor
structure and the source of carbon used. Recently,
as a natural progression of this statement, the
technique has been successfully adapted to make
use of carbon and nitrogen sources already present
in the molybdenum precursor.
One concept is the addition of an excess of solid
carbon phases which then facilitate carburisation
in a range of atmospheres, including those
excluding a carburisation gas or hydrogen.
Through
impregnation
of
a
molybdenum
precursor onto a carbon, a final catalyst of
MoCx/C can be produced where the carbon acts
like a conventional support structure. Several
different support structures have been employed,
such as activated carbons (166) graphene
carbon nanofibres (41), carbon nanotubes (167,
168), nanowire (121), doped graphene oxide
nanosheet (169), carbon nitride g-C3N4 (141)
and glucose (133). Li and coworkers (110, 113)
demonstrated that activated carbon impregnated
with ammonium molybdate could be converted
into either α-MoC1–x or Mo2C under methane/
hydrogen, pure hydrogen or under nitrogen only
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(XRD evidence provided in Figure 9). A general
trend on heating of ammonium molybdate
→ MoOx/MoO2 → α-MoC1–x → Mo2C was seen
under all gas atmospheres, with methane/
hydrogen producing pure α-MoC1–x at the lowest
temperature. Interestingly, under nitrogen, mixed
phases of α-MoC1–x and Mo2C were produced and
found to be the most active catalysts for the
dehydrogenation of lignin. It is interesting to
note that no intermediate oxycarbide or hydrogen
bronze phases are observed or discussed in the
work, making it unclear as to how α-MoC1–x was
formed.
Sun and coworkers performed an interesting
analogous experiment where ammonium molybdate
was impregnated onto C3N4. After heat treatment
under an inert atmosphere γ-Mo2N was formed prior
to α-MoC1–x (141). Under the conditions used by
this group an analogous temperature programmed
reaction using an activated carbon only produced
β-Mo2C.
Another emerging strategy for bulk α-MoC1–x
synthesis has been the utilisation of polymeric or
composite molybdenum compounds as precursors
during
temperature
programmed
synthesis.
Leonard and coworkers pioneered the controlled
synthesis of a host of molybdenum carbide phases,
including α-MoC1–x, through thermal decomposition
of an amide-molybdenum oxide composite (85,
170). These composites were synthesised from
the simple precipitation of an aqueous ammonium
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molybdate and amine solution by addition of
hydrochloric acid to pH 3. The composite materials
were then heat treated under argon up to 675°C to
form α-MoC1–x with excellent reported crystallinity,
but no reported surface area. However, their
successful employment in HER suggests that the
active surface areas must be reasonable. The
choice of amine, amine:molybdate ratio and heat
treatment temperature dictated the morphology
and phase of carbide produced (α,β,η,γ). As far as
we are aware this is the only reported synthetic
method of controlling α-MoC1–x morphology and
therefore has significant potential to experimentally
explore surface specific reactivity as hypothesised
from theoretical studies. Thermogravimetric
analysis (TGA) of the composites indicated two main
weight losses, the first being the decomposition
of the amine and MoO2 formation and the second
carburisation to form α-MoC1–x. Interestingly
no evidence was sought to identify oxycarbide
or γ-Mo2N and its requirement to produce the
α-MoC1–x phase. A number of variations on the
amine synthesis route have been reported using
ammonium molybdate as precursor with different
amino-containing compounds such as dopamine and
aniline (121, 136, 171). Tang and Asefa et al. (86)
proposed a similar synthesis method which is
claimed to produce highly crystalline nitrogendoped α-MoC1–x or η-MoC nanosheets by drying a
solution in deionised water of melamine, cyanuric
acid and ammonium and pyrolysing this under a
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Fig. 9. XRD of MoC/C catalysts prepared at different temperatures under: (a) methane and hydrogen; (b)
hydrogen only; or (c) nitrogen. (●) MoO2; (♦) α-MoC1–x and (◊) β-Mo2C phases. Reprinted with permission
from (113). Copyright (2019) American Chemical Society
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nitrogen atmosphere at temperatures between
450–850°C. α-MoC1–x formed at lower temperature
pyrolysis (550–650°C) while η-MoC formed at
higher temperature (750°C or 850°C).
The use of alternative molybdenum precursors
has also been reported, usually in combination
with an amine but not exclusively. Ruddy and
coworkers used a gel made from the evaporation
of ethanol from a solution containing MoCl5 and
4-chloro-ortho-phenylenediamine, without any pH
adjustment, which on heat treatment under nitrogen
at 850°C produced α-MoC1–x (172). Inspired by
the work of Hashimoto, Nakanishi and coworker
who synthesised molybdenum carbonitride from a
molybdate-polydiaminopyridine compound (173),
Bayati et al. synthesised α-MoC1–x via an analogous
polypyrole/phosphomolybdate/graphene oxide
composite (169). The authors produced high surface
area catalysts of 150–560 m2 g–1, comprised of a
mixture of α-MoC1–x and graphitic carbon, after
carburisation under an inert atmosphere at 900°C.
Interestingly, a slight shift in the reflections of the
observed fcc phase were taken to indicate residual
molybdenum nitride, hypothesised to have been

produced from the decomposition of the pyrrole.
Bayati and coworkers noted, as with many other
carbide preparation methods, that carbon deposits
form during synthesis (169). Interestingly,
they noted that these carbonaceous deposits
encapsulated α-MoC1–x particles and considered
this to be advantageous as a method of preventing
α-MoC1–x sintering during preparation and use as
an ammonia electro-oxidation catalyst. We provide
a note of caution regarding such opportunistic
C@α‑MoC1–x structures, as control over carbon layer
thickness and porosity, which would be essential
for practical catalytic use, requires controlling.

2.3 Temperature-Programmed
Synthesis of α-MoC1–x With NonCarbon Supports and Additives
The
use
of
the
heteropolymetalate,
phosphomolybdate (H3Mo12PO40·12H2O), as a
precursor to α-MoC1–x has also been reported
in the elegant hard templating synthesis of a
mesoporous hydrogen evolution catalyst (129). A
summary of the preparation is shown in Figure 10.
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Fig. 10. Hard templated synthesis of α-MoC1–x using H3Mo12PO40.12H2O precursors: (a) scheme of
preparation route; (b) and (c) microscopy demonstrating porous architecture of α-MoC1–x; (d) XRD analysis
of catalyst. Reproduced from (129) with permission from John Wiley and Sons
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H3Mo12PO40.12H2O was impregnated into the
mesoporous silica KIT-6 and then carburised
under 2:1 CH4:H2 at 650°C to form α-MoC1–x,
subsequently the KIT-6 was removed by hydrogen
fluoride. Again a fine carbon overlay was formed
and considered advantageous, even to the point
where further etching of the α-MoC1–x produced
an exciting ordered carbon framework (129, 174).
Besides the elegant mesoporous structures, the
work suggested that an intermediate molybdenum
nitride phase was not required to access α-MoC1–x
when using the phosphomolybdate precursor.
Further, no pretreatment in hydrogen was required.
It is apparent that use of comparable carburisation
conditions with the conventional MoO3 precursor
would exclusively produce the thermodynamically
stable β-Mo2C phase. Unfortunately, neither
publication performed a simple control synthesis
of phosphomolybdate carburisation without the
additional complexity of confined pore architectures.
As noted in the preceding paragraph, strategies
for the formation of mesoporous or nanostructured
α-MoC1–x make use of composite structures that
include silica and α-MoC1–x. Work at the start of the
millennium by Hamid, coworkers and Haldor Topsøe
showed that α-MoC1–x could be formed within ZSM‑5
pores via Green’s carburisation with H2/C4H10, but
not via a pure hydrogen treatment. These confined
α-MoC1–x/ZSM-5 catalysts were shown to be
superior catalysts, compared to β-Mo2C/ZSM-5, for
methane to aromatic reactions (157). Ruddy and
coworkers identified the challenge of incorporating

Johnson Matthey Technol. Rev., 2022, 66, (3)

molybdenum-amine precursors into mesoporous
structures, which they overcame through the use of
surface modified SBA-15 to produce 2 nm α-MoC1–x
from an inert gas heat treatment. It was noted
that the acid sites of SBA‑15 in close proximity
to α-MoC1–x produced a highly active catalyst for
acetic acid deoxygenation (172).
Specific influence on carburisation of the
confinement of molybdenum precursors in
mesoporous structures is limited. However,
one interesting study is provided by Wang and
coworkers, who used an amine synthesis route
with varying weight percent silica nanospheres
being present during polymerisation (during pH
adjustment) (136). These spheres were suggested
to form packed structures with the molybdenumpolydopamine within the voids (Figure 11). Using
the same 800°C argon heat treatment the fraction
of α-MoC1–x:Mo2C changed with the weight
percent silica. The absence of silica resulted in
α-MoC1–x being the only observable phase by
XRD, X-ray photoelectron spectroscopy (XPS)
and Raman spectroscopy, while increasing the
weight percent silica resulted in significant β-Mo2C
content being observed (Figure 12). The authors
hypothesise that this phenomenon was caused
by confinement reducing the concentration of
carbonaceous deposits during the heat treatment
which then favours β-Mo2C formation. Despite the
lack of evidence to support the hypothesis, the
observation is interesting and warrants further
study. The same group boarded the concept of
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additives influencing carbide phase formation
by studying the doping of the molybdenumpolydopamine with boric acid and found that its
inclusion had a modest effect on suppressing
Mo2C formation (171).
Sun and coworkers report an alternative study,
with the addition of zinc oxide to a ammonium
molybdate and platinic chloride precursor (104).
In this instance, traditional carburisation gases
hydrogen and methane were employed and the
addition of platinum during the carburisation
will, as discussed above, influence carbide phase
formation (115). It was observed that weight percent
zinc up to ~30 wt% increased α-MoC1–x formation,
while above this threshold XRD reflections of Mo2C
began to dominate. In all instances the reported
surface areas were low (maximum of 40 m2 g–1)
compared to α-MoC1–x produced by conventional
temperature programmed synthesis (>200 m2 g–1)
and carbon deposits were not checked for.
Roy et al. (175) have proposed a synthesis of
the α-MoC1–x by starting from Mg(MoO4) and
Zn(MoO4), compounds prepared from the molybdic
acid with MgO and ZnO. Avoiding the ammonolysis,
a mixture of 20% carbon monoxide in hydrogen at
700°C was used in a so called ‘sacrificial support
method’, in which the formation of magnesium/
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zinc oxide-phase blocks the formation of the MoO2
intermediate and consequently inhibits β-Mo2C
formation. The residual zinc oxide and magnesium
oxide were then leached from the catalyst using
hydrochloric acid.

2.4 Alternative Preparation Routes
to α-MoC1–x
Drawbacks of the Levi Boudart method of
temperature-programmed reduction (TPR), based
around challenges associated with scale-up of
ammonolysis, carbon deposits from using amine
polymer precursors and the issues of slow-ramping
high-temperature procedures have led to a number
of alternative synthesis methods being developed.
These processes have attempted to eliminate, or
minimise phase sensitivity to, high-temperature
carburisation in the synthesis of ammonolysis
α-MoC1–x.
Through an electrical wire-explosion technique,
Kim et al. published a room temperature route
to synthesise ultrafine α-MoC NPs (139). The
process used molybdenum wire, which was
electrically superheated, resulting in a proposed
evaporative explosive process, the products of
which were dispersed in oleic acid (chosen for its
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high carbon content). Nanoparticles of α-MoC were
formed by this process alone, but according to
transmission electron microscopy (TEM) and XPS,
these sub-20 nm particles were embedded within
a carbon shell. Heat treatment under a hydrogen
environment at 600°C was then required to
remove carbonyl functionality and reduce carbon
content from 28 wt% to 17 wt%. However, the
α-MoC1–x remained encapsulated within a graphitic
shell. Despite this the catalysts were active for
the HER. Platinum was then deposited on these
MoC1–x@C core-shell catalysts to further improve
their performance through the ethanol oxidation
method, which utilises localised electrons, formed
from ethanol oxidation to acetic acid, to reduce the
platinic chloride to metal (176).
Separately, Cao et al. (177) and Du and
coworkers (178) have grown α-MoC1–x with notable
high surface area through an electrospinning
technique followed by a pyrolysis of the MoC
precursor. The former work by Cao et al. focused
primarily on electrospinning as a method of producing
a zinc-doped precursor that facilitated the formation
of the α-MoC1–x phase during pyrolysis at 800°C.
Analogous samples without zinc doping formed the
Mo2C phase at the equivalent temperature, leading
to the authors to hypothesise that zinc doping
supresses the phase transition. The precursor was
synthesised by passing a solution of zinc acetate,
molybdenum acetylacetonate, polyvinylpyrrolidone
in dimethylformamide through a needle with an
applied potential of 15 kV. The pyrolysis process
in hydrogen/argon at 800°C was proposed to
cause zinc oxide reduction and sublimation, which
resulted in exciting changes in final surface area

depending on Zn:Mo molar ratio used, with a Zn:Mo
of 8 producing the highest specific surface area of
418 m2 g–1. Lastly, the authors demonstrated that
the synthesised α-MoC1–x was stable up to 1000°C
that allowed for the preparation of remarkably
high crystalline material. Du and coworkers
utilised a similar electrospinning process but used
a phosphomolybdic precursor and co-sprayed
platinum acetylacetonate to synthesise single atom
Pt/α-MoC1–x nanorods.
Malmstadt and coworkers (34) have recently
proposed, in a highly cited paper, a continuous
microfluidic (mF) synthesis of α-MoC1–x, which
is particularly notable for not requiring any
high-temperature (maximum temperature used
<475°C) carburisation or pyrolysis. The reported
method exploits the thermolytic decomposition of
the molybdenum precursor Mo(CO)6, which has
been reported previously to produce α-MoC1–x
when heated under vacuum (179, 180) with partial
pressures of carbon monoxide and hydrogen.
The process was first adapted by Malmstadt
and coworkers by thermolytic decomposition
of Mo(CO)6 in a solution with oleylamine and
1-octadecene. The formation of a Mo(CO)4(OAm)2
species was reported to form at ca. 200°C followed
by decomposition at >240°C into α-MoC1–x. This
process was then further adapted into a continuous
flow millifluidic reactor (Figure 13) consisting of
the Mo(CO)6 solution being pumped through a
borosilicate reactor, prepressurised with nitrogen
and immersed in sand bath at 320°C. The product
of the reaction was quenched in hexane before
the MoC1–x was collected by centrifugation.
The produced MoC1–x were characterised by
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heated at 80°C
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Check
valve
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Analytical balance

Fig. 13. Scheme showing continuous flow apparatus for the synthesis of α-MoC1–x from the thermal
decomposition of Mo(CO)6–oleyl amine solutions. Reprinted with permission from (34). Copyright (2020)
American Chemical Society
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Fig. 14. Pair distribution function data of α-MoC1–x nanoparticles produced from the thermal decomposition
of Mo(CO)6–oleyl amine solutions: (a) initial model of α-MoC1–x; (b) reverse Monte-Carlo simulation of
PDF data; (c) G(r) data and simulation. Reprinted with permission from (34). Copyright (2020) American
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molybdenum K-edge X-ray absorption fine structure
(XAFS), XRD, XPS and X-ray pair distribution
function (PDF, shown in Figure 14) to demonstrate
that partially disordered nanostructured α-MoC1–x
capped with oleylamine were formed. These
particles were found to be stable under air without
passivation, a hereto undiscussed point. The
particles were then supported on activated carbon
and shown to be highly active and selective for CO2
Fischer-Tropsch chemistry. The reported procedure
represents, in our opinion, the greatest departure
from the conventional process originally set out
by Boudart, with α-MoC1–x being produced at
significantly lower temperature and not requiring a
temperature-controlled ramping process.

3. Passivation of α-MoC1–x
Passivation of as-synthesised α-MoC1–x (or any
other transition metal carbide) is often required
due to its highly reactive and pyrophoric nature.
Without passivation there is significant surface
instability in the presence of air, exacerbated
by the high surface areas of α-MoC1–x (40). The
consequence of uncontrolled exposure to air
are, at a scientific level, a lack of understanding
of the reactive surface of the catalyst and at an
applied level a significant safety issue. Commonly,
within the academic open literature, passivation
procedures are given little discussion, or else
outright ignored, in synthetic procedures. While
this is not universally true, the result is often a lack
of clear and precise protocols. Further, regarding
this literature review on α-MoC1–x synthesis, the
few dedicated passivation studies are related to
the β-Mo2C phase, despite it still being an essential
process for the application of α-MoC1–x.
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Conventionally,
passivation
of
pyrophoric
materials is conducted at room temperature in a
controlled atmosphere with low concentrations of
oxygen (0.5–2% oxygen in helium or nitrogen)
over relatively long reaction times (2–20 h) (70,
149, 181–183) The process can also be done by
gradually increasing the oxygen partial pressure of
the mixture 1–20% before exposing the sample to
air (117). Alternatively, passivation can be done by
using milder oxidants such as water/CO2 with and
without oxygen at 400°C (181, 184), but while this
can be less disruptive of the carbide’s subsurface
structure, it has reduced effectiveness regarding
long term stability on exposure to air (185).
Studies on passivation of β-Mo2C and WC phases
show that it can strongly change the surface
properties and the reactivity of the material (40,
181). Jentoft and coworkers showed that 0.1% and
1% oxygen passivation was also insufficient for
long term storage, with reactivation with hydrogen
showing significantly more oxygen content in the
old sample than fresh (Figure 15). Demczyk et al.
showed in the analogous case of nitrides an actual
distinct subsurface phase of Mo2N3–xOx was formed
during the passivation (144, 186). As noted by
Hargreaves in his recent review, this observation
raises the question as to how these subsurface
phases influence activation and carburisation (144).
Further, passivation is also a crucial consideration
when wishing to deposit reactive metals on the
MoCx surface. Simply, this is because the metal is
no longer interacting with a MoC surface, but with
an oxidised surface. This was highlighted clearly
by the studies of Thompson et al. (47, 187, 188)
with platinum on Mo2C, where platinum assumed
different structural configurations on a passivated
surface compared to an unpassivated one:
© 2022 Johnson Matthey
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Fig. 15. Reactivation of a Mo2C sample in hydrogen
with measured effluent gas analysis. Solid lines =
passivated in 1% O2; dotted lines = passivated in
0.1% O2; dashed lines = Mo2C passivated in 1%
O2 and stored for 11 months. Water = blue curves
(m/z = 18), methane = green curves (m/z = 15).
Reprinted from (181), Copyright (2017), with
permission from Elsevier

namely forming agglomerates on the passivated
Mo2C, while remaining finely dispersed on the
unpassivated Mo2C. The water-gas shift activity in
the two samples was notably different even though
the surface areas were similar.
Passivation of catalysts frequently requires an
accompanying reactivation step prior to further
surface treatments, catalyst characterisation and
employment in a catalytic reaction. However, the
passivation-activation procedure is not innocuous
and the reactivated surface is rarely the same as in
the fresh catalyst (40). In the process of removing
surface oxygen through the use of hydrogen,
carbon atoms are lost from the near-surface
(189, 190). The use of mixtures of methane/
hydrogen appears to be milder, with reduced but
still significant surface carbon loss (191). It is
common to reactivate passivated catalysts by
flowing hydrogen or alkene/hydrogen mixtures at
450–700°C for one or two hours prior to catalytic
use (56, 182, 189, 192).
Potentially it is possible to avoid a direct passivation
step, for example Gao et al. report a method to
grow β-Mo2C on carbon nanotubes in a way that no
passivation was needed afterwards (193). Another
example is work by Malmstadt and coworkers
where the synthesised α-MoC1–x was reportedly
capped by organic compounds (34). Alternatively,
some literature studies perform catalytic testing
directly after synthesis and within the same
reactor to avoid the need for passivation (167),
although this is unlikely to be practically viable
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in an applied industrial reactor. In reality, such
unpassivated catalysts will have significant
surface reconstruction upon exposure to catalytic
reactants (167). Although on a partially tangential
topic to carbide synthesis, Román-Leshkov and
coworkers have recently shown how reactive
carbide surfaces are during hydrodeoxygenation
reactions (194). Therefore, it is obvious and
possibly not unexpected to think that a reactive
carbide catalyst will have notably different surface
and possibly subsurface structure as compared to
an as-synthesised material.

4. Perspectives and Conclusion
Since Levy and Boudart’s seminal study of
the ‘platinum-like’ catalytic behaviour of early
transition metal carbides, there has been a
significant scientific push to apply these compounds
to contemporary catalysis. It has been noted that,
while these compounds are generically platinumlike, they have their own unique properties and
further that different transition metal carbides and
carbide phases have their own specific catalytic
behaviours and applications. Therefore, it has
become clear that particular carbide structures
and morphologies should be targeted using the
correct synthetic procedures. This review focuses
on the metastable fcc structured α-MoC1–x which
has excellent OH bond activation properties for
application in reforming, water-gas shift and
biomass conversion technologies. In addition,
the structure provides exceptionally strong metal
support interactions with transition metals and
can be used to produce highly dispersed metal
supported catalysts. Table VI provides the collated
synthetic procedures, parameters and structural
properties of the resultant α-MoC1–x materials from
this review.
Controllable synthesis of this phase is highly
challenging on both a laboratory scale and on an
applied industrial scale. Most carbide synthetic
strategies
revolve
around
a
temperature
programmed methodology, in which a molybdenum
precursor (most often MoO3) is heated at a slow
ramp rate with a high space velocity of hydrogen
and an alkane. In the absence of specific synthetic
strategies the process will result in the formation of
the thermodynamically stable β-Mo2C. In order to
successfully produce the metastable α-MoC1–x, the
process is believed to have to undergo a topotactic
reaction of carbon insertion into an equivalent
cubic precursor phase. fcc γ-Mo2N, MoOxCy and
MoOxHy have all been observed as such topotactic
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(i) 350°C in H2, then carburisation in
CH4/H2 gives: MoO2 + α-MoC at 500°C,
α-MoC at 600–800°C; or (ii) H2 only gives:
MoO2 + α-MoC at 500°C, α-MoC at 600°C,
α-MoC + β-Mo2C at 625–650°C, β-Mo2C
at 700–800°C or (iii) N2 gives: MoO2 at
500°C, α-MoC + β-Mo2C + MoO2 at 700°C,
α-MoC + β-Mo2C >800°C

301–505

Platelet-like
shape

(i) Leaf-like
(ii) Square
(iii) Plateletlike shape

Platelet-like
shape, avg.
pore size
3 nm

Broken
platelet-like
particles

Platelet-like
shape

Carburisation: 10% C2H2/H2, ramp: 1°C
19–36
min–1 to (i) 450°C; (ii) 500°C;
(iii) 550°C; or (iv) 630°C for 4 h. Flow rate (size ∝1
/temp)
of 100 ml min–1

12–45c

(i) 5.2
(ii) 3.1
(iii) 1.9b

(i) 30.8
(ii) 42.5
(iii) 35.4

Carburisation (all at 1°C min–1, flow rate:
90–170 ml min–1)
(i) 20% CH4/H2, ramp to 750°C
(ii) 10% C2H6/H2, to 630°C
(iii) 5% C4H10/H2, to 550°C

b

2.6a,
3.4b

3–6

3.4

<221

120–200

a

Surface Particle
area,
size,
Morphology
m2g–1
nm

Activation: H2 or H2/high-C alkane (157) at
350°C for >24 h.
Carburisation: 10% CH4/H2, ramp:
179
3°C min–1 to 710°C, flow:
<30 ml min–1

Carburisation: 20%–80% CH4/H2. Metals
(M) = Ni, Pd, Pt giving α; Cu or Co giving
β

Ammonolysis: 700°C in NH3; flow rate:
70–130 ml min–1.
Carburisation: gas: 20% CH4/H2; ramp:
5–100°C h–1 to 700°C; flow rate: 90–170
ml min–1

Reaction conditions

Table VI α-MoC Synthetic Methods Involving Heat Treatment at High Temperatures

–

–

1% O2/Ar, RT

1% O2/He,
RT

–

–

0.5–1%
O2/He, RT

(133)

(113)

(160)

(158)

(155),
(157)

(70),
(149)

(70),
(148),
(149),
(195)

Passivation Ref.
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PMo12e + GO +
pyrrole

Graphene-@
α-MoC1−x

25

Carburisation of the impregnated
precursor on KIT-6 in a CH4:H2:Ar mixture
(60.5:29.5:10 vol%) at a flow rate of 200
cm3 min–1, ramp rate of 10°C min–1 to
650°C for 1 h

Mo(CO)6

Phosphomolybdic acid
+ KIT-6 (template)

Template
assisted
method

MoCl5 + 4Cl-oPDA

α-MoC1−x/C

α-MoC1−x /
SBA-15

b

10

(i)188
(ii) –

(i) Sonochemical decomposition in
hexadecane at 90°C + 20% CH4/H2 at
500°C for 48 h.
(ii) Flow reaction: 320°C in oleyamine
and 1-octadecene. Particles stabilised in
hexane

Pyrolysis of the Mo-diamine gel in N2 at
100°C h–1 to 850°C for 4 h

(i) 73
(ii) 105

150

153

–

4.2c

–

(i) 2c
(ii) 2.2c

(i) 5.8b
(ii) 5.6b

2–10c

–

–

Quasispherical NPs

Mesoporous:
volume 0.07
cm3 g–1

Round
isotropic
crystallites

–

Nanospheres
70–100 nm

Nanoporous
2D
nanosheets

α-MoC1–x:
rods, flakes,
wires, layers
and cubes.
β-Mo2C: rods,
spheres and
flowers

Surface Particle
area,
size,
Morphology
m2g–1
nm

Carburisation: 20% CO/H2 at 15°C min–1
to 700°C for 3 h

BET Dp = 6/ΘSg; Θ is the density of the solid; Sg is the specific surface area by BET
XRD Scherrer equation
c
TEM
d
PDA = phenylenediamine; DDA = dodecanediamine; HMT = hexamethylenetetramine; HDA = hexanediamine (1,6-HDA)
e
PMo12 is (NH4)3PMo12O40

a

Pyrolysis 900°C in N2 + etching in H2SO4

Melamine + cyanuric
acid + (NH4)6Mo7O24

α-MoC1−x

(i) (NH4)6Mo7O24,
(ii) (NH4)2Mg(MoO4)2

Pyrolysis of the Mo-CN hybrid in N2 at 2°C
min–1 to 550°C or 650°C for 3 h

Amine-oxide
hybrid precipitate:
(NH4)6Mo7O24·4HO +
amine

α-MoC1−x,
β-Mo2C,
η-MoC,
γ-MoC

α-MoC1−x

α-MoC1–x: with 4Cl-oPDA, 1,12-DDA, HMT
or PDA in Ar at 100°C h–1 to 675–750°C
for 12 h.
η-MoC: with pPDA at 100°C h–1 to 1050°C,
no dwell.
γ-MoC: with 4Cl-oPDA to 850°C at 100°C
h–1 for 24 h.
β-Mo2C: with 4Cl-oPDA, 1,6-HDA, HTM to
850°C at 100°C h–1 for 12 hd

Reaction conditions

Mo-precursor

Phase
produced

Carbonyl
α-MoC1−x
decomposition

Sacrificial
support
method

Pyrolysis of
Mo-amine
precursor

Method

Table VI (Continued)

1% O2/N2

–

–

1% O2/He,
RT

–

–

55–60 days
in air

(172)

(129),
(174)

(34),
(196)

(175)

(169)

(86)

(85),
(170)

Passivation Ref.
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precursors. Certainly, in the case of γ-Mo2N a clear,
measurable scientific correlation between this
precursor phase and the final α-MoC1–x product has
been reported. The process produces high surface
area (225 m2 g–1) and high purity α-MoC1–x.
However, it is frequently asserted that Boudart’s
original ammonolysis of MoO3 prior to carburisation
of the resultant γ-Mo2N is impractical. Handling
of high-temperature pure ammonia gas streams
is clearly challenging, but as demonstrated by
numerous scientific groups, possible to achieve on
the laboratory scale. Application on an industrial
scale would however require significant control
of process heat flows and would undoubtably be
challenging.
Avoiding the use of ammonolysis to form α-MoC1–x,
via hydrogen pretreatment, incorporation of
hydrogen dissociating transition metals, use
of higher alkanes (i.e. butane and higher)
in carburisation and decomposition of amine
containing precursors is well reported. A number
of these synthetic protocols produce relatively high
purity α-MoC1–x, although traces of β-Mo2C are
frequently observed. Reported surface areas vary
significantly, with to our knowledge only one higher
(relative to Boudart’s method) reported value of
>500 m2 g–1, several at comparable surface areas
to the original 200 m2 g–1, some with dramatically
lower surface areas and several papers not
reporting surface area. The presence of additional
graphitic carbon addressed in Boudart’s original
publications is often not discussed in these papers.
In some instances, evidence has been provided
that certain cubic intermediates are produced
during the temperature-programmed reaction of
these ammonolysis free routes. Unfortunately, this
is not always the case. This is particularly notable
in more recently reported, non-conventional
preparation routes, including using alternative
molybdenum precursors and the formation of
hybrid hierarchical materials, for example in the
use of hard templating. Our perspective is that
several control experiments require performing
and that in situ characterisation studies of these
synthesis routes would provide a solid scientific
basis as to how they produce α-MoC1–x. Further, it
is not clear if the use of more costly molybdenum
precursors or processes makes these alternative
routes more applicable on an applied scale than
Boudart’s ammonolysis strategy. Each of these
alternative routes will have specific advantages
and disadvantages, for example the addition of
<0.2 wt% platinum or first row transition metals
might be viable or even beneficial in some catalytic
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applications. Indeed, several publications report
excellent metal-support interaction between
α-MoC1–x and platinum to make highly active
catalysts. The incorporation of so called ‘single
atom’ platinum onto α-MoC1–x presents an exciting
topic area which bridges other contemporary areas
of science that aim to maximise pgm efficiency.
DFT based theoretical studies have shown
that there are interesting correlations between
morphology, particle size and Mo:C ratio in
regard to the α-MoC1–x phase. Validation of these
findings through experiments requires further
work. Specifically, the predicted morphologies are
based entirely on the thermodynamic stability of
specific surface terminations. Practically, access
to the metastable phase requires topotactic
rearrangement of a precursor phase (i.e. kinetic
control) and so the morphology is dictated by
that of the precursor. Most synthesis methods
have used orthorhombic MoO3 which has large
platelets with a high fraction of the (010) surface
termination. Given that the (100) plane of Mo2N
or α-MoC1–x is parallel to this, these products
exhibit pseudomorphism. The validity of these very
interesting theoretical studies can be interrogated
by suitable characterisation of synthesised
materials using modern advanced microscopy. In
addition, very little research has been published
on exploiting the interdependence of α-MoC1–x
morphology on that of the precursor. It should
be noted that amine-MoO3 composite synthesis
appears to be one of the few synthetic strategies
to date that can produce different α-MoC1–x
morphologies.
Noticeable throughout a significant proportion of
the literature is an absence of discussion around
α-MoC1–x passivation. Given that the α-MoC1–x
surface is highly reactive, passivation will create
permanent surface and subsurface changes
to catalysts, influencing performance and the
ability to support additional metal nanoparticles.
However, from a practical perspective the process
is entirely necessary to ensure easy handling of this
pyrophoric material. Fully exploring this parameter
space, while less exciting than development of new
preparation routes, is equally important. Systematic
studies that consider correlations between
passivation conditions (oxidant, its concentration
and reaction temperature), specific carbide
properties (surface area, surface terminations,
Mo:C ratio and particle size), along with difference
between different phases (α-MoC1–x vs. β-Mo2C),
are required. Characterisation to elucidate these
correlations could include the use of near-ambient

© 2022 Johnson Matthey
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XPS (NP-XPS) which would be highly beneficial for
studying surface changes in situ.
There is a great deal of literature and understanding
of transition metal carbide catalysts and an
evolving understanding of specific phases, such
as α-MoC1–x. However, controllable and practical
synthesis methods still require further work. These
include methodologies that make use of relatively
low temperature and simple pyrolysis steps, which
ideally will have greater tolerance to deviation in
gas flow dynamics and heating ramp rate than
current temperature-programmed techniques.
In addition, it is important that any preceding
wet chemical processing to make molybdenum
precursors that facilitate ‘simple’ heat treatments
are clearly understood and reproducible at scale.
Ensuring a systematic understanding of the process
and how it influences the final phase and surface
properties of the catalysts is essential to scale up
and application.
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In our previous study, retinyl palmitate was
successfully encapsulated by melt dispersion
using waxes as shell materials. Herein, the
objective of the present research is to evaluate
the shelf life and kinetic release of the developed
microcapsules. The study was conducted by
measuring actual loading capacity over a period
of time using spectroscopic analysis. The transfer
percentage of particles from nonwoven facial wipes
to skin-like surfaces was also investigated by
simulating the rubbing mechanism with a robotic
transfer replicator. Although particles stored as
powder form under room temperature showed
only eight days of shelf-life, particles stored as a
dispersion in a refrigerator maintained 60% of the
theoretical loading capacity after one month. The
kinetic release profile of the particles in ethanol
with shaking at 100 rpm and 37±2°C showed
an initial burst in the first half an hour, followed
by a sustained release. It also showed that 98%
of the retinyl palmitate content released within
4 h. Particles incorporated into wet nonwoven
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wipes gave approximately 22% transfer to skinlike fabric. Thus, the study shows potentials of
delivering skincare properties by means of retinyl
palmitate capsule loaded textile substrates.

1. Introduction
In cosmetic science and technology, retinoids are
widely recognised to address skin concerns such
as acne, rosacea, pigmentation and symptoms of
photoageing (1). Retinoids are chemical compounds
of vitamin A, which include retinoic acid, retinal,
retinol and retinol derivatives. Retinoic acid has been
well researched and found to be effective as a topical
treatment for photoageing, hyperpigmentation,
wrinkles and dry skin (2–5). However, many
patients suffer from retinoid dermatitis as a side
effect of the aggressive reaction of retinoic acid (6).
Therefore, researchers have been studying retinol
and its derivatives for cosmetic applications to
impart the benefits by minimising the irritation on
the skin (7–10). After being topically absorbed by
the skin, retinol, retinal and their derivatives need
to enzymatically convert into a biologically active
form, i.e. retinoic acid, through oxidative processes
(11). The chemical structures of the retinoids and
their mechanism of skin treatment is discussed in
our previous work (12).
Many studies revealed that topically applied
retinoids, including retinyl palmitate (a lipophilic,
ester derivative of retinol), are effective in
skin
penetration,
percutaneous
absorption,
metabolisation to retinol and retinoic acid and skin
treatment (13–20). However, instability has been a
challenge to incorporate retinoids into cosmetics due
to oxidation of retinol over time and its sensitivity
to heat and light (21, 22). Microencapsulation can
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solve this problem by protecting active ingredients
from reactive compounds in formulations as well as
releasing them when applied on to the skin (23). In
the perspective of cosmetic formulations, retinoids
have been reported to be successfully encapsulated.
Torrado et al. demonstrated encapsulation of retinol
palmitate in albumin by emulsion method, where
coagulation of the emulsion followed by decantation
facilitated the isolation of albumin microspheres
(24). Jenning et al. encapsulated vitamin A into
glyceryl behenate through dispersion of hot lipid
phase and high-pressure homogenisation (25).
Retinol-chitosan microparticles were prepared by
Kim et al., using ultrasonication and evaporation
of solvent (26). Gangurde and his group reported
microencapsulation of vitamin A palmitate in
maltodextrin/modified starches using spray drying
method (27). We have explored the potential of the
melt dispersion method to successfully encapsulate
retinyl palmitate (12). The employed melt
dispersion method is an inexpensive, environmentfriendly method with minimum use of synthetic
chemicals.
In order to assess the quality of topical products
containing active substances, tests include content
uniformity analysis, pH measurement, the content
of water and preservatives, particle size analysis
and assays (28). Gangurde and Amin (27)
described the separation of oil and water phases,
change in colour, inconsistency of formulation
and development of unpleasant odour as some
indications of the instability for vitamin A palmitate
microcapsules. In this study, we evaluated the
visual change in colour and retention of retinyl
palmitate content to understand the stability as
well as the shelf life of prepared microcapsules.
In vitro kinetic release studies are performed to
understand the release rate of active ingredients
in the body and also to understand the storage
stability. The mechanism of the controlled release
of active ingredients can be broadly categorised
into
physical
and
chemical
mechanisms.
According to Acharya and Park (29), the physical
mechanisms may involve diffusion of the drug
through the polymer matrix, degradation or
dissolution of the polymer layer, osmotic pressure
or use of ion exchange for ionised drugs. On the
contrary, the chemical mechanism involves the
alteration of active molecules (30). In the case
of waxy materials as matrix components, the
most significant release mechanisms of active
ingredients are the diffusion of the active core
through the matrix and erosion of wax matrix
through ester hydrolysis reaction (31).
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Topically applied active ingredients are often
incorporated into a carrier such as creams, gels or
textile substrates to ensure targeted transdermal
delivery. Microcapsules can be incorporated into
textile substrate by means of coating, impregnation
or immersion, spraying or printing (32). Several
studies
have
investigated
the
application
of microencapsulation in cosmetic textiles.
Yamato et al. formulated treatment liquids containing
microcapsules of skincare substances and binding
agents and incorporated them into textile structure
through spraying (33). Wang and Chen prepared
aromatherapeutic textile with fragrance-loaded
cyclodextrin inclusion compound by conventional
pad-thermo fixing method (34). Koenig formulated
a cleansing composition with microencapsulated
delivery vehicle comprised of active agents that can
be introduced into wet wipes by various means (35).
Cheng et al. developed vitamin C-loaded gelatin
microcapsules using emulsion hardening process
that can be grafted into textiles to impart skincare
benefits (36). Alonso reported the preparation of
polyamide cosmetotextile comprising of gallic acid
(GA)-loaded poly-ε-caprolactone (PCL) microspheres
to impart antioxidant effect to skin (37). Fiedler et al.
incorporated aloe vera-cornstarch microcapsules
obtained through coacervation into cotton nonwoven
fabric, where impregnation mechanism was applied
by using butane tetracarboxylic acid (BTCA) as a
binding agent (38).
Textile-based substrates as delivery vehicles have
their benefits due to flexibility and ease of application
(30). The open, permeable structure, as well as
large surface area, make the textile structure ideal
support for topical drug delivery applications (39).
Therefore, we aim to explore nonwoven facial wipe
as a mean to incorporate microcapsules containing
retinoids and evaluate the transfer of microparticles
from the substrate to skin.
In
our
previous
work,
we
successfully
encapsulated retinyl palmitate using waxes as shell
material (12). Natural waxes such as beeswax are
skin-friendly and popular as cosmetic additives.
Beeswax has antiinflammatory and antimicrobial
properties, suitable for topical treatment (40, 41).
Besides, beeswax is also efficient to improve the
barrier function of the skin (42).
The overall objective of the present study was to
evaluate the shelf life and kinetic release of the
developed microparticles by measuring the loaded
content of retinyl palmitate over time and also to
investigate the simulated transfer of microparticles
from the wet nonwoven substrate to skin-like fabric
by using a robotic transfer replicator.
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2. Materials and Methods
2.1 Materials
Refined, white beeswax pearls and retinyl
palmitate (vitamin A) of 1.7 MIU g–1 (MIU = milliinternational units) were purchased from Bulk
Apothecary (Aurora, OH, USA) and Fisher Scientific
USA (Pittsburg, PA, USA), respectively. Ethanol
was obtained from Decon Laboratories, Inc (King
of Prussia, PA, USA). Compression fabric (warp
knit: 77% nylon and 23% spandex) was obtained
from the Marena Group (Lawrenceville, GA, USA).
Pampers® Aqua PureTM nonwoven wipes were also
used as a carrier to transfer microparticles from
the substrate to skin.

2.2 Microencapsulation of Retinyl
Palmitate and Effect of Process
Variables
We microencapsulated retinyl palmitate by
melt dispersion technique and investigated the
effect of four process variables on the produced
microcapsules, such as different theoretical
loading capacity (10%, 15%, 25%), types of wax
(beeswax, carnauba wax, paraffin wax), emulsifier
concentrations (0%, 1%, 2%) and stirring speeds
(180 rpm, 230 rpm, 280 rpm) in our previous
study (12). The statistical analysis showed that
theoretical loading capacity and surfactant (%)
were the most significant factors and we were able
to determine that the highest theoretical loading
(25%) and highest surfactant (2%) selected
in that study can provide us high actual loading
with the small size of the particles. There was no
significant difference found among the effects of
type of wax on loading capacity, encapsulation
efficiency, antioxidant activity or mean size of
particles. Hence we decided to conduct further
study selecting beeswax as the shell material
because of its natural skincare benefits as well as
operational convenience due to low melting point
(65°C). We selected 280 rpm stirring speed to
facilitate dispersion of the oil-in-water emulsion
and formation of small size particles.

2.3 Thermal characterisation by
Differential Scanning Calorimetry
Thermal analysis of the beeswax, retinyl
palmitate and retinyl palmitate-loaded beeswax
microcapsules was carried out by using MettlerToledo GmbH DSC821e (Greifensee, Switzerland)
instrument, where a standard empty aluminium
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pan was used as the reference. The weight of
the samples was within 2–9 mg, and the samples
were scanned from 25°C to 100°C under nitrogen
atmosphere with a heating rate of 10°C min–1.

2.4 Shelf Life Study
After preparing the microcapsules with 25%
theoretical loading, we looked into the shelf life
of microcapsules by measuring the actual loading
percentage, i.e. the content of retinyl palmitate in
a fixed amount of capsules over a period of time,
both in powder and dispersion forms. We evaluated
the shelf life of the beeswax microcapsules
(approximately 71% encapsulation efficiency) in
powder form, where they were filtered and dried
before storing in an enclosed petri dish under
room temperature; and also in dispersion form
(approximately 75% encapsulation efficiency),
where the particles were kept dispersed within the
emulsion during preparation, stored inside dark
vials in refrigerator and a portion was filtered on
each day of measurement (Day 1, Day 4, Day 8,
Day 15 and Day 31).
An extraction from 0.1 g of microcapsules
was performed, by heating the capsule in
20 ml of ethanol solution to release the vitamin
content and then filtering the wax residue. The
concentration of supernatant aliquots was measured
at 327 nm by a Shimadzu Corporation UV-2401PC
spectrophotometer (Kyoto, Japan). The amount of
retinyl palmitate was determined from a standard
curve of known concentrations.

2.5 Kinetic Release study
We conducted an in vitro kinetic release study similar
to prior literature (27, 43) with some modification
based on particle content, solvent type and machine
parameters. The retinyl palmitate release profile
from 3 g of suspended particles (approximately
77% encapsulation efficiency) was examined in
600 ml of pure ethanol. The study was performed
in a New Brunswick Scientific C24 (Eppendorf,
Germany) incubator shaker with a speed of 100 rpm
and temperature set at 37±2°C. Supernatant
aliquots of 2 ml were withdrawn and replaced by
the fresh medium at appropriate time intervals
(1 min, 5 min, 15 min, 30 min, 1 h, 2 h, 4 h). The
supernatants containing dissolved retinyl palmitate
were diluted and analysed by ultraviolet-visible
(UV–vis) spectroscopy at 327 nm. The results were
compared with a standard to calculate the vitamin A
concentration and to evaluate the release ratio.
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2.6 Simulated Transfer Study from
the Textile Substrate to Skin
We used a robotic transfer replicator (Figure 1)
to simulate the transfer of microparticles from
a nonwoven wipe to the skin and evaluate the
transfer percentage, by means of a similar method
as described by Yu et al. (44). 1 g of microparticles
was spread as evenly as possible by a spatula
over a commercial nonwoven wipe containing
99% water that acted as a donor surface with
a diameter of 133 mm. The receptor material
was a compression fabric, i.e. a warp knit with a
composition of 77% nylon/23% spandex (fabric
weight 276 g cm–2). This fabric was chosen because
the study by Yu et al. (44) regarding transfer of
particulates from carpet surface to human skinlike receptors revealed that this fabric replicated
the human skin, particularly finger pads best as a
receptor material. The receptor fabric was attached
to an aluminium nose piece with the help of O-ring
made of rubber. After the activation of the replicator,
the nose piece descended the receptor fabric
onto the donor surface and rubbed the receptor
against the donor by executing a certain number of
motions (imitating an hourglass pattern) under a
constant pressure maintained by the programmed
hydraulic system. After performing this rub cycle,

the nose piece was raised and delivered onto a
glass jar containing 20 ml of ethanol. The fabric
was released into ethanol and shaken vigorously,
followed by sonication for 2 h so that all the particle
content is released into ethanol. Then aliquots were
removed for assay in an UV–vis spectrophotometer
to measure the content of retinyl palmitate. Finally,
the amount of transfer of retinyl palmitate was
calculated in percentage.

2.7 Statistical Analysis
All the measurements for shelf life study were
performed in triplicates, whereas the measurements
of kinetic release study and simulated transfer
study were performed in duplicates. The results
have been reported as the mean values and their
corresponding standard deviations.

3. Results and Discussion
3.1 Thermal Analysis
Figure 2 shows differential scanning calorimetry
(DSC) scans of beeswax, retinyl palmitate and
beeswax microcapsules with 25% theoretical
loading capacity. In the thermogram of retinyl
palmitate, a sharp endothermic peak is observed

Robotic transfer
replicator
Glass jar filled
with 20 ml
ethanol
Donor: nonwoven
wipe coated with
microparticles
Receptor: skinlike compression
fabric attached to
nosepiece
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Fig. 1. Robotic transfer replicator
for simulating the transfer of
microparticles from nonwoven
wipe to skin-like fabric: nonwoven
moisturising wipe containing
1 g of microcapsules acted as
a donor surface, whereas a
compression fabric (warp knit;
77% nylon/23% spandex) was the
receptor material. The replicator
clutched the nose piece and
descended the receptor fabric
onto the donor surface and
rubbed the receptor against the
donor by executing programmed
motion. After performing this rub
cycle, the nose piece was raised
and delivered onto a glass jar
containing ethanol
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3.2 Shelf Life
4

Retinyl palmitate
Beeswax
Retinyl palmitatebeeswax microcapsule

mW mg–1

2
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–2

63°C
34.33°C

–4
65.67°C
–6

20
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70

80

90

100 110

Temperature, °C

Fig. 2. DSC thermogram of untreated beeswax,
retinyl palmitate and retinyl palmitate-loaded
beeswax microcapsules (25% w/w theoretical
loading capacity): retinyl palmitate shows a sharp
endothermic at 34.33°C, which corresponds
to its melting point. retinyl palmitate-beeswax
microcapsules show no endotherms corresponding
to the melting point of retinyl palmitate, implying
that retinyl palmitate dissolved within the matrix of
beeswax when the temperature reached its melting
point. Untreated beeswax and retinyl palmitateloaded beeswax microcapsules showed their
melting peaks at 65.67°C and 63°C, respectively.
The slight decrease in the melting point of the
particle resulted from the mixing of the retinyl
palmitate and the beeswax matrix

at 34.33°C, which corresponds to its melting point.
However, it is observed that the microcapsules
show no endotherms corresponding to the melting
point of retinyl palmitate. This implies that retinyl
palmitate dissolved within the matrix of beeswax
when the temperature reached its melting point
(45). This observation was consistent with the result
found by Milanovic et al. (46), where encapsulated
ethyl vanillin dissolved in the carnauba wax matrix.
Untreated beeswax and retinyl palmitate-loaded
beeswax microcapsules show their melting peaks
at 65.67°C and 63°C, respectively. The slight
decrease in the melting point of the particle should
be due to the mixing of retinyl palmitate and wax
because of plasticisation. A second peak is observed
for microcapsules at higher temperature (slightly
higher than melting temperature), which could be
because of fraction of large crystallites formed after
encapsulation process that showed higher melting.
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Figure 3 shows the shelf life study of the beeswax
microcapsules in: (a) powder form stored under
room temperature; (b) dispersion form stored in
a refrigerator. When the particles were evaluated
in powder form under room temperature, the
microcapsules lost their active content within 8 days
(Figure 3(a)). This phenomenon can be attributed
to the diffusion of retinyl palmitate through the wax
shell. The high compatibility between lipophilic,
low molecular weight active ingredients with wax
is the major cause of diffusion (47). Diffusion can
be accelerated in small-sized particles due to the
availability of larger contact areas as well as due to
pores existing in the shell matrix (48).
Djordjević et al. (31) described the internal
structure of particles produced by melt dispersion
with the wax shell to be nonhomogeneous with
matrix or hollow-shell morphology. Therefore in
the prepared microcapsules, retinyl palmitate is
distributed within the wax shell matrix. With the
course of time, the core content comes up to
the surface and diffuse through the shell. From
Figure 4(a), the gradual change in the colour of
beeswax microcapsules supports the phenomenon
of diffusion as a plausible explanation. The particles
stored as powder form appear to be bright yellow
after the retinyl palmitate diffuses to the surface
and they turn white (beeswax) when almost all of
the core content leaches out.
On the other hand, when the retinyl palmitatebeeswax particles were stored in the dispersed
aqueous emulsion in a refrigerator, they retained
the core material and showed no significant
decrease in retinyl palmitate content until the
15th day (Figure 3(b)). The variability in size
distribution of different batches of filtered particles
may account for the slight increase observed in
actual loading capacity (Figure 3(b)). After
30 days, a decrease in loading was observed,
which can be explained by ester hydrolysis of
the beeswax while stored in aqueous emulsion
resulting in the release of the content (49).
retinyl palmitate-beeswax particles stored in the
dispersed aqueous emulsion in the refrigerator do
not show a significant visual difference in colour
when filtered (Figure 4(b)).

3.3 Kinetic Release study
The release profile (Figure 5) of retinyl palmitatebeeswax microcapsule showed an initial burst
followed by a slower release of the vitamin
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Fig. 3. Shelf life study of: (a) retinyl palmitate loaded beeswax microparticles stored as powder under room
temperature. The particles in powder form under room temperature lost their active content within 8 days;
(b) retinyl palmitate loaded beeswax microparticles stored as a dispersion in a refrigerator. The particles
stored as dispersion in the refrigerator showed no significant decrease in retinyl palmitate content until the
15th day

(a)

Day 0

Day 1

Day 4

Day 8

Day 4

Day 8

Day 31

(b)

Day 1

Fig. 4. Gradual change in colour observed for: (a) retinyl palmitate-beeswax microparticles stored as powder
under room temperature; (b) retinyl palmitate-beeswax microparticles stored in dispersion

entrapped inside the beeswax matrix. Due to the
initial burst effect, 7% of the retinyl palmitate
released at the first minute, leading to around 55%
release in the first half an hour. After the initial rapid
release, the release profile showed a sustained
release over time. Within 4 h, approximately 98%
of retinyl palmitate was released. A similar pattern
of release was found by Kheradmandnia et al. (49)
from ketoprofen-loaded solid lipid nanoparticles
incorporated in the matrix of beeswax-carnauba
wax mixture. Zigoneanu et al. (50) described the
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phenomenon of such initial burst as the result of the
cumulative effect of diffusion of the core through
the matrix, penetration of dissolution medium into
the particle, and degradation of the shell matrix.
As retinyl palmitate is soluble in ethanol, this
explanation is agreeable to our result. Permeation
of ethanol through the pores of the shell matrix and
simultaneous diffusion of retinyl palmitate through
the matrix facilitated the fast dissolution of the
vitamin into ethanol. Duclairoir et al. has reported
similar release profile for α-tocopherol from wheat
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medium prevents the active content from releasing
from the capsule because of having no affinity to
the lipophilic content. As a result, a water-based
formulation would be suitable to contain the
particles for cosmetic applications.

Release of retinyl palmitate, %

100

80

60

3.4 Simulated Transfer Study from
the Textile Substrate to Skin

40

20

0
0

1

2
Time, h

3

4

Fig. 5. The kinetic release profile of retinyl
palmitate-beeswax microcapsules (25% w/w
theoretical loading) showed an initial burst followed
by a slower release of the vitamin entrapped inside
the beeswax matrix. Due to the initial burst effect,
7% of the retinyl palmitate released at the first
minute, leading to around 55% release in the first
half an hour. After the burst effect, the release
profile showed a sustained release over time.
Within 4 h, approximately 98% of retinyl palmitate
was released
gliadin nanoparticles, where mathematical models
were demonstrated for the bistep release, i.e.
the burst effect and the slower diffusion process
(51). While the initial burst could not be described
by their model, the time-dependent slow release
showed a good fit (R2 = 0.90) for the model in
Equation (i):
Mt
M0

t
Dt
= 6 p – 3t, where t = R2

(i)

Here, M0 is the amount of active content
incorporated, Mt is the amount of release core at
time t, D is the diffusion coefficient and R is the
radius of the particle. Thus the sustained release
was related to the diffusivity of the active core
inside the matrix system, the surface area of the
particle and the loaded content.
From this result, we can understand that alcoholbased cosmetic formulations will not be stable
over time as the core content would be released
in the carrier substrate during the storage period,
making retinyl palmitate susceptible to oxidation
and degradation. On the contrary, as we already
observed in the shelf life study, an aqueous
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From the transfer study, we found that 21.7±0.02%
of retinyl palmitate was transferred to the receptor
material from the donor surface of wet nonwoven
wipe after the preprogrammed rubbing cycle.
The percentage falls within the range reported by
Yu et al. in their study of transfer of particulates
from carpet surfaces to human skin. Although this
amount may vary depending on encapsulation
efficiency, method of particle incorporation,
and the amount of particle incorporated, this
study demonstrates the potential of using such
microparticles into facial wipes to impart skincare
properties. Knaggs, in his skin-ageing handbook,
mentioned that 0.05–0.1% tretinoin (retinoic
acid) was effective to reduce signs of ageing in
Asians (52). Oliveira et al. demonstrated in their
study that topical application 1% retinyl palmitate
has promising results for the treatment of skin
ageing (53). According to Gangurde et al., the
recommended concentration for topical semisolid
formulation of vitamin A palmitate is 0.05%–0.3%
(27). Thus, considering the approved dosage
of retinoids, absorption and conversion rate of
retinyl palmitate to retinoic acid within the skin, a
proper formulation has to be developed in further
study.

4. Future Studies
For a better understanding of the storage conditions
on the stability, our next research focus will be on
the following studies:
(a) Comparative study between the shelf life of
microscapsules in powdered forms of retinyl
palmitate-carnauba wax and retinyl palmitatebeeswax microcapsules in a refrigerator, as
well as the stability of the same forms at room
temperature
(b) Comparative study between the shelf life of
microcapsules in dispersion forms of retinyl
palmitate-carnauba wax and retinyl palmitatebeeswax stored: (i) in a refrigerator; and (ii) at
room temperature
(c) Study the effect of temperature on the diffusion
of active retinyl palmitate core through the shell

© 2022 Johnson Matthey

https://doi.org/10.1595/205651322X16225611489810

materials for retinyl palmitate-carnauba wax
and retinyl palmitate-beeswax microcapsules of
the same forms (powder as well as dispersion)
in storage
(d) Conduct release study on water-based
formulations
of
retinyl
palmitate-loaded
microcapsules using Franz cell diffusion test
with a method similar to Salamanca et al. (54)
and thus determine the appropriate cosmetic
formulation.

Conclusion
This research contributes to the study of stability,
release profile and potentiality of incorporating
retinyl palmitate-beeswax microcapsules in facial
wipes as a means to transfer active ingredient to
the skin. It was determined from the shelf study
that the microcapsules in dispersion form could
maintain active content for 30 days compared
to 8 days for the powder form under room
temperature. Hence water-based formulations
would preserve the stability of the capsules better
than the powdered form. The kinetic release
study showed that ethanol would accelerate the
release of the content. Further study on release
in different mediums and storage conditions will
help to determine suitable formulation of retinyl
palmitate-loaded
cosmetics.
The
simulated
transfer study showed around 22% transfer of
retinyl palmitate from nonwoven to receptor
fabric, thus demonstrated potentials for successful
transfer from retinyl palmitate-loaded facial wipes
to skin to impart skincare properties. Future study
with appropriate dosage and formulation will
contribute to develop innovative cosmeceutical
and cosmetotextile products containing retinyl
palmitate.
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There has been recent interest in the potential
of nitrides, hydrides and carbides as novel
heterogeneous catalysts for the production of
ammonia in a sustainable manner on a local scale.
It has been proposed that some of these materials
can produce ammonia via Mars-van Krevelen based
mechanistic pathways. Generally, for metal-based
heterogeneous catalysts, dissociative nitrogen
activation is believed to be the rate determining
step in ammonia synthesis. However, associative
pathways, which are more akin to enzymatic
nitrogen activation, are being increasingly invoked
in the literature. Such pathways may provide an
opportunity for the development of novel catalysts
that operate under milder reaction conditions. This
brief overview provides a summary of some of the
recent developments in relation to nitrides, carbides
and hydrides as applied to ammonia synthesis.

Introduction
Driven by the desire to develop novel
catalyst formulations which are applicable for
localised, more sustainable routes, the area of
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heterogeneously catalysed ammonia synthesis has
attracted much attention in the academic literature
in recent times. One of the key incentives for
this has been the idea that ammonia synthesis
for the production of synthetic fertiliser can be
conducted on, for example, a farm close to its
point of application with the required hydrogen
feedstream being derived from sustainable sources
such as electrolysis of water accomplished using
electricity produced using wind turbines or solar
energy sources. Further drivers are the possible
application of ammonia as a non-fossil based fuel
and also as a means to indirectly store intermittent
over-supply of sustainably derived electricity. In
the literature, the energy intensive nature of the
Haber-Bosch process, frequently quoted to be
1–2% of global energy demand, and its carbon
dioxide footprint, stated to comprise 2.5% of fossil
fuel based emissions, are statistics that are often
quoted in justification for the search for new routes
to ammonia production (1, 2). However, due
recognition has to be given to the highly efficient
nature of the Haber-Bosch process as currently
operated. In relation to this, large scale synthesis
of ammonia is highly optimised and it can be
credited with the sustenance of ca. 40% of the
global population. These considerations, coupled
to the recently reported UK CO2 supply chain
shortage, related to a reduction in commercial
fertiliser production (3), underline the importance
of the highly integrated nature of the process.
In developing smaller localised sustainable
ammonia synthesis units operating under milder
reaction conditions, a step change in catalyst
technology would be necessary requiring the
development of catalysts being able to operate
in the highly desirable lower temperature–lower
pressure reaction regimes which have proved
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elusive for so long. Such catalysts should also be
able to withstand a series of rapid start-up and shutdown procedures corresponding to the intermittent
nature of sustainably derived electricity supply. A
further consideration, not generally acknowledged
nor widely explored, is the desirability of such new
catalysts to withstand poisoning. In the following,
we detail some of the approaches which have
been described in the literature in recent years
to bypassing the inherent limitations of the more
conventional catalysts. While electrocatalysis and
photocatalysis are increasingly explored in relation
to nitrogen activation, we have concentrated on
heterogeneous catalysis.

Nitrides
The paradoxical nature of scaling relationships in
relation to conventional metal-based ammonia
synthesis catalysts is widely acknowledged. This
relates to the occurrence of a Sabatier volcano type
relationship whereby catalysts of optimum activity
possess intermediate nitrogen binding energies. In
this way, the relative performance of metals known
to be effective ammonia synthesis catalysts (such
as iron, ruthenium and osmium) can be rationalised
and the design of new active catalyst formulations
can be undertaken by alloying metals of low
nitrogen adsorption strength with those of high
nitrogen adsorption strength (4). This rationale
has been applied to explain the comparatively high
performance of the Co3Mo3N ammonia synthesis
catalyst (5, 6) on the basis of the combination
of cobalt (low nitrogen adsorption enthalpy) with
molybdenum (high nitrogen adsorption enthalpy)
as expressed in the (111) surface plane (4). This
explanation implies structure-sensitivity, which has
not generally been explored with this material, and
also considers the role of the lattice nitrogen to be
induction of ordering such that the active surface
crystallographic plane is exhibited (4).
An alternative viewpoint of the origin of the activity
of this system is the potential occurrence of a Marsvan Krevelen mechanism. The Mars-van Krevelen
mechanism, which is perhaps most frequently
encountered in oxidation catalysis using metal
oxide catalysts, involves the direct participation
of reactive lattice species generating transient
vacancies which are replenished to complete the
catalytic cycle (7). For ammonia synthesised from
metal nitrides, this would involve the synthesis
of ammonia directly by hydrogenation of lattice
nitrogen leading to vacancy sites where nitrogen
is activated. To this end, direct hydrogenation

327

Johnson Matthey Technol. Rev., 2022, 66, (3)

of Co3Mo3N to produce ammonia occurs and can
lead to the previously unprecedented Co6Mo6N
phase (8). Co3Mo3N and Co6Mo6N are two line
phases (with no intermediate stoichiometries being
observed) with the transformation involving the
loss of 50% of the lattice nitrogen upon reduction,
with the residual lattice nitrogen relocating from
the 16c to 8a crystallographic site (8). At ammonia
synthesis temperature, using a hydrogen/nitrogen
reaction feed, the rapid regeneration of Co6Mo6N
to Co3Mo3N occurs. Such regeneration can also be
accomplished by treatment with nitrogen alone (9)
thereby opening the possibility of a chemical
looping system for ammonia production (albeit
with a very low gravimetric nitrogen content).
Heterolytic isotopic exchange studies wherein 15N2
is exchanged with the lattice nitrogen of Co3Mo3N
(in which the nitrogen is predominantly 14N
reflecting normal isotopic abundance) demonstrate
the lattice nitrogen to be highly exchangeable with
40% exchange occurring at 600ºC within 40 min
(10). Computational modelling lends further
support to the possibility of the participation
of reactive lattice nitrogen for this system in
ammonia synthesis with high concentrations of
surface nitrogen vacancies being predicted at the
temperatures applied (11). Recently, the possibility
of an associative mechanistic pathway occurring
has been demonstrated through modelling (12)
and this proposal is consistent with the observation
that Co3Mo3N is not effective for homomolecular
14
N2/15N2 exchange (which directly relates to
the material’s ability to dissociate nitrogen) at
ammonia synthesis temperature despite being an
active catalyst (10). Generally, for heterogeneously
catalysed
ammonia
synthesis,
dissociative
pathways (wherein nitrogen is dissociated on the
catalytic surface often in the rate determining step)
are invoked and the occurrence of an associative
pathway (in which hydrogenation of surface
bound nitrogen occurs prior to its dissociation)
is an exciting development since it potentially
provides a premise for catalyst design and a link
to enzymatic nitrogen fixation which operates,
albeit comparatively very slowly, under ambient
conditions.
The role of nitrogen vacancies as being of
interest for the development of novel nitride-based
catalysts has been exemplified in the recently
reported nickel/lanthanum nitride catalyst (13).
In this catalyst, which is reported to exhibit high
activity and extended stability, it is proposed
that the scaling limitation is circumvented via
the occurrence of a dual site mechanism in which
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nitrogen activation occurs at the nitrogen vacancies
of the lanthanum nitride with hydrogen dissociation
being accomplished by the nickel component. This
concept has been expanded to cerium nitride and
yttrium nitride also, with cerium nitride being an
effective catalyst in its own right in which both
nitrogen activation and hydrogen activation can
be accomplished on nitrogen vacancy sites (14).
The application of dual sites to circumvent limiting
scaling relations has also been applied to the
development of catalysts based on the combination
of metals or metal nitrides with lithium hydride in
which activated N is believed to transfer to the
lithium hydride component which is progressively
hydrogenated to LiNH2 and then ammonia,
regenerating the lithium hydride component (15).
In terms of this strategy, combination of various
alkali and alkaline earth hydrides with manganese
nitride has been undertaken with LiH-Mn4N being
particularly effective (16). Elsewhere, in a chemical
looping based study, lithium-ion doping has been
shown to significantly enhance lattice nitrogen
lability in Mn6N5+x where computational modelling
indicates that its presence reduces the nitrogen
vacancy formation energy (17). Overall, it is
arguable that the role of alkali metal doping and
hydrogen activation have been less extensively
studied for novel catalysts. For Co3Mo3N, low levels
of Cs+ ion doping have significant promotional
effects but there are challenges in the preparation
of the material related to phase stability issues (5).

Hydrides
High activities for ammonia synthesis have been
reported for solid state hydrides and oxyhydrides
in recent years. To this end, the performance of
TiH2 (18), BaTiO2.5H0.5 (18), BaCeO3–xHyNz (19),
VH0.39 (20) and NbH0.6 (20) is documented within
the literature. In a number of cases, hydrogenbased Mars-van Krevelen mechanisms have been
invoked as the source of activity. The surfaces of
some of these materials may possibly nitride in
operation, as demonstrated by small shifts in lattice
parameters and elemental analyses. In the case
of BaTiO2.5H0.5, the formation of BaTiO2.5N0.2H0.3
is documented although BaTiO2.5N0.3 when tested
exhibited no activity, thereby emphasising the
initial requirement for the hydride containing phase
to be present. Lattice mobility is an important
consideration in the Mars-van Krevelen mechanism
wherein diffusion of species within the bulk of
materials to their surfaces occurs. This consideration
was applied to the development of the vanadium
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and niobium hydride based systems on the basis
that their ‘more open’ body-centred crystal
structures facilitate diffusion to a greater extent
than the face-centred cubic based crystal structures
based upon TiH2 and the perovskite structure
based BaTiO2.5H0.3 and BaCe3–xHyNz systems. This
consideration, coupled with advantageous metalnitrogen bond strengths, is invoked to explain the
enhanced performance of these materials (20).
This is an interesting design consideration from
which novel catalyst compositions of apparent high
activity have been developed from components
which, in isolation, might not be expected to display
good performance. Lanthanum oxyhydrides have
been applied as supports for ruthenium where it
is reported that catalytic performance relates to
high surface hydride ion mobility leading to low
work function electrons at hydride ion vacancies
near the ruthenium interface enhancing nitrogen
activation and reducing the effect of hydrogen
poisoning on the ruthenium component (21).
Surface hydride is proposed to be formed by the
reaction of electrons at vacancies reacting with
hydrogen adsorbed on the ruthenium component
forming hydride ions which subsequently react
with adsorbed nitrogen species releasing electrons
back to the vacancy sites. It was also stated that
the choice of oxyhydrides is important in reduction
of the deleterious effect of nitridation. Ternary
ruthenium hydrides have also very recently been
reported as effective catalysts with Ba2RuH6/MgO
outperforming the most active catalysts published
to date (22). It is proposed that an associative
pathway occurs for this system, which is stabilised
by the [RuH6] centres, lattice hydrogen and
alkaline earth metal cation. Experiments performed
for Li4RuH6/MgO demonstrated the requirement
for feeding both nitrogen and hydrogen for the
generation of ammonia.

Carbides
In addition to interest in the role of nitrogen and
hydrogen vacancies, activation of dinitrogen at
dicarbide vacancies has been proposed to occur
in relation to nickel-loaded rare earth dicarbides
(23). In the case of Ni/CeC2, the nickel component
was reported to be important in promoting the
formation of C2 vacancies in cerium carbide
by virtue of its enhanced hydrogen activation
functionality. Furthermore, differences in nitrogen
adsorption energy and configuration were noted in
comparing Ni/CeN and Ni/CeC2 although they were
found to possess comparable ammonia synthesis
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activity under the testing conditions applied
(23). In relation to the catalytic performance
of carbides, earlier studies had shown β-Mo2C
to be an effective catalyst and more active than
γ-Mo2N, unlike the α-MoC1–x phase which was
not stable under reaction conditions (24). In a
comparison between the performance of Co3Mo3N
and Co3Mo3C, which had been carefully prepared
so as to avoid any complicating effects of differing
morphology, the carbide was shown to be less
active requiring a higher reaction temperature and
with activity developing after an initial lag period
(25). Upon extended testing, gradual nitridation
of the Co3Mo3C phase was observed to occur.
Ammonia synthesis was related to the presence
of nitrogen occupying the 16c crystallographic site
although it was not possible to distinguish whether
the presence of lattice nitrogen arose from the
production of ammonia or was the cause of it (25).
Co6Mo6C, which comprises carbon in the 8a lattice
site, was found to be inactive under the conditions
tested and the phase remained stable (25). This is
contrary to the observations for Co6Mo6N referred
to previously.

Concluding Remarks
In concluding this brief summary of some of the
recent advances in relation to the development
of ammonia synthesis catalysts, it is fair to
say that there are very exciting and tantalising
opportunities for the design of novel catalysts.
The ability to synthesise more complex nitrides
such as the quaternary phases NiCoMo3N (26) and
(NiM)2Mo3N (M = copper or iron) (27) provides
the possibility to tune catalytic performance.
Taking ternary metal nitrides as an example, in the
comparison of the behaviour of Co3Mo3N, Fe3Mo3N,
Ni2Mo3N and Co2Mo3N it can be observed that the
role of composition and structure is complex (28)
and computational modelling has a role to play in
rationalising the origin of performance leading to
the design of new catalysts. It is also noteworthy
that the possibility of associative pathways is being
invoked more widely. Such pathways are closer to
enzymatic systems and, as such, may be related
to the possibility of lower temperature catalytic
routes. While surveying the literature uncovers
many interesting and exciting advances in the area
of alternative materials which can be extended
to the further discovery of novel catalysts, the
development of technology suitable for small
scale sustainable ammonia synthesis has yet to
be accomplished and remains an exciting and
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potentially highly rewarding challenge. In terms of
application, consideration would need to be given
to longevity of performance and also to poison
tolerance as well as catalyst handling, storage
and preparation. In relation to preparation, it is
interesting to draw attention to the considerations
of heat transfer in relation to the synthesis of active
materials as has been discussed, for example,
for binary molybdenum nitrides where nitridation
of MoO3 via ammonolysis and treatment with
nitrogen/hydrogen mixtures has been compared
(29, 30).
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Introduction
“Sustainable Materials for Transitional and
Alternative Energy” is a 294-page, five-chapter
book which forms one part of the Modern Materials
and Sensors for the Oil and Gas Industry Series.
The book is authored and edited by Mufrettin
Murat Sari (Texas A&M University, USA), Cenk
Temizel (Saudi Aramco, Kingdom of Saudi Arabia),
Celal Hakan Canbaz (Ege University, Turkey), Luigi
A. Saputelli (ADNOC Frontender Corp, USA) and
Ole Torsæter (Norwegian University of Science
and Technology, Norway), in collaboration with a
further 15 contributors.
Mufrettin Murat Sari is a Chemistry Professor at the
Department of Chemistry, Texas A&M University,
and Life and Health Science Department, University
of North Texas at Dallas, USA. Beginning with his
PhD degree from Hacettepe University, Turkey, in
2005, he has 20 years of experience in the fields
of materials chemistry, applied biochemistry and
nanotechnology. Throughout his illustrious career,
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he has published about 40 scientific articles and
proceedings with hundreds of citations. Cenk
Temizel is a Senior Reservoir Engineer with Saudi
Aramco. His career spans around 15 years in
industry working on reservoir simulation, smart
fields, heavy oil, optimisation, geomechanics,
integrated asset modelling, unconventionals and
enhanced oil recovery (EOR) across the Middle
East, USA and UK, prior to which he was a teaching
and research assistant at the University of Southern
California, USA, and Stanford University, USA. Like
Temizel, Celal Hakan Canbaz is a Senior Reservoir
Engineer with 16 years industrial experience. He
is highly regarded in the fields of special core
analysis, reservoir wettability characterisation,
well testing analysis, perforation and testing
design, multiphase flow meters, carbon dioxide/
oil/water interactions, wellbore flow dynamics and
pressure-volume-temperature data interpretation.
He has made contributions to industrial projects,
conference and journal papers, two books and
a US patent. Luigi A. Saputelli is a Reservoir
Engineering Expert Advisor with 30 years of
experience as a reservoir, drilling and production
engineer. Alongside his industrial contributions, he
is a researcher, lecturer and active volunteer in the
Society of Petroleum Engineers, and has published
in excess of 100 industry papers on digital oilfield,
reservoir management and real-time production
optimisation. Ole Torsæter is a Professor of
reservoir engineering at the Norwegian University
of Science and Technology and Adjunct Professor
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at the University of Oslo, Norway, as well as a
research associate at PoreLab, a Norwegian Centre
of Excellence. He has supervised a staggering
220 Masters and 25 PhD candidates, alongside
publication of 200 research papers himself, with
the most recent focusing on nanofluids for EOR.
“Sustainable Materials for Transitional and
Alternative Energy” addresses today’s energy needs
in a fast-paced world in which nanotechnology is
of vital importance for maintaining environmental
sustainability and protecting human health.
This book keeps pace with advancements in the
energy industry by addressing the latest research
involving advanced nanomaterials which engineers
can apply to nanoparticle applications beyond the
petroleum industry. Additional topics in Volume 2
include carbon capture-focused, green-based
nanomaterials, the importance of coal gasification
in terms of fossil fuels and advanced materials for
fuel cells.
This book has been written with the intention
of targeting a wide range of readers from
academics to researchers, and undergraduate to
graduate students, from various backgrounds,
including petroleum engineers and researchers,
nanotechnology researchers in the oil and
gas industry, chemical engineers and material
scientists.
This book will be reviewed in order of chapter due
to its methodological breakdown starting with the
oil and gas industry, before moving onto ‘greener’
technologies involving nanomaterials.

Chapter 1: Smart and State-of-theArt Materials in Oil and Gas Industry
The objective of this chapter is to define the field
of smart and state-of-the-art materials together
with their current status and potential benefits. In
the future, more focus will be placed on additives,
nanoparticles, shape memory materials and
piezoelectric materials: those that can generate
electricity on the application of mechanical stress.
Chapter coverage is equally divided among smart
materials and state-of-the-art materials. The
former refers to those materials that can change
their composition or structure, their electrical
and mechanical properties or even their functions
in response to environmental stimuli. The stateof-the-art materials included in this chapter are
additives (bacterial control, corrosion inhibitor, fluid
loss, lubricants, fluid viscosifiers, synthetic-based
muds, clay stabilisers, antifreeze, odorisation and
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defoamers) and nanoparticles (for improving sweep
efficiencies, stabilised foam, polymer flooding and
reduced water production). Their properties and
applications are discussed in detail throughout this
book, and specifically, this chapter.

Chapter 2: Advanced Materials for
Geothermal Energy Applications
Geothermal energy is one of the largest renewable
energy sources in existence. Chapter 2 addresses
investigation methods used in the exploration,
discovery and monitoring phases of geothermal
systems, the structural characterisation of which
can be implemented through the use of geophysical
tools. The latest technology is compared with
conventional counterparts in terms of efficiency
and cost-effectiveness. This includes the use of
nanotechnological materials and advanced tools
(for example, fibre optic sensors, distributed
temperature sensing systems, thermal infrared
remote sensing tools and advanced technology
carriers such as drones, aircrafts and satellites)
for measuring physical properties of geothermal
fluids
and
rocks.
Furthermore,
advanced
materials and nanomaterials starting to be used
in geothermal downstream parts, such as heat
transfer and energy conversion in thermoelectrical
power plants, are introduced and discussed in
appropriate detail.

Chapter 3: Functional Green-based
Nanomaterials Towards Sustainable
Carbon Capture and Sequestration
CO2 capture and sequestration (CCS) technologies
have received increasing interest in recent years
due to the pressing global demand to reduce CO2
emissions and slow down global warming. This
chapter explores the development of reusable,
low-cost and green-based adsorbents which
are important for efficient and environmentallyfriendly removal of CO2 from the atmosphere. The
absorbents discussed in detail include halloysite
nanotubes, nanofibrillated cellulose, enzyme
immobilised on bioinspired nanosorbents, green
metal-organic frameworks and bio-derived
porous carbons. The advantages of each are
given, alongside research study results and their
many uses in CCS, which are well summarised
in Sub-chapter 3.7, ‘Conclusion and Outlook’.
Looking forward to the future, there is a need to
investigate CO2 selectivity of nanomaterials over
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other gases (for example nitrogen and methane)
as research currently focuses on adsorption
characteristics.

Chapter 4: Nanocatalysts and
Sensors in Coal Gasification
Process
As global energy needs increase, so does the
importance of addressing energy security,
environmental problems and the cost of energy.
Since renewable energy sources are yet to reach
the required energy demand, and issues of
radioactive waste from nuclear energy remain, the
gasification process (conversion of hydrocarbon
fuels into gases) stands out as an alternative
technology that enables the production of clean
gas products that can be used in many areas.
This book’s penultimate chapter provides a
comprehensive background for nanocatalysts and
sensors in the coal gasification process. Emphasis
is placed on the use of catalysts, specifically
nanocatalysts with their superior physical
properties (namely, large surface area to volume
ratio), in the gasification process which have the
potential to increase carbon conversion rates and
economically reduce processing times.
Inconsistent with the first three chapters of this
book and the subsequent final one, Chapter 4 does
not have a ‘Conclusions’ section. This emphasises
the point raised at the end of this review which
highlights the book’s lack of editorial consistency
and disruptive flow of content.

Current status
Pt
Pt and Pt
alloy/de-alloy
Core-shell
Nonprecious
metal catalyst
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Chapter 5: Advanced Materials for
Next-Generation Fuel Cells
The fifth and final chapter of this book introduces
the reader to fuel cell technology and its importance
as one of the main solutions for the next generation
of environmentally friendly energy. It provides
a general perspective on fuel cell types, namely
polymer electrolyte membrane, microbial, alkaline,
phosphoric acid, solid oxide and protonic ceramic,
their mechanisms and applications, alongside the
nanostructures used to produce catalysts in this
field.
For background context, fuel cells are
electrochemical devices that directly convert
chemical energy from oxygen and hydrogen
into electrical energy in a single step. Several
improvements and developments regarding the
increase in hydrogen production, improvements
in cell design, removal of membrane, utilisation
of microbial catalysts or platinum-free catalysts
have been successfully demonstrated in the
field of electrocatalysts. These are addressed in
this chapter and summarised in Figure 1 and
Table I.
While proton exchange membrane fuel cell
development is the most highly anticipated area,
traditional catalysts, such as platinum nanoparticles
on carbon (Pt/C) are still being used in current
fuel cells as well as nonprecious metal catalysts.
Nanoscale materials used in fuel cell technology
include nanoparticles, nanoframes, nanorods and
core-shell structures – the latter of which has shown

Fig. 1. Timeline giving
a general ranking of
technology readiness
for each catalyst
family for fuel cells.
R&D = research and
development, MEA =
membrane electrode
assembly. Copyright
2021 Elsevier

Shape
controlled
nanocrystals
Nanoframe
R&D phase (RDE)
Scale-up (small scale MEA testing)
Validation phase (short stack testing)
Production phase/use in product
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Table I Benefits and Remaining Challenges for each of the Primary Categories of
Electrocatalysts
Catalyst type

Benefit

Remaining challenges

Platinum

(a) Mature technology

(a) Unable to meet long term
automotive Pt loading and catalyst
layer durability targets

Platinum alloy/de-alloy

(a) Mature technology
(b) Improved performance over Pt/C
(c) Enhanced membrane/MEA
durability

(a) Difficult to meet long term
automotive Pt loading target

Core-shell

(a) Improved mass activity over Pt
alloy
(b) Improved durability over Pt/C
(c) Highest reported ECSA

(a) Difficult to maintain quality of
‘shell’
(b) Dissolution of ‘core’ still a concern

Shape controlled nanocrystal (a) Significantly higher mass activity
(~15 x) over Pt
(b) Chemical synthesis (vs.
electrochemical) may allow for
easier scale-up vs. core-shell

(a) Scale-up is at an early stage
(b) Conflicting data on stability
(c) MEA performance has not been
demonstrated yet

Nanoframe/nanocage

(a) Significantly higher mass activity
(>20 x) over Pt
(b) Highly stable (improved durability
over Pt/C)

(a) Scale-up is at an early stage
(b) Ionomer penetration into nanocage
will likely be difficult
(c) MEA performance at high current
density may be challenging

Nonprecious metal catalyst

(a) Potentially offer the largest benefit
(significant cost reduction)
(b) Tolerant to common contaminants

(a) Close to meeting targets for
non-automotive applications (for
example, backup power) but far
from meeting automotive targets
(b) At current volumes, pgm loading
is not a major concern for nonautomotive applications

MEA = membrane electrode assembly; ECSA = electrochemical surface area; pgm = platinum group metal
Copyright 2021 Elsevier

enhanced results in the cathodes and anodes in fuel
cells electrodes – which have contributed immensely
to fuel cell commercialisation expansion. Current
and potential fuel cell applications are discussed in
detail in this chapter and summarised in Figure 2.

Conclusions
In summary, this book provides a detailed
introduction and assessment of the use of
sustainable materials in the energy industry.
Scientific papers and research are heavily
referenced throughout; these are highly detailed
and often require the reader’s full attention and
specialist background knowledge in order to be fully
understood. This book is best suited to a subject
334

matter expert interested in making technological
advances in the energy industry using smart and
state-of-the-art materials, namely nanomaterials.
In general, this is a poorly written book which
made for an unnecessarily difficult read. It is riddled
with grammatical errors, such as the omission of
conjunction words which greatly impacts upon the
flow of the material. Material flow is also disrupted
by poor figure placement throughout; there are
multiple examples where figures are placed in
the middle of sentences rather than at the end of
paragraphs making it difficult for the reader to link
information.
Inconsistencies exist between chapters due to
having multiple contributory authors. The most
significant of these concerns the level of background
© 2022 Johnson Matthey
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Industrial gas

Fig. 2. Potential fuel cell
applications. Copyright
2021 Elsevier

Rocket fuel

Previously
Industrial gas and
speciality applications

Residential fuel cells
(ENE FARM)

Fuel cell vehicles
(FCV)

Currently
Full-scale
energy usage
Market launch in 2009

Market launch in 2014
FC: fuel cell

FC forklift trucks

Future

FC buses

FC hydrogen power plants/
industrial FC

Diverse
applications
Hydrogen jet aeroplanes

FC scooters

or introductory information provided. For example,
in Sub-chapter 4.2, fossil fuels, CO2 formation
and global warming are explained in detail, but
assumptions are often made in other chapters of a
high level of understanding on much more complex
and less familiar topics. This is inconsistent with
the fact that the book claims to be targeted to
undergraduate students from various backgrounds.
Furthermore, the impact of multiple authors on the
fluidity of this book is evident through the inclusion
of several introductions to nanotechnology and
nanomaterials across numerous chapters. This is
tedious for the reader when reading the book as a
whole; however, if chapters are viewed in isolation,
a case can be made for the need for several
introductions. Nevertheless, repeated content
could be removed, thus saving on space, by crossreferencing information between chapters; this
would also have the added benefit of improving the
fluidity of the book’s content.
Resultantly, this book could have been better
edited to ensure consistencies between chapters
and eliminate repetitive information.
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Turkey is a home country for a good number of
fermented beverages derived from milk, cereals,
fruits and vegetables, and several studies have
reported the probiotic potentiality of these
beverages. Probiotics, otherwise known as
beneficial microorganisms possess the ability to
exert antimicrobial effects, which is one of the
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most important selection criteria for their use
in commercial products. In the current study,
the antimicrobial activities of potential probiotic
bacteria isolated from five fermented traditional
Turkish beverages (boza, kefir, ayran, shalgam
juice and hardaliye) were evaluated. The bacterial
isolates
were
morphologically
characterised
and genotypically identified by 16S rRNA gene
sequence analysis. The antimicrobial effects of the
isolates against selected human pathogens were
assessed using spot-on-the-lawn and agar well
diffusion assays. 18 of the 22 strains displayed
varying degrees of antagonism against the tested
pathogens. Amongst the isolates, the strongest
antimicrobial effects were exhibited by strains from
boza, kefir and shalgam which can be attributed to
their greater microbiota diversity. Strain specificity
in the activities of the obtained isolates and
specificity with the different indicator pathogens
tested was observed. The antimicrobial effects
exhibited by boza, kefir and shalgam isolates offer
a promising health benefit to consumers of these
fermented probiotic products.

1. Introduction
Fermented foods are defined as foods and beverages
produced via controlled microbial growth, and
by the conversion of food components through
enzymatic actions (1). Fermentation enhances
the preservation of foods as well as enables the
transformation of raw materials into a new product
with unique sensory properties (taste, aroma and
texture), improved nutritional values and functional
properties (2–4). Foods and beverages that are
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prepared via fermentation processes constitute an
important part of human nutrition in virtually every
food culture around the globe (3). Fermented or
pickled fruits and vegetables, fruit juices, tea
leaves, cereals, roots and tubers are very popular
and widely consumed in many regions of Europe,
Asia, the Americas, Africa and Middle East (5).
Generally, several genera of lactic acid bacteria
(LAB) including Lactobacillus, Streptococcus and
Leuconostoc are predominant in fermented foods,
but other bacteria as well as yeast and fungi also
contribute to food fermentation (6). There are
two main methods by which foods are fermented.
First, foods can be fermented naturally, also known
as ‘spontaneous ferments’ or ‘wild ferments’, a
process whereby microorganisms are naturally
present in the raw food ingredient or processing
environment, for example, sauerkraut, kimchi and
certain fermented soy products (7). On the other
hand, foods can also be fermented by the addition
of starter cultures, often referred to as ‘culturedependent ferments’, for example kefir and
kombucha (6). One method of preparing a culturedependent ferment is ‘back-slopping’, a process in
which a little amount of a previously fermented
batch is inoculated into the raw food, for example
sourdough bread (1).
With a surging interest in gastrointestinal health
in recent years, the consumption of fermented
foods containing live microorganisms has gained
popularity as an important dietary strategy for
improving human health (1, 7). This popularity
may not be unconnected with the rising consumer
awareness about the concept of probiotics.
Probiotics (from Greek: meaning ‘for life’) are
“Live microorganisms which, when administered in
adequate amounts, confer a health benefit on the
host” (8). Human probiotic microorganisms mostly
belong to the Lactobacillus, Bifidobacterium,
Streptococcus, Lactococcus and Enterococcus
genera (9). Furthermore, some strains of Grampositive bacteria in the genus Bacillus as well as
some yeast strains in the genus Saccharomyces are
also commonly used in probiotic products (10). The
Food and Agriculture Organization (FAO) and World
Health Organization (WHO) (11), the European
Food Safety Authority (EFSA) (12) and the US Food
and Drug Administration (FDA) have stipulated
different criteria such as safety, functionality,
technological usefulness and the absence of the risk
of acquired resistance to antibiotics for probiotic
strain selection that would exert beneficial effects
on human or animal health and could be used in the
probiotics industry (9, 10, 13, 14). Generally, one of
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the most important properties among the selection
criteria is that a probiotic strain must produce
antimicrobial substances and be antagonistic to
pathogens. Antimicrobial activity of probiotics
may be manifested by one or a combination of the
following mechanisms including: (a) competition
for limited nutrients; (b) competition for adhesion
sites; (c) synthesis of various antimicrobial
metabolites such as organic acids, hydrogen
peroxide, bacteriocins; and (d) inhibition of toxin
production in pathogenic microorganisms (15, 16).
For instance, LAB produce lactic acid as well as
other organic acids; thus, lower the environmental
pH and consequently inhibit the growth of bacterial
pathogens (17, 18).
Although
commercially-produced
fermented
foods usually serve as carriers for probiotic
bacteria (6), that a particular food or beverage
is produced by fermentation does not necessarily
imply that it contains live microorganisms. For
example, bread, wine, beer and distilled alcoholic
beverages are produced by yeast fermentation,
but the producing organisms are either inactivated
by heat (in the case of bread and some beers)
or are physically removed by filtration or other
means (in the case of wine and beer). Moreover,
many fermented foods are heat-treated after
fermentation to extend shelf-life or enhance food
safety. Hence, soy sauce, sauerkraut and other
fermented vegetables are made shelf-stable by
thermal processing. Even non-thermally processed
fermented foods may notwithstanding contain low
levels of live and viable microorganisms simply due
to unfavourable environmental conditions which
decrease microbial populations over time (6).
Furthermore, it is also pertinent to note that the
absence of live microorganisms or probiotics in the
final fermented product does not preclude a positive
functional role. Several studies have reported
some mechanisms through which fermented foods
may exert beneficial effects on health and disease
whether they contain live microorganisms or
not. For instance, food-fermenting microbes may
produce vitamins or other bioactive molecules in
situ or inactivate anti-nutritional factors and yet be
absent at the time of consumption (6). Prebiotics
and other components found in fermented foods
may also exert health benefits (1, 19). In addition,
fermentation-derived metabolites may exert health
benefits such as in the case of LAB which generate
polyamines and bioactive peptides in both dairy
and non-dairy fermented foods with potential
effects on immune, metabolic and cardiovascular
health (20).
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There are sufficient historical and scientific
records that have shown Turkey to be an origin
country for a decent number of fermented probiotic
beverages (21). Moreover, several fermented
traditional foods are produced in many regions
of Turkey from products that are indigenous to
particular regions. Kefir, ayran, boza, hardaliye
and shalgam juice seem to be the most widely
known fermented traditional Turkish non-alcoholic
beverages. The first two products are produced
from milk while the last three are obtained from
cereals, fruits and vegetables respectively, and
their microbiota is composed mainly of LAB (22).
Kefir is a smooth, slightly foamy, whitish, viscous,
slightly acidic, slightly carbonated mildly alcoholic
fermented beverage that is widely consumed in
Turkey (23, 24). The name kefir is derived from
the Turkish word ‘keyif’ meaning ‘joy, pleasure or
good feeling’ to express the feelings experienced
after drinking it (21, 23–26). Kefir can be produced
by fermentation of different kinds of milk including
cow, ewe, goat or plant-derived milk (26). It is
traditionally produced by adding a starter culture
known as ‘kefir grains’ to pasteurised milk. Kefir
grains is a symbiotic consortium of lactic and
acetic acids-producing bacteria as well as lactosefermenting yeasts (for example, Kluyveromyces
marxianus) and non-lactose fermenting yeasts (for
example, Saccharomyces cerevisiae, Saccharomyces
unisporus) housed within a polysaccharide and
protein matrix called kefiran (25, 27). Kefir has
been reported to be tolerated well by people with
lactose intolerance and maldigestion as it contains
β-galactosidase enzyme expressing organism (for
example K. marxianus) which hydrolyses lactose,
and thus reduces lactose concentrations in the
beverage (7).
Ayran is an indigenous Turkish fermented milk
beverage which is more or less a ‘national drink’
widely consumed across the length and breadth
of Turkey (21). It is produced in either of two
ways, i.e. by the addition of water to yoghurt
(homemade) or by the addition of Streptococcus
thermophilus and Lactobacillus delbrueckii subsp.
bulgaricus as starter cultures to standardised
milk for fermentation (industrial production) (28).
Basically, ayran is generated by blending yoghurt
with 30–50% of water and 0.5–1% of salt (29).
Boza is a cereal-based fermented beverage
produced by a combination of yeast and lactic
acid fermentation of millet, maize, wheat, rye,
rice semolina or flour and mixed with sugar or
saccharine (30). It is a viscous liquid with a pale yellow
colour and sweet slightly sharp to slightly sour taste
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which is widely consumed in Turkey due to its pleasant
taste, flavour and nutritional properties (31). It is
also popular and widely consumed in several Balkan
countries on a daily basis (26, 32). In Turkey, boza
is usually served alongside cinnamon powder and
roasted chickpeas, and is generally considered to be
beer’s ancestor (30). Boza is produced at both an
artisanal and industrial scale (33). Its preparation
typically involves six stages: milling of raw materials
(cereals), boiling, straining, cooling, sugar addition
and fermentation. A previously fermented boza is
used as inoculum for the fermentation stage (21,
30, 31). Lactic acid fermentation by LAB produces
antimicrobial metabolites such as lactic acid and
increases acidity which supplies preservative effect
whereas the metabolites from alcoholic fermentation
by yeasts bring about the mouthfeel and odour of
boza (26, 30, 31). Boza is a good source of fibre,
carbohydrate, protein and vitamins including
riboflavin, thiamine, niacin and pyridoxine (26, 30).
Hardaliye is a kind of fruit-based fermented nonalcoholic traditional beverage which originates from
Thrace, the European part of Turkey, and is produced
from red grape juice and 0.2% crushed black mustard
seeds (34, 35). Hardaliye is mostly homemade by
the traditional method. The ingredients are pressed
and allowed to ferment at room temperature for
5–10 days in wooden or plastic barrels (22, 26, 33).
Benzoic acid is sometimes added as a preservative
especially at the industrial scale (26). Owing to its
rich LAB flora, hardaliye has been described as a
non-dairy probiotic beverage which aids digestion
and also helps in the prevention of coronary heart
disease (36). The nutritional value, functional
properties and health benefits of hardaliye are
derived from its ingredients and fermentation
process. For example, grapes are rich in phenolic
contents and provide strong antioxidant effects
for the human body and thus, inhibit cancer cells
formation, whereas the oils from mustard seeds
exert medicinal effects on circulatory disorders,
common cold and bronchitis as well as possess
antimicrobial properties (34).
Shalgam juice (Şalgam) is a vegetable-based red
coloured, cloudy and sour beverage produced by
LAB and yeast fermentation of a mixture of black
or purple carrots (Daucus carota), turnips (Brassica
rapa), bulgur (broken wheat) flour, salt, sourdough
and water (37). It is widely consumed in many cities
across the Mediterranean region of Turkey but has
also in recent years become popular in metropolises
such as Istanbul, Ankara and Izmir (38). Production
comprises two stages with the first one termed
‘first fermentation’ which involves mixing bulgur
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flour (3%), salt (0.2%) and sourdough (0.2%)
together with water and allowing it to ferment at
room temperature for 3–5 days. In the second
stage, cleaned and chopped black carrots
(10–20%), sliced turnips (1–2%), salt (1–2%) and
water are then added to the extract obtained from
stage one and left to undergo a ‘second fermentation’
for 3–10 days in a wooden barrel (37). The juice is
then filtered and packaged in suitable containers,
and chilli powder may also be added depending
on consumer preference (26). Shalgam is typically
made on a home-scale and consumed within three
months from production time, although it is also
produced commercially with an extended shelf life
of 1–2 years using preservatives (26). Shalgam
juice is a highly nutritional beverage due to its
high mineral, amino acid, polyphenol and vitamin
contents (37, 39).
There are quite a few studies and review papers
that have reported the microbiological, chemical,
nutritional and some probiotic properties of fermented
traditional Turkish foods and beverages (22, 26).
However, no study reporting the antimicrobial
efficacies of the potential probiotic microbiota of
these five major beverages (boza, kefir, hardaliye,
ayran and shalgam) was encountered in the
literature. The current study, therefore, aimed to
consolidate past works on the probiotic properties of
the selected beverages specifically by investigating
the antimicrobial activities of their microbiota against
selected standard pathogens, thereby helping to
validate their widely acclaimed beneficial effects on
human health. Ultimately, the present study aims
to contribute to public knowledge of fermented
functional foods and probiotics, increase awareness
of the Turkish populace about the health benefits
derivable from their own indigenous fermented dairy
and non-dairy beverages. It is hoped that in the
long run this knowledge and awareness will result
in increased consumption of these functional food
products and, hence, result in an improved general
public health.

2. Materials and Methods
2.1 Isolation, Identification
and Characterisation of Target
Microorganisms from Beverage
Samples
Sampling was done by purchasing commercially
produced and prepackaged fermented Turkish
beverages from retail locations. Three different
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brands from each of the five beverages (boza, kefir,
hardaliye, ayran and shalgam) were analysed.
Tenfold serial dilutions of the beverage samples
were prepared up to 10–6 with sterile 0.5%
peptone water accordingly. To isolate the target
microorganisms 100 μl aliquot was taken from
each dilution and spread-plated on four selective
culture media namely de Man, Rogosa and Sharpe
(MRS) agar (GranuCult®, Sigma-Aldrich®, Merck,
Germany), Bifidobacterium selective medium (BSM
Agar, NutriSelect® Basic, Sigma-Aldrich®, Merck,
Germany), M17 agar and Sabouraud dextrose agar
(SDA, with the addition of 0.05 gchloramphenicol–1).
MRS and BSM plates were incubated for 72 h at 37°C
in anaerobic jars (OxoidTM, Thermo ScientificTM,
UK) containing gaspack (AnaeroGenTM, OxoidTM,
Thermo ScientificTM, UK) (oxygen level <1%, CO2
level 9–13%). M17 agar and SDA plates were
incubated aerobically at 28–30°C for 72 h. After the
incubation periods, colonies were randomly picked
from the plates and sub-cultured on fresh plates
of the same media. Morphologically characterised
pure isolates were stored in the appropriate broths
(MRS, BSM, M17 and yeast extract peptone glycerol
(YEPG) broth media) containing 20% glycerol at
–20°C and –80°C until antimicrobial assays. For all
subsequent assays, isolates were propagated twice
and activated in the corresponding media at the
appropriate incubation conditions.
Preliminary
phenotypic
and
morphological
characterisation of the isolates was performed
with catalase test and Gram-staining reaction
to select the target groups of bacteria. Gramstained smears were examined microscopically.
Subsequently, molecular identification by 16S
rRNA gene sequencing was performed on
phenotypically characterised isolates. Bacterial
genomic DNA was extracted from overnight
cultures, using a bacterial genomic DNA
isolation kit (Hibrigen, Turkey) according to the
manufacturer’s guidelines. Polymerase chain
reaction (PCR) amplifications of the genomic DNA
fragments of approximately 1500 base pairs (bp)
of the 16S rRNA gene were performed with a 2X
PCR master mix (Hibrigen) as described by (40),
using the universal primers 16S rRNA (forward:
5′-TGGAGAGTTTGATCCTGGCTCAG-3′;
reverse:
5′-TACCGCGGCTGCTGGCAC-3′).
PCR amplification of the 16S rRNA genes and
subsequent purification of the amplicons were
performed as previously described by (40). The
PCR amplification reactions contained 50 ng of DNA,
12.5 μl 2X master mix, 0.3 mΜ of each primer in a
final volume of 25 μl. Amplification reactions were
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performed as follows: an initial denaturation step
at 94°C for 2 min which was followed by 35 cycles
at 94°C for 1 min, then at 55°C for 1 min, 72°C for
1.5 min and one last cycle at 72°C for 7 min for
the final elongation step. The PCR products were
then analysed by electrophoresis in 1% agarose
gels in tris-borate-EDTA (TBE) buffer with ethidium
bromide and visualised by ultraviolet (UV) light.
The PCR products were sequenced in an Applied
BiosystemsTM 3130 Genetic Analyzer (Thermo Fisher
ScientificTM, USA). The results of DNA sequencing
runs were assembled using the Chromas software.
In order to identify the strains, the sequences of
each lactobacilli strain were compared with those
available in the databases of the National Center for
Biotechnology Information (NCBI) using the basic
local alignment search tool (BLAST®) program.

37°C in anaerobic jars containing gaspack for
24 h. After colony development, the spots were
overlaid with 10 ml of soft (0.75%) TSA seeded
with 1% (v/v) of an active overnight culture of the
target pathogenic strain which had been adjusted
to McFarland 0.5 turbidity standard (1–1.5 × 108
colony forming units (CFU) ml–1). The overlaid
plates were then incubated under appropriate
conditions for 24 h to 48 h. After 24 h to 48 h
of incubation, measurements of inhibition zones
around the isolate colonies were taken from the
outer edge of those colonies to the outer edge
of the clear zones. Inhibition zones of >20 mm,
10–20 mm and <10 mm were interpreted as strong,
intermediate and weak inhibitions respectively.

2.2 Evaluation of the Antimicrobial
Activities of the Isolates

In order to obtain the cell-free supernatants
(CFS) needed for the agar well diffusion assay,
24 h activated isolates were grown in MRS, BSM
(anaerobically at 37°C), M17 and YEPG (aerobically
at 30°C) broths respectively for 24 h. The cells were
harvested by centrifugation of cultures (8000 rpm
at 4°C for 15 min). The obtained supernatants
were sterilised by filtration (0.22 μm pore size,
Millipore, USA).
The antimicrobial efficacy of the potential probiotic
isolates was then further examined using the agar
well diffusion technique (42). Briefly, 20 ml of
Mueller Hinton agar (MHA) medium cooled to 45°C
was vigorously mixed with 200 μl of an overnight
culture of each indicator pathogen (adjusted to
1–1.5 × 108 CFU ml–1 by McFarland 0.5 standard),
poured into petri dishes and allowed to solidify.
Then 50 µl aliquots of the prepared supernatant
(CFS) was placed in a 6 mm well excavated in
the agar. Plates were maintained at 4°C for 1 h
prior to incubation in order to allow for diffusion
of the supernatant into the agar. Inhibition of the
indicator pathogens was evaluated after incubation
at 37°C for 24 h. The antimicrobial activity was
expressed as the diameter of inhibition zones
around the wells. Inhibition zones ≥10 mm were
regarded as positive.

The antimicrobial activities of the obtained isolates
were evaluated against selected common human
microbial pathogens using spot-on-the-lawn and
agar well diffusion methods. All strains used were
sourced from the American Type Culture Collection
(ATCC®), and all pathogens were activated for
24 h on trypticase soy agar (TSA, OxoidTM) prior
to every assay. The standard indicator pathogenic
strains used in this study are as follows:
Acinetobacter
baumannii
(ATCC®
19606TM),
®
TM
Bacillus cereus (ATCC 14579 ), Escherichia coli
(ATCC® 25922TM), Klebsiella pneumoniae (ATCC®
4352TM),
methicillin-resistant
Staphylococcus
®
TM
aureus (MRSA) (ATCC 33591 ), Pseudomonas
aeruginosa (ATCC® 9027TM), Salmonella typhi
(ATCC®
14028TM),
Staphylococcus
aureus
subsp. aureus (ATCC® 6538TM), Staphylococcus
epidermidis
(ATCC®
12228TM),
vancomycinresistant Enterococcus (VRE) faecium (ATCC®
51299TM) and Candida albicans (ATCC® 10231TM).

2.2.1 Spot-on-the-Lawn Technique
The antimicrobial activity of the isolates was
evaluated by the spot-on-the-lawn assay described
by (41) with slight modification. A 2 μl inoculum
taken from overnight broth culture was spotted in
triplicates on the surfaces of their corresponding
isolation media, i.e. MRS, BSM, M17 and SDA
plates. The spots were allowed to dry for 1 h at
room temperature after which the plates were
incubated appropriately. Incubation of M17 and
SDA plates was done at 30°C, MRS and BSM at
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2.2.2 Agar Well Diffusion Assay

3. Results
A total of 22 bacterial strains comprising lactic and
acetic acid bacteria were isolated from four (boza,
kefir, shalgam and ayran) of the five fermented
traditional Turkish beverages analysed. No
microbial strain was isolated from hardaliye. Boza
and kefir contained the largest microbiota loads
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with eight isolates each followed by shalgam having
five, which is due to their various raw materials
and fermentation processes. The names of the
22 isolates as identified by molecular sequence
analysis of their 16S rRNA and their distribution in
the studied fermented traditional Turkish beverages
are presented in Table I.
In the spot-on-the-lawn assay, the bacterial
strains isolated from boza, kefir and shalgam
exhibited antimicrobial activity against nearly all
tested indicator pathogens at varying degrees.
Moreover, the results presented in Table II clearly
show that the obtained probiotic isolates displayed
antagonistic activity against both Gram-positive
(B. cereus, MRSA, S. aureus, S. epidermidis,
VRE faecium) and Gram-negative bacteria (A.
baumannii, E. coli, K. pneumoniae, P. aeruginosa,
S. typhi). Lactobacillus nagelii (B24), Lactobacillus
parabuchneri (B25) and Acetobacter peroxydans
(B27) isolates obtained from boza displayed
the strongest antagonistic effects with ≥20 mm
diameter inhibition zones against all tested bacterial
pathogens. However, they exhibited no antifungal
activity against C. albicans. MRSA was highly
sensitive to Lb. nagelii (B24) and Lb. parabuchneri
(B25) isolates from boza as well as to Lactobacillus
fermentum (K13) and Gluconobacter frateurii (K26)
isolates from kefir with 26.00 mm, 22.10 mm,
26.40 mm and 25.90 mm inhibition zones,

respectively, but minimally sensitive to Lactococcus
lactis (S2) obtained from shalgam (12.00 mm
zone). L. lactis strains B7 and B10 isolated from
boza showed medium antimicrobial activity against
the bacterial pathogens and Candida albicans with
≥ 10 mm ≤ 20 mm diameter inhibition zones. L.
lactis (B7) strain exhibited the strongest inhibitory
effect (28.60 mm zone) while L. lactis (B10) and
Lb. fermentum (K13) strains displayed medium
antagonism producing 16.80 mm and 11.90 mm
inhibition zones respectively against C. albicans.
G. frateurii (K26) and Lb. fermentum (K13) strains
isolated from kefir also showed a very strong
antibacterial activity creating 20.80–30.10 mm
diameter inhibition zones against five bacterial
pathogens comprising both Gram-positive (VRE,
MRSA) and Gram-negative (P. aeruginosa, K.
pneumoniae and E. coli). In contrast, another Lb.
fermentum strain K12 also obtained from kefir
displayed a weak antagonistic effect (<10 mm
zones) against the same pathogens. The strain
L. lactis (S2) isolated from shalgam exhibited a
medium inhibitory effect (9.60–15.70 mm zones)
on all indicator bacterial pathogens except A.
baumannii.
On the other hand, in the agar well diffusion
assay, the CFS of 10 out of 22 isolates exhibited
medium antimicrobial effects (≥ 10 mm ≤ 20
mm zones) against bacterial and C. albicans

Table I Nomenclature of Lactic Acid Bacteria Isolated from Fermented Turkish Beverages
Based on Molecular Typing by 16S rRNA Sequence Analysis
Beverage source

Isolate ID code

16S rRNA percent
similarity, %

Closely related species

Boza

B3
B4
B6
B7
B10
B24
B25
B27

100
98.81
99.37
98.97
97.14
87.81
99.05
94.93

Lactobacillus fermentum
Lactobacillus fermentum
Lactobacillus fermentum
Lactococcus lactis
Lactococcus lactis
Lactobacillus nagelii
Lactobacillus parabuchneri
Acetobacter peroxydans

Kefir

K11
K12
K13
K14
K15
K18
K19
K26

99.62
98.66
99.25
98.09
99.80
98.24
98.24
99.32

Lactobacillus fermentum
Lactobacillus fermentum
Lactobacillus fermentum
Lactobacillus plantarum
Lactobacillus plantarum
Lactococcus lactis
Lactococcus lactis
Gluconobacter frateurii

Shalgam

S2
S5
S8
S16
S17

98.38
98.86
99.04
89.75
87.09

Lactococcus lactis
Lactobacillus pentosus
Lactobacillus plantarum
Acetobacter pasterianus
Lactobacillus plantarum

Ayran

A22

99.59

Lactococcus lactis
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Table II Antimicrobial Activity of Isolates Against Standard Pathogens
(Spot-on-the-Lawn Method)

–

27.70 17.20 16.80 –

10.80 16.30 20.50 13.5

Lactococcus lactis
(B10)

–

–

–

18.60 –

–

Acetobacter peroxydans
26.70 24.60 24.00 20.40 –
(B27)

–

26.80 25.9

–

Candida
albicans

Lactococcus lactis (B7)

VRE faecium

Staphylococcus
epidermidis

Staphylococcus
aureus

Salmonella
typhi

Pseudomonas
aeruginosa

MRSA

Klebsiella
pneumoniae

Bacillus cereus

Acinetobacter
baumannii

Isolate

Escherichia coli

Inhibition zones, mm

6.40

28.60

12.20 –

14.20

23.40 28.60 20.80 –

Gluconobacter frateurii
(K26)

27.80 24.20 –

Lactobacillus nagelii
(B24)

20.10 23.80 22.30 21.60 22.10 17.80 22.00 22.20 20.00 21.90 –

Lactobacillus
fermentum (K13)

–

–

Lactobacillus
fermentum (K12)

–

11.30 –

Lactobacillus
parabuchneri (B25)

24.90 15.50 24.00 23.80 25.90 22.50 20.50 22.30 17.80 21.20 –

Lactococcus lactis (S2)

–

25.80 26.00 –

–

24.30 24.90 26.40 30.10 –
7.00

–

–

–

–

–

22.40 –

–

20.80 11.90

10.80 10.50 8.80

11.80 11.30 12.50 12.00 12.80 15.70 9.80

9.60

–

–

11.30 –

Table III Antimicrobial Activity of Isolates Against Standard Pathogens
(Agar Well Diffusion Method)

25.10 8.40

9.30

10.00 –

Lactobacillus
fermentum (B6)

9.10

–

–

–

–

9.80

9.90

–

–

11.70 25.40

Lactococcus lactis
(K18)

–

–

–

–

–

8.30

–

–

–

–

10.20

Lactococcus lactis
(A22)

10.50 –

–

–

–

–

–

–

–

–

10.90

Lactobacillus
fermentum (K13)

11.50 –

–

–

–

–

12.70 –

–

–

14.30

Lactobacillus plantarum
(K14)

12.30 15.90 9.50

–

13.60 –

–

13.20 11.20 11.40 15.80

Lactobacillus plantarum
(K15)

11.80 –

9.20

9.90

9.30

–

–

11.60 11.00 10.90 14.80

Lactobacillus
fermentum (B3)

10.50 –

–

10.80 –

–

11.10 7.40

Lactobacillus pentosus (S5)

12.40 –

–

–

Lactobacillus plantarum
(S8)

12.80 –

9.50

8.30
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MRSA

Acinetobacter
baumannii

Candida
albicans

8.50

VRE faecium

Staphylococcus
epidermidis

9.70

Salmonella
typhi

–

Pseudomonas
aeruginosa

11.60 –

Klebsiella
pneumoniae

Lactobacillus
fermentum (B4)

Isolates

Bacillus cereus

Staphylococcus
aureus

Escherichia coli

Inhibition zones diameter, mm

11.00

–

–

–

15.60 23.40 10.40 –

–

–

–

–

–

–

–

19.10 –

–
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pathogens (Table III). However, P. aeruginosa
was strongly inhibited by Lb. fermentum (B4),
Lactobacillus pentosus (S5) and Lactobacillus
plantarum (S8) strains with 25.10 mm, 23.40 mm
and 19.10 mm diameter zones respectively. The
CFS of Lb. fermentum (B6) with a 25.40 mm zone
of inhibition displayed the strongest antagonistic
activity against the yeast pathogen C. albicans.
Furthermore, L. lactis strains (K18 and A22),
Lb. fermentum strains (B4 and K13), Lb. plantarum
strains (K14 and K15) had medium inhibitory effects
with 10.20–15.80 mm zones on the pathogenic
yeast C. albicans. The weakest antibacterial
effects were displayed by the supernatants of
L. lactis (K18) and Lb. plantarum (S8) both with
an 8.30 mm inhibition zone against P. aeruginosa
and K. pneumoniae indicator strains respectively.
Representative images of the isolates are shown in
Figures 1–3.

4. Discussion
Among the known mechanisms of action by which
probiotics exert their beneficial effects on human
health is antagonism against microbial pathogens
via the production of antimicrobial metabolites.
In the present study, the antimicrobial efficacy
of some potential probiotic bacteria isolated from

fermented traditional Turkish beverages against 11
common human pathogens has been evaluated.
Thus, with respect to antimicrobial effects, the
potentials of boza, kefir and shalgam to bestow
some probiotic health benefits to the consumers
have been validated through the present study.
Other probiotic properties of Turkish boza and
kefir were reported in a previous study (43). Kefir
was also reported in a previous study to exhibit
antimicrobial activity which is attributable to the
lactic acid, acetic acid, bacteriocins, hydrogen
peroxide, acetaldehyde, volatile acids, diacetyl
and CO2 produced by the bifidobacteria and
LAB strains present in the drink (44). Although
ayran is the most widely consumed amongst
the fermented Turkish beverages examined,
its inherent LAB strains exhibited no significant
antimicrobial effects. No lactic acid bacterial or
other potential probiotic strain was isolated from
commercially available hardaliye in this study.
This reason is thought to be due to the presence
of the preservative benzoic acid which is usually
added at the start of the fermentation process. It
has, therefore, been determined that commercial
hardaliye lacks probiotic properties considering
the fact that probiotics must be found alive and in
sufficient quantities in final products. In order to
retain the potentially probiotic natural microflora of

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Fig. 1. Representative images showing the antibacterial effects of isolates obtained from fermented Turkish
probiotic beverages against Gram-positive bacteria: (a) Acetobacter peroxydans (B27)- S. epidermidis;
(b) Gluconobacter frateurii (K26)- MRSA; (c) Gluconobacter frateurii (K26)- VRE; (d) Gluconobacter frateurii
(K26)- B. cereus; (e) Lactobacillus parabuchneri (B25)- S. epidermidis; (f) Lactobacillus parabuchneri
(B25)- MRSA; (g) Lactobacillus parabuchneri (B25)- S.aureus; (h) Lactobacillus parabuchneri (B25)- VRE;
(i) Lactobacillus nagelii (B24)- B. cereus

344

© 2022 Johnson Matthey

https://doi.org/10.1595/205651322X16388083409013

(a)

(c)

(e)

(g)

(i)

(b)

(d)

(f)

Fig. 2. Representative images showing
the antibacterial effects of isolates
obtained from fermented Turkish
probiotic beverages against Gramnegative bacteria: (a) Acetobacter
peroxydans (B27)- S. typhi; (b)
Gluconobacter frateurii (K26)- K.
pneumoniae; (c) Gluconobacter
frateurii (K26)- A. baumanii; (d)
Lactobacillus parabuchneri (B25)- S.
typhi; (e) Lactobacillus parabuchneri
(B25)- P. aeruginosa; (f) Lactobacillus
parabuchneri B25- K. pneumoniae; (g)
Lactobacillus parabuchneri (B25)-E.
coli; (h) Lactobacillus nagelii (B24)- A.
baumannii; (i) Lactobacillus nagelii
(B24)- K. pneumoniae; (j) Lactobacillus
fermentum (K13)- P. aeruginosa

(h)

(j)

Fig. 3. Representative image showing the
antifungal effect of Lactococcus lactis (B7) isolate
obtained from boza against C. albicans

commercial hardaliye, production without the use
of benzoic acid or other chemical preservatives is
recommended. In the same vein, no live LAB strain
was found in some brands of commercial shalgam
that were examined. Similar to hardaliye, the
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reason is also thought to be due to the presence
of preservatives and additives such as sodium
benzoate which is declared in the ingredients list
on label.
Pathogenic bacterial multidrug resistance as well
as biofilm formation have led to the ineffectiveness
of the antibiotics available in the treatment of
infections whereas the application of probiotics
has been considered functional in preventing and
counteracting biofilm-related infections (45).
Antagonism by antimicrobial metabolites has been
considered as an important property in the selection
of potential probiotics for the maintenance of a
healthy microbial balance in the gut. LAB, mostly
the lactobacilli due to their capacity to alienate
bacterial pathogens via the production of some
antimicrobials such as organic acids (mainly lactic
acid), bacteriocins and hydrogen peroxide, acquire
probiotic potential (46). Lactic acid typically diffuses
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into pathogenic bacterial cell which disrupts the
cell membrane integrity thereby causing damage
to it as well as retarding their metabolic processes
and preventing growth (47). Within the scope of
this study, the antimicrobial activities of LAB and
acetic acid bacteria strains isolated from fermented
Turkish beverages were assessed by two methods
namely spot-on-the-lawn and agar well diffusion
methods.
Through this study, it has been possible to
evaluate the potential beneficial effects of
fermented traditional Turkish beverages on human
health as regards antimicrobial efficacy. 18 strains
namely: Lb. fermentum (B4), L. lactis (B7), Lb.
fermentum (B6), L. lactis (B10), Lb. fermentum
(K13), Lb. fermentum (K12), Lb. nagelii (B24), Lb.
parabuchneri (B25), L. lactis (S2), L. lactis (K18),
L. lactis (A22), Lb. plantarum (K14), Lb. plantarum
(K15), Lb. fermentum (B3), Lb. pentosus (S5),
Lb. plantarum (S8), G. frateurii (K26) and A.
peroxydans (B27) exhibited varying degrees of
antimicrobial activities against the tested pathogens.
Furthermore, differences in the antibacterial effect
of different strains of the same species of isolates
were observed. This result has confirmed that the
antibacterial activity and potential health benefits
imparted by probiotic bacteria are strain-specific
rather than being species- or genus-specific. It is
therefore crucial to note that no single strain will
provide all the proposed benefits, not even strains
of the same species, and also not all strains of
the same species will be effective against defined
health conditions (48, 49). This specificity has also
been confirmed by previous studies in terms of the
microorganism strain, the metabolites it produces,
and even the susceptibility pattern of the test
organism to antimicrobials (50). It therefore goes
without saying that in order to obtain maximum
health benefits, the addition of a mixture of various
strains of probiotic organisms to diets is imperative.
Many bacteriocins isolated from LAB are usually
active against Gram-positive bacteria while Gramnegative bacteria generally exhibit little sensitivity
to bacteriocins. The difference in resistance
between
Gram-positive
and
Gram-negative
bacteria may be due to differences in the cell
envelopes (51). However, production of lactic acid
in high concentrations in combination with bile salts
has an inhibitory effect on the growth of pathogenic
Gram-negative bacteria in the intestinal tract (52).
The present study has reported antagonistic
activity of LAB strains against both Gram
positive and negative bacteria alike. This finding
is in accordance with a similar study (53) which
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reported that the CFS of a Lb. plantarum strain
displayed broad spectrum antimicrobial activities
against Gram-positive and negative bacteria as
well as against yeast C. albicans. P. aeruginosa,
K. pneumoniae and E. coli were reported to be
sensitive at medium levels to Lb. plantarum and
L. lactis strains isolated from Turkish boza and
B. cereus (a Gram-positive bacterium) was also
strongly inhibited by the same LAB strains (54).
Also, the inhibitory effect of Lb. plantarum and
Lb. fermentum strains used as starter organisms
in the production of bread and bakery products
against rope-forming B. cereus was previously
reported (55, 56). Many Lb. plantarum strains
have been reported to produce bacteriocins known
as plantaricins (57) which are compounds that
are highly diverse in their activities and structures
and have been reported to be particularly active
against gastrointestinal as well as food-borne
pathogens (58). In the present study, L. lactis
strains (B7 and B10), Lb. fermentum strains (K12
and K13), G. frateurii (K26), Lb. nagelii (B24),
Lb. parabuchneri (B25), A. peroxydans (B27) and
L. lactis (S2) isolates showed better antibacterial
activity by spot-on-the-lawn method. The excellent
antibacterial activity reported of Lb. parabuchneri
against all indicator pathogens in this study is in
contrast to the results obtained by Meira et al. (59)
who had reported that Lb. parabuchneri strain
isolated from a Brazilian ovine cheese had little
inhibitory effect against all tested pathogens. Lb.
parabuchneri is an obligatory heterofermentative
bacterium occasionally isolated from cheeses (60).
Considering that heterofermentative LAB typically
ferment glucose to yield ethanol, acetic acid and CO2
in addition to lactic acid as byproducts as against
homofermentative LAB which produce only lactic
acid, they possess the ability to antagonise highly
pathogenic bacteria. It is, therefore, noteworthy
that this is the first study to have reported the
presence of Lb. parabuchneri in a Turkish boza
drink. LAB strains that produced larger inhibition
zones against E. coli, S. aureus and Salmonella
enteritidis in a previous study were reported to be
heterofermentative (61).
Comparing the results of the two methods adopted
in this study, L. lactis strains (B7 and B10) as well
as Lb. fermentum (K13) strain showed antifungal
activity against C. albicans by spot-on-the-lawn
method, but the same effect was not observed with
agar well method. The lack of positive results by agar
well diffusion method may be due to the indiffusibility
of the secreted molecules since this is the basis of
agar well assay. In contrast, Lb. plantarum (K14,
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K15), Lb. fermentum (B3, B4, B6), L. lactis (K18),
Lb. pentosus (S5) and Lb. plantarum (S8) strains
showed antimicrobial activity by agar well diffusion
but no antagonism was recorded with spot-on-thelawn method. Since they showed negative results
by spot-on-the-lawn method, it is thought that the
isolates may not secrete any primary or secondary
metabolites other than bacteriocins. Therefore, spoton-the-lawn method has been found in this study to
be more effective than agar well diffusion method
in the determination of antimicrobial activity. This
finding was consistent with the results reported
by (62) who investigated the antagonistic effects of
LAB strains against Gram-negative bacteria using
these two methods and found spot-on-the-lawn to
be more effective. However, utilising the probiotic
strain Bifidobacterium bifidum against S. enterica
serovar Enteritidis, agar well diffusion method
was demonstrated to be better in determining
antagonism than the other two methods (disk
diffusion and spot-on-the-lawn) employed (63). The
inhibitory activity on tested bacteria by the spot-onthe-lawn method is seen as better, but it could be
as a result of the synergy of all metabolites lactic
acid, acetic acid, diacetyl and bacteriocin, as they
are being produced during the assay period (64).
The variation in antibacterial activities as depicted
by different authors might be due to the number of
the CFU of the LAB used (in spot-on-the-lawn) and
the quantity of culture supernatant used (in agar
well diffusion) as well as the activity and diffusibility
of the bacteriocins possessed in it (46, 65).

5. Conclusions
Probiotics are increasingly gaining attention from
both the food industry and academia. Probiotic
foods constitute a significant part of the functional
foods market worldwide. The presence of these
good microbes in fermented food products all over
the world, and their ability to combat pathogenic
and spoilage microbes using different mechanisms
of action, has been validated with several scientific
studies. From the perspective of antimicrobial
health benefits, the present study consolidates
past studies demonstrating the probiotic potentials
of fermented traditional Turkish beverages. The
study has substantiated the antimicrobial efficacy
of the potential probiotic strains isolated from
kefir, boza and shalgam against an array of human
pathogens comprising both Gram-positive and
negative bacteria as well as yeast (C. albicans). In
total, 16 LAB and two acetic acid bacteria isolates
were found to be antagonistic at varying degrees
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against the tested bacterial and yeast pathogens.
In the current study, boza and kefir followed by
shalgam were found to be more effective in terms
of antimicrobial activity against human pathogens.
The outstanding antimicrobial efficacy of boza
and kefir in particular is believed to be connected
with the greater diversity of their microflora as
well as the absence of chemical preservatives.
It has, therefore, been determined that boza,
kefir and shalgam compared to other fermented
traditional Turkish beverages analysed, are the
most promising probiotic candidates. In addition,
going by the results obtained in this study as well
as previous studies on other probiotic properties,
boza, kefir and shalgam may also be applicable as
bio-therapeutics or nutraceuticals against bacterial
and yeast infections in humans, although in vivo
studies would be useful in validating their efficacy.
Due to the presence of beneficial nutrients and
substances such as probiotics and antioxidants,
boza, kefir, ayran, shalgam and hardaliye can also
be generally regarded as functional foods. Other
probiotic properties of the microbiota of these
fermented Turkish beverages have been reported
individually in previous studies. However to the
best of our knowledge, this is the first study that
evaluated the antimicrobial properties of the
isolates obtained from all five beverages against a
broad spectrum of human microbial pathogens. The
study has to a large extent achieved its objective.
Future research efforts should be directed toward
animal testing and clinical trials to better evaluate
the antimicrobial as well as overall probiotic effects
of Turkish boza, kefir and shalgam on humans.
Furthermore, suitable biopreservatives for commercial
hardaliye and shalgam drinks should be investigated
in order to retain their beneficial microflora whilst
extending their shelf lives. Alternatively, probiotic
strains and starter cultures resistant to benzoic acid
may be investigated in further studies for fortification
of commercial hardaliye since no LAB strain was
isolated from any hardaliye sample which is thought
to be due to the presence of chemical preservative.
Ayran which is a ‘national drink’ is also recommended
for fortification with carefully selected and promising
probiotic strains from the Bifidobacterium and
Lactobacillus genera in order to enhance its probiotic
functional qualities.
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Professor Geoffrey C. Bond, PhD, DSc, FRSC,
passed away after a short illness, peacefully in his
sleep, on 9th January 2022 at Watford General
Hospital, UK, close to his home in Rickmansworth.
He was an international authority in the field
of heterogeneous catalysis: the science that
underpins almost all major industrial chemical
processes. He specialised in catalysis by metals,
which was the title of his first book published in
1962. Throughout his life he was in the vanguard
of those extending the boundaries of his subject.
Early work at the University of Hull, UK, featured
the use of deuterium as an isotopic tracer to
determine the detailed mechanisms of catalytic
reactions. Next, at Johnson Matthey, UK, as Head of
the Catalyst Research group he contributed to the
development of vehicle exhaust catalysts. Then,
at Brunel University, UK, he initiated a wide range
of projects, culminating in his demonstration of
the catalytic activity of gold: a metal which, until
that time, ‘conventional wisdom’ had relegated to
a class of inactive metals.
His scientific reputation was such that he was
constantly in demand as a lecturer and speaker
at international conferences and scientific events
around the world. In Europe, he was an original
member of the Council of Europe Research Group
on Catalysis (EUROCAT) and served a term as its
President.
He held posts at Princeton University, USA
(1951–1953), the University of Leeds, UK (1953–
1955), the University of Hull, UK (1955–1962)
and at Brunel University, UK (1970–1992) where
he retired as an Emeritus Professor. At Brunel he
was Professor of Applied Chemistry, 1970–1971:
Head of Department of Industrial Chemistry,
1971–1982: Vice-Principal, 1979–1981: Dean of
351

Professor Geoffrey Bond, 1927–2022
the Faculty of Mathematics and Science, 1982–
1984 and Head of the Department of Chemistry,
1985–1990. He was also a Visiting Professor at
the University of Salford, UK, in his retirement.
He was a renowned expert in the field of gold
catalysis and had over 300 publications including
patents, research papers, review articles and
books. Geoffrey wrote the seminal text “Catalysis
by Metals” (1962) (1) and also co-authored one
of the first books on “Catalysis by Gold” (2006)
(2), and his work continues to be relevant and
cited to this day. He also worked in industry at
Johnson Matthey as Head of the Research and
Development Laboratory of the Catalysis Research
Section (1962–1970).
© 2022 Johnson Matthey

Johnson Matthey Technol. Rev., 2022, 66, (3)

https://doi.org/10.1595/205651322X16546085782525

Geoffrey was a Member and Fellow of the Royal
Society of Chemistry for over 70 years, and was the
recipient of several awards for his work including:
Catalysis by Noble Metals and their Compounds
(1979), and as the most cited author in Catalysis
Today 2002–2006 for his paper entitled ‘Gold: A
Relatively New Catalyst’ (3).
Geoffrey received his education first at The Croft
School and King Edward VI Grammar School in
Stratford-Upon-Avon, before going on to achieve
his BSc (Hons Chem) and PhD at the University of
Birmingham, UK.
Geoffrey Colin Bond was born on 21st April 1927
in Ottery St Mary, before moving to StratfordUpon-Avon where he met his wife Mary. He
enjoyed a long and happy marriage to Angela
Mary Bond (1928–2013), celebrating more than 60
years of marriage. He is survived by four children,
eight grandchildren and four great-grandchildren.
He had an incredible and agile mind and was
knowledgeable on a vast number of subjects, he
was an avid philatelist (despite being colour blind),
gardener and had a lifelong interest in Roman
Britain. Geoffrey had an unquenchable thirst for
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knowledge, as evidenced by his extensive personal
library which ranged from chemistry and physics,
to history, politics and religion. He was an active
member of the Church of England and was involved
in the local Liberal party for many years. He will
be remembered fondly, loved deeply and missed
greatly by his family and friends. The funeral of
Geoffrey Bond was held on 9th February 2022 at St
Mary’s Church, Rickmansworth.
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Correspondence may be sent via the Editorial
Team: tech.review@matthey.com
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Steam Reforming of Hydrocarbons for Synthesis
Gas Production
M. Fowles and M. Carlsson, Top. Catal., 2021, 64,
856
This article is dedicated to the career of Mike
Spencer. It describes the process and history of
steam reforming for the production of synthesis
gas (syngas) for manufacture of ammonia and
methanol. The history of the development of
tubular reforming is also described and the
catalysts, technology and industrial operation
of plants are briefly reviewed. Several newer
technologies which aim to increase efficacy and
reduce environmental impact, such as adiabatic
reforming, autothermal reforming and gas heated
reforming, are also discussed.
Backpressure
Prediction
for
Flow-Through
Monoliths
and
Wall-Flow
Filters
Using
1-Dimensional Models: Entrance Effect Pressure
Change, Developing Flow and Validation Using
Length-Varying Techniques
T. C. Watling, Y. Van Lishout and I. D. Rees, Emiss.
Control Sci. Technol., 2021, 7, 247
A model for the prediction of backpressure in
flow-through monoliths and particulate filters
(PFs) is proposed and validated against literature
results. Parts were progressively shortened in
order to measure backpressure as a function of
part length. Pressure was fixed at the inlet and
pressure change at the exit was zero. Testing in
both orientations of the PF doubles the available
data since a PF becomes a partial PF after one cut.
Partial PF data can be used to validate the balance
equations of a full PF since they are governed by
the same differential equations. CFD results for a
channel with an upstream contraction were also
used for model validation.
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The Effect of Deposition Parameters on
Microstructure and Electrochemical Performance
of Reactively Sputtered Iridium Oxide Coatings
N. Page, J. Lucchi, J. Buchan, A. Fones, H.
Hamilton, T. Scabarozi, L. Yu, S. Amini and J.
Hettinger, Mater. Today Commun., 2021, 29,
102967
IrO2 thin films used as electrode coatings in
neurostimulation devices were synthesised using
pulsed-DC reactive magnetron sputtering and
characterised by surface analysis methods and
cyclic voltammetry. Unusual platelet microstructure
associated with IrO2 (011) orientation was
observed. Microstructure of the films was influenced
by the deposition conditions. The platelets were
present when the (011) orientation of IrO2 was
found in the X-ray diffraction spectra. Platelet
microstructure improves the electrochemical
performance by 20‑fold as measured by cyclic
voltammetry. Platelet microstructure was found
to depend strongly on substrate temperature and
oxygen concentration in the gas mixture.
A New Application of the Commercial High
Temperature Water Gas Shift Catalyst for
Reduction of CO2 Emissions in the Iron and Steel
Industry: Lab-Scale Catalyst Evaluation
L. Lukashuk, L. G. A. van de Water, H. A. J. van
Dijk, P. D. Cobden, D. L. Dodds, T. I. Hyde and
M. J. Watson, Int. J. Hydrogen Energy, 2021, 46,
(79), 39023
A commercial iron-based high temperature water
gas shift (HTWGS) catalyst (KATALCOTM 71‑6)
was investigated for production of hydrogen
from blast furnace gas (BFG) from iron and steel
manufacturing. At laboratory-scale the catalyst
demonstrated high water gas shift activity and
stability; low methanation at reduced steam to
CO ratios; and high resistance towards H2S in
the feed. KATALCOTM 71-6 was demonstrated
to be robust towards BFG process conditions.
The iron‑based HTWGS catalyst KATALCOTM
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71-6 appears to be suitable for the production of
hydrogen from BFG streams.
Global Kinetic Model of a Three-Way-CatalystCoated Gasoline Particulate Filter: Catalytic Effects
of Soot Accumulation
J. De Abreu Goes, L. Olsson and T. C. Watling, Ind.
Eng. Chem. Res., 2021, 60, (47), 16899
A global kinetic model of TWC-coated gasoline
particulate filters was developed to gain
understanding of the relevant kinetic mechanisms
in clean and real soot-loaded filters. Reaction rate
expressions for CO, C2H4 and C7H8 conversion over
a model Pd/CeZr/Al2O3 catalyst hydrothermally
treated at 650ºC were included in the model. The
experimental trends observed during this study
have enabled a new rate expression to be proposed
for ethylene. The model satisfactorily predicted the
conversion of all three reductants under different
experimental conditions (Figure 1).
Chemical Looping Reforming for Syngas Generation
at Real Process Conditions in Packed Bed Reactors:
An Experimental Demonstration
P. A. Argyris, C. Leeuwe, S. Zaheer Abbas,
A. Amieiro, S. Poultson, D. Wails and V. Spallina,
Chem. Eng. J., 2022, 435, (2), 134883
Chemical looping reforming (CLR) can combine
autothermal operation with integrated CO2 capture
for syngas production. Here, CLR is demonstrated in
packed bed reactors under pressures up to 5 bar at
laboratory scale. A nickel-based oxygen carrier was
tested under relevant conditions for >400 h. Four
continuous cycles of oxidation–reduction-reforming
and purges were tested. Oxidation, reduction
and dry reforming processes were examined at
400– 900ºC, 1–5 bar, 10–40 NLPM and different
inlet gas compositions. The impact of pressure,
initial solid temperature and composition in CLR
was also studied.
Zeolite Supported Pd Catalysts for the Complete
Oxidation of Methane: A Critical Review
H.-Y. Chen, J. Lu, J. M. Fedeyko and A. Raj, Appl.
Catal., A, 2022, 633, 118534
A critical review of zeolite supported palladium
catalysts for complete methane oxidation. Recent
literature reports on the development of zeolite
supported palladium catalysts for the complete
oxidation of methane are summarised. Different
types of zeolite framework structures were found

354

Fig. 1. Real soot collection procedure based on
10 h running aggressive RDE cycles in the vehicle
chassis dynamometer. The injection timing and
lambda set-point were modified to accelerate
the soot collection. Reproduced from J. De Abreu
Goes et al., Ind. Eng. Chem. Res., 2021, 60, (47),
16899. Copyright 2021 American Chemical Society

to have little influence on the methane oxidation
activity or the on-stream stability of the supported
palladium catalysts. However, the silicon:aluminium
ratio of a zeolite support plays a critical role. Siliceous
zeolites consistently outperform the counterparts
with a low silicon:aluminium ratio in light-off activity
and on-stream stability in both dry and wet feed.
Optimization of Non-thermal Plasma-Assisted
Catalytic Oxidation for Methane Emissions
Abatement
as
an
Exhaust
Aftertreatment
Technology
R. Gholami, C. Stere, S. Chansai, A. Singhania,
A. Goguet, P. Hinde, P. Millington and C. Hardacre,
Plasma Chem. Plasma Process., 2022, 42, 709
Biogas methane-powered vehicles produce fewer
greenhouse gas emissions in comparison to
conventional fuel vehicles. This study investigates
non-thermal plasma (NTP) assisted catalytic
methane oxidation for low-temperature methane
slip abatement. High CH4 conversion and CO2
selectivity could be obtained using NTP-catalysis
at low temperature. Pd/Al2O3 was the best
performing of the catalysts tested. CH4 conversion
efficiency was also found to depend on the feed gas
components, gas hourly space velocity and method
of introducing the activation energy. The study
concludes that an oxidation catalyst combined with
plasma to target hydrocarbon and CH4 oxidation,
followed by an ammonia-SCR system to convert the
NOx formed in plasma assisted zone is the most
suitable aftertreatment option.
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Combining State of the Art Open Source
and Proprietary Machine Learning
Technologies to Build a Data Analysis
Pipeline for Gasoline Particulate Filters
using X-Ray Microscopy, Focused Ion
Beam-Scanning Electron Microscopy and
Transmission Electron Microscopy
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The performance of a particulate filter is determined
by properties that span the macro, meso and
atomic scales. Traditionally, the primary role of
a gasoline particulate filter (GPF) is to reduce
solid particles and liquid droplets. At the macro
scale, transport of gas through a filter’s channels
and interconnecting pores act as main transport
arteries for catalytically active sites. At the meso
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scale, the micropore structure is important for
ensuring that enough active sites are accessible for
the gas to reach the catalyst nanoparticles. At the
atomic scale, the structure of the catalyst material
determines the performance and selectivity within
the filter. Understanding all length scales requires a
correlative approach but this is often quite difficult
to achieve due to the number of software packages
a scientist has to deal with. We demonstrate
how current state-of-the-art approaches in the
field can be combined into a streamlined pipeline
to characterise particulate filters by digitally
reconstructing the sample, analysing it at high
throughput, and eventually use the result as an
input for gas flow simulations and better product
design.

1. Background
Autocatalysts are one of the most effective
ways to reduce pollution such as smog from
car exhausts (1). The autocatalyst does this by
removing vehicle exhaust outputs such as carbon
monoxide, nitric oxides and soot to legislated
levels (2). The autocatalyst is made up of groups
of channels composed of monolithic catalyst
supports that are either in a square or honeycomb
structure (3).
One type of catalyst is where the washcoat is
coated on a porous ceramic wall-flow filter monolith,
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which has a pattern where every other channel is
either an inlet or plug (4). Such a configuration
allows the gas to flow through the wall of the
monolith, trap the particulate matter, and thereby
increase the surface area contact of the gas with
the active material. The catalyst coating is usually
porous and is made up of alumina and ceriazirconia supports (5) loaded with platinum group
metal nanoparticles.
The quantitative investigation of performance
criteria across length scales requires a correlative
approach. For such monoliths, the performance of
the particulate filter is determined by three aspects
across the micrometre to Ångstrom length scales.
The interconnecting pores within the wall structure
affect the transport of gas to the catalyst active
sites (6), this effect can be observed at the macro
and meso scales. The morphology and atomic
structure of the catalyst nanoparticles affect the
selectivity and performance required to reduce
pollution (7, 8).
Here, a combination of X-ray microscopy (XRM),
focused ion beam–scanning electron microscopy
(FIB-SEM) and transmission electron microscopy
(TEM) has been used. Analysis in the XRM is carried
out by taking multiple two-dimensional (2D) images
of a rotating object and reconstructing the images
into a digital three-dimensional (3D) structure.
Similarly, in the FIB-SEM a smaller area of interest
is picked out and a volume is created by precisely
milling the sample and recoding the image which
is subsequently added to the 3D slice. In the TEM,
the samples can be imaged as single images,
spectroscopic data cubes and 3D reconstructions
by acquiring a tilt series acquisition.
XRM is well suited to observing monolith properties
in 3D, such as coating uniformity and pore network
distribution at micrometre scale resolutions (9).
FIB-SEM is used to investigate smaller features in
3D, which are often missed by the XRM resolution
limit, which is ~0.8 µm in this work (10). To go
beyond the device scale, FIB-SEM can be used to
extract 50–100 nm thick lamellae from the sample
for further TEM imaging (11). This allows the
characterisation of nanoparticle atomic structure,
as well as higher spatial resolution composition
analysis of the sample (12, 13). The TEM also
offers further high-level characterisation such as
oxidation state mapping as well (14).
When trying to correlate performance to
rational catalyst design, several observations,
measurements and iterative refinements are
necessary. This agile approach requires fast
characterisation of materials in a correlative way
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using a methodology aided by machine learning
(ML) and automation (15). Moreover, in industry,
this must be done rapidly due to high turnover
using microscopes such as the XRM, FIB-SEM
and TEM.
Data acquired from the instruments is challenging
to quantify due to its complexity and quantity. We
showcase a pipeline that can aid with streamlining
such analysis. Moreover, expertise in data science
and engineering is required to handle the data in
a structured manner to build an efficient analysis
pipeline. With the emergence of new proprietary
tools and open source libraries we demonstrate
how both technologies can be leveraged effectively
in combination with in-house developed code to
deliver comprehensive analysis.

2. Methods
2.1 Sample Preparation
In this paper we concentrate on a research-grade
GPF designed to demonstrate our analysis workflow
presented here. The filter sample was prepared
and chosen as a model sample by ensuring that
the washcoat is applied onto the wall and into the
wall of the support structure. The monolith support
structure is made up of a porous ceramic material
and the catalyst coating is made up of alumina
with ceria-zirconia supports with palladium
nanoparticles.
In order to perform a correlative study, the sample
was imaged sequentially using each microscope,
starting first with the XRM, then with the FIB-SEM
and finally with the TEM. For correlative studies, it
is often best to investigate the sample at a large
field of view to pick out regions of interest that can
then be studied at a higher resolution.
For the XRM, a section of the monolith was cut into
an area spanning a few square centimetres from
the middle of the sample and embedded in resin.
Once both monolith and coating were scanned
using the XRM a smaller area was selected from
the coating to be analysed by FIB-SEM. It is difficult
to determine which area will be representative of
the whole sample. A statistical sampling study is
required in the long term. This was outside the
scope of the present paper as we are demonstrating
the 3D analysis workflow, therefore we randomly
chose a region of interest to mill.
3D structural information was acquired by
sequential milling of the sample using the ion beam
and then imaging the polished cross-sections.
Following 3D analysis, a TEM lamella was prepared
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from an immediately adjacent region of the sample.
The lamella was mounted onto a TEM omniprobe
grid and thinned to electron-transparency for high
spatial resolution TEM imaging and spectroscopic
elemental mapping.

2.2 Image Segmentation with
Machine Learning
Segmentation lays the foundation for all subsequent
quantitative analysis, thus proving to be the
most critical component of any image analysis
workflow (16). Recent ML approaches such as deep
learning have proven to be highly successful in
solving several tough computer vision tasks (17).
This is especially true for instances where
conventional approaches such as thresholding have
failed before (18). However, deep learning methods
require several manually prelabelled datasets to
obtain meaningful results. Here in collaboration
with ZEISS, Germany, we have deployed a workflow
that utilises ML to perform pixelwise image
segmentation without needing several images of
training data. The ML algorithms used within the
software are well known within the computer vision
field and discussed later in this section, however
our main focus is in creating a pipeline to deploy
the workflow in a streamlined manner. ZEISS has
provided a GitHub repository (19) with examples
for how users can interact with the ZEISS ZEN

IntellesisTM segmentation module for their imaging
and analysis suites in ZEISS ZEN (Blue Edition)
and ZEISS ZEN core software package. Figure 1
shows how this is achieved at a high level for a
monolith XRM image.
The segmentation technique in Figure 1 is similar
to the Weka segmentation module in ImageJ (20)
which is available as freeware. Similar capabilities
are also offered by the ilastik software for free
as well (21). An advantage IntellesisTM offers
is increased ease-of-use through presets for all
parameters which is ideal in an industrial setting. A
core strength of segmenting images in the manner
presented in Figure 1 is that the segmentation
model only needs to be trained on one image
before it can be used to predict the pixel labels
in other images taken under similar experimental
conditions (22). In contrast, more sophisticated
deep learning models require a large number of
images that might be difficult to gather and record.
However, a disadvantage of such methods is that
they are very difficult to benchmark and compare
against one another given the lack of a ground
truth measurement for most samples and is out of
the scope of this publication. In these situations,
the segmentation result needs to be judged by an
expert as the ML model is trained on a selection of
pixels within an image chosen by the microscopist.
The microscopist ‘paints’ over various pixels within
the image which are associated to different classes.

Microscopist selects pixels for training using
the inbuilt paint tool in Intellesis™
CPU
Image undergoes an
augmentation routine

GPU

The painted pixels are
‘flattened’ into a vector

1

Values of from each filter for a
painted pixel

Up to the top 3 convolution
layers of the VGGI6
neural network are used to
extract features

Masking, cleaning and
pore segmentation in
Python

1

2

Up to 33 filters are
applied to extract
features from the image

Machine learning
classifier training

Final segmented
image

Classifier applied
to all pixels
in the image

Label assigned by the user by
the use of various colours

Fig. 1. Image segmentation pipeline using machine learning and custom pore masking to segment an XRM
image of a monolith channel
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In this manner, the experience of the microscopist
is leveraged during the labelling process.
The images then undergo a step to extract features
that are of interest. Various filter kernels are used
to extract features from the image. Filter modes
can be chosen between a ‘classical’ mode utilising
the central processing unit (CPU) or a ‘deep feature
extraction’ mode utilising the graphics processing
unit (GPU). In the classical mode, a range of
filters that can extract features such as vertical,
horizontal and boundary information are used. In
total there are 33 filters that are used to augment
the information obtained per pixel before training.
In deep feature extraction mode, sample features
that describe the shape and textures in the image
are extracted from up to the first three layers of a
VGG-19 neural network (23).
After filtering, the painted pixels are concatenated
into a feature vector that is used as an input
to a classifier such as random forest (24) or
XGBoost (25) algorithms. The choice of classifier
can vary depending on the image and performance
desired. For segmentation, random forest classifiers
have been popular in recent years due to their
versatility. Further post processing is undertaken
using conditional random fields to improve the
segmentation results by assigning confidence levels

to pixels in the image for a given label (26). Once
the image has been segmented by IntellesisTM, the
label mask can be post processed by a combination
of Gaussian filtering and binary erosion to create a
mask from which the pores labels can be obtained
by thresholding.
Post training, the model can be exported into a
file format containing information about the model
(training images and labels) and processing steps.
With automation features within ZEN, we applied
our trained model to segment the subsequent
image slices for 3D tomographic reconstruction,
Figure 2. Whilst model training is undertaken
within IntellesisTM, data preprocessing such as
normalisation, dataset rotation and cropping is
performed using in-house Python code.
After initial dataset alignment through rotation
and cropping, the images are normalised with
respect to the centre image using the histogram
matching technique ensuring that all pixels share a
similar intensity distribution range. Normalisation
is a situational preprocessing step to be used in
instances where the intensity within the image
stack varies slice by slice (27). Normalisation
ensures that the segmentation model can
accurately classify pixels with the desired outcome
without systemic errors in classification.

Reference image

Image stack

Training image

Intensity normalisation & histogram matching –
for the entire stack using the reference image

Feature extraction

img1 - reference
img2
img3
img4

Normalised image stack

‘Flatten’ data for ML classification

Component labels
e.g. 1 for catalyst,
2 for substrate

M × N-filter input matrix
M × 1 output matrix

Component predictions
from the model
Classifier applied to the
whole image stack

Classifier

Segmented labels

Catalyst

Substrate

‘Emptiness’

Fig. 2. Image segmentation processing pipeline for 3D tomography data for XRM and FIB image stacks
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An image is selected as a training image usually
from the middle of the stack as the initial input for
the classifier. Starting with ZEN 3.2 (Blue Edition)
and ZEN core 3.1 it is possible to import externally
trained deep learning models created as Python
packages (28) into the IntellesisTM software.
Recently, ZEISS has also provided a repository with
examples of how to perform automated analysis on
GitHub (19). Once the classifier is trained it can be
used to segment the rest of the images within the
stack.
Segmented labels can be used to create 3D
reconstructions of the dataset for further processing.
With such label datasets, it is then possible to
undertake meaningful measurements of a sample
such as percentage composition measurements,
pore and particle size measurements, tortuosity

and use of voxelised data as inputs for gas flow
simulations.

2.3 XRM Data Acquisition and
Processing
The XRM tomography dataset was acquired on a
ZEISS XradiaTM 520 Versa microscope operated at
80 kV acceleration voltage with a pixel size of 4.74 µm
with 20 s dwell time. Data acquisition in the XRM is
carried out by taking multiple 2D transmission images
of an object from different orientations. Once the
acquisition was complete, the data was reconstructed
using inbuilt automatic tomography reconstruction
algorithms within the ZEISS Scout‑and-Scan
software. It is possible to create image slices from
any direction of the sample, Figure 3.

Region of interest (XRM)
Initial view scan (XRM)

200 µm

Tomography -3D image stack
Slice view along x-direction
Distance along x: 469 m

Distance along x: 658 m

Distance along x: 848 m

Distance along y: 507 m

Distance along y: 711 m

Distance along y: 914 m

Distance along z: 1052 m

Distance along z: 1469 m

Distance along z: 1886 m

Distance along x: 1038 m Distance along x: 1227 m

Distance along x: 1417 m

Slice view along y-direction
Distance along y: 1118 m

Distance along y: 1322 m Distance along y: 1526 m

y
Slice view along z-direction

z
x

200μm
m
200

200 μm
m
200

200μm
m
200

Distance along z: 2303 m

200 m
200
μm

Distance along z: 2720 m

Distance along z: 3137 m

200 μm
m
200

200 μm
m
200

Fig. 3. XRM scan showing four channels from a monolith. The slice view directions along x-, y- and
z-directions provide an overview of the washcoat coating along the channel
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An image stack with 994 images was then
segmented along the z-direction using the
proposed image analysis pipeline in Figure 2. At
the XRM length-scale we are able to observe the
monolith’s properties at the macro scale such as
phase volume fractions, pore connectivity, size and
tortuosity which are the key properties that need
to be measured at this scale.
Phase volumes for the monolith sample were
calculated by counting the number of voxels
within the segmented image and calculating the
percentage volume fraction. We note that there
are more accurate approaches for calculating the
volume by triangulating the voxel dataset into
a mesh (29). However, this does not affect the
volume drastically compared to measuring surface
area of the material, which is often overestimated
by the voxel counting approach. Phase distributions
along a selected slice direction throughout the
sample were computed by examining percentage
changes to segmented label stacks. This is useful
for investigating anisotropy of the washcoat
distribution along the monolith channel.
Pore connectivity in a sample is also a parameter
that is often critical in determining gas flow and
bulk transport properties (30). A well-connected
monolith wall pore network ensures that most
active sites are reached as gas travels through the
channel wall. To measure connectivity, a nearest
neighbour detection approach within Python’s
scikit-image library (31) was used where a label
detection kernel is scanned within the image
to assign a label to each pore object within the
segmented image (32). Similar analysis can also
be performed using AvizoTM software but the main
advantage of using open source libraries in Python
is that most of the analysis is incorporated into a
single pipeline without any data conversion, file
read-write and automation bottlenecks.
Provided that the pores are segmented it is also
possible to perform a distance-transform based
morphological sphere fitting to obtain pore sizes.
We have used the definition that a voxel is part
of a pore with a given diameter for a sphere that
can completely fit or be packed within the pore
space (33). Figure 4 shows what the fitting
procedure looks like visually for a synthetically
generated pore structure. The superposition of
all ‘sphere’ maps with a given diameter can be
included in the pore space as equal to the pore
volume they occupy relative to the total volume.
The fitting approach can be further expanded
to emulate mercury porosimetry undertaken in
laboratory tests. This was not investigated within
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0

Fig. 4. Pore diameter measurements using a
morphological distance transform algorithm to ‘fit’
spheres to pores within a binary segmented image
this paper and will be addressed in a future study.
Alternatively, gas flow through the wall of a
monolith channel can be simulated to understand
gas pathways in more detail. The simulation was
performed using the segmented stereolithography
data meshed at refinement level 5 in snappyHexMesh
processed by OpenFOAM® software.

2.4 FIB-SEM Data Acquisition and
Processing
FIB-SEM tomography was performed using a ZEISS
Crossbeam 550 microscope. ZEISS Atlas 5 software
was used to align XRM and FIB-SEM datasets and
locate the region of interest, which in this case was
focussing on the washcoat (Figure 5). A tomogram
was then collected with a pixel size of 3 nm along
the x- and y-directions, and a 9 nm pixel size along
the z-direction.
One of the milling artefacts often present in
inhomogeneous samples is ‘curtaining’ (34) as
seen in Figure 5. This effect can be noticed as
faint vertical lines on the polished cross-section
due to variations in sputtering rates across the
sample. The curtaining effect severely hampers
any segmentation routine due to uneven intensity
changes in the image. A Fourier filtering routine
followed with a median filter was applied to all the
images to correct for the curtaining effect using a
script coded in Python using a mythology proposed
by Schwartz et al. (35).
It is worth mentioning that an additional
preprocessing step that can also be undertaken is
an intensity anisotropy correction. Often, collected
images exhibit an intensity gradient due to shadowing
of electrons originating from the bottom of the
sample face and the FIB-SEM detector geometry.
For our images we did not observe a major intensity
gradient and did not apply this correction, however
a publication by Tallion et al. (29) provides further
detail on how such a correction can be performed.
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XRM overview scan

FIB overview scan

Region of interest
scans
+
Lamella

25 m
5 m

Curtaining removal
and filtering

Workflow for all image stacks

5 m

5 m

5 m

5 m

Segmentation
Alumina: 24%
Ceria-zirconia: 76%

5 m

Fig. 5. FIB region of interest chosen from the XRM dataset scan using the ZEISS Atlas 5 software. A series
of images from the region of interest were stitched and a curtaining removal filter was applied before
segmentation. The workflow was applied to all the images in the stack

After preprocessing the stack, the images were
segmented using the same pipeline shown in
Figure 2. In the segmented image, the ceriazirconia is shown in pink, the alumina is shown in
green, and all other colours are associated with
the rest of the monolith. Corresponding energy
dispersive X-ray (EDX) mapping was performed to
confirm the elemental composition of the sample.
The pores within the washcoat layer are present at
the nanoscale, they are therefore not well resolved
by the FIB-SEM acquisition parameters used in this
work, where a balance had to be struck between
the total volume analysed and the voxel size
used. Rather than pore tortuosity, an alternative
measurement that can provide insight into
diffusion through the washcoat layer is to quantify
the amount of tortuosity of each phase (36). The
degree of tortuosity can provide an indication of
how easy it is for a gas or liquid to diffuse through
a material (37). It is a property linked to effective

361

diffusivity and both electrical and ionic conductivity
through a material (38).
To calculate tortuosity, we have used a definition
based purely on geometric considerations using
a method proposed by Tallion et al. (29). This
approach makes it simpler to calculate the
physical tortuousness within the microstructure.
An advantage of calculating tortuosity this way
means that the calculated values can be easily
compared between different phases as they do
not rely on a material’s diffusivity or conductivity.
We demonstrate how this procedure works using
three synthetically generated model samples
with increasing compression, Figure 6. For
demonstration purposes, the spheres were packed
tighter so that the empty space between where the
gas would flow is more tortuous.
In this approach, tortuosity is calculated as
the ratio of the geodesic distance (39) and
the Euclidean distance. We have calculated
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0% compression
50 x 60 x 50 m

10% compression
50 x 55 x 50 m

20% compression
50 x 52 x 50 m

Direction of gas flow

Fig. 6. Model samples with 0%, 10% and 20% compression applied to make the empty space between the
spheres more tortuous. The 3D hexagon represents the ‘top’ of the sample marking the direction of gas flow

2.5
2.0
1.5
1.0
0.5

Tortuosity

Direction of
gas flow

y

z

x

Fig. 7. A 3D tortuosity map for a model sample
overlaid with the position of model spheres to
geometrically demonstrate how tortuous a path
may be for gas to flow through

the Geodesic distance using the fast-marching
algorithm with the scikit-fmm Python library. The
Euclidean distance was calculated as a straight-line
measurement parallel to the direction of interest.
By taking a ratio of the geodesic and Euclidean
distance maps, we can obtain a 3D tortuosity
map of the material or the pore phase of interest,
Figure 7.
By slicing the 3D tortuosity map, an average
tortuosity profile along a direction of interest can
be obtained, Figure 8. With this demonstration,
it can be seen that calculating the tortuosity
between model samples can provide an effective
measurement that is straightforward to compare
between different samples. Moreover, the tortuosity
line profiles provide more detailed variational
information along the direction of the sample
compared to a global average value for a volume
which is what is often calculated in literature (40).
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Tortuosity in the ceria-zirconia phase is usually
of interest as it is the pathway gas would take to
reach the sites where the palladium nanoparticles
are located. A portion of the volume in Figure 5
was cropped to calculate the geometric tortuosity
starting from the surface of the washcoat traversing
towards the substrate wall and ending with a
subsequent line profile calculation.

2.5 TEM Data Acquisition and
Processing
Characterisation
of
the
nanoparticles
was
undertaken using the TEM which can atomically
resolve the structure of the particles through
imaging and compositional characterisation. Before
TEM imaging was undertaken, a lamella from the
washcoat region was extracted using the FIB-SEM,
Figure 9. High angle annular dark field (HAADF)
atomic resolution imaging was performed using a
probe-corrected ARM200CF (JEOL, USA) scanning
transmission electron microscope (STEM) operating
at 200 kV.
The column of images on the left in Figure 9
illustrates the lamella preparation by FIB-SEM,
while the image in the middle shows the thinned
region to be imaged with the TEM. Images on
the right show an area with an annular dark field
(ADF) image with its simultaneously acquired
spectroscopic maps. The EDX map in Figure 9 was
taken from an interface area where ceria-zirconia
meets alumina. It is also important to note that
the palladium nanoparticles are detected within the
ceria layer. The palladium particles are the active
ingredient in this case where the catalysis happens.
The structure and size of the nanoparticles is
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20% compression
50 x 52 x 50 m

1.08
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50 x 60 x 50 m

Tortuosity
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c:0% tortuosity
c:0% mean tortuosity (1.03)

1.02

c:10% tortuosity
c:10% mean tortuosity (1.04)
c:20% tortuosity
c:20% mean tortuosity (1.05)

1.00
0

0.2
0.4
0.6
0.8
Distance through volume (normalised)
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Fig. 8. Tortuosity line profiles for the empty space between the spheres along the direction of gas flow in
model samples with varying compression

(a)

(b)

50.0 nm

(c)

1.0 m

50.0 nm

Fig. 9. (a) FIB based TEM lamella extracted using
in situ lift out technique, the sample was imaged
at: (b) different magnifications; and (c) various
elements were mapped using the EDX detector
(green = alumina, magenta = cerium, blue =
palladium)

important as it determines the surface area
available for catalysts and was imaged using the
TEM.
Here we have carried out some high resolution,
aberration corrected imaging of the FIB slice,
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specifically, the ceria-zirconia component. This
component is a very important part of this catalyst
structure in determining the oxygen available for
catalysis to progress. This component acts as an
oxygen regulator within the structure (41). It is
important that its structure and composition are
uniform.
We also attempted to record a series of images
with increasing magnification from the cerium
region of the sample, however performing
simultaneous spectroscopic acquisition proved
to be challenging. As this part of the study was
to demonstrate a proof of concept that it is
possible to obtain atomic resolution imaging with
spectroscopy, we performed spectroscopy on
a similar ceria sample. In the future we will be
exploring this aspect further to bridge this length
scale correlatively. After sufficiently zooming into
the sample, elemental mapping was performed by
electron energy loss spectroscopy (EELS) spectrum
imaging (SI) using a GIF Quantum® ER 965 model
spectrometer. To produce the elemental maps from
the EELS-SIs, power-law background stripping was
applied and Hartree Slater cross-sections (42, 43)
were employed for fitting zirconium M edge, cerium
M edge and oxygen K edge.
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3. Results and Discussion
For a correlative through the length-scale study, the
sample was first analysed using the XRM, then the
FIB-SEM and finally the TEM. Each technique has
its advantages and disadvantages. In the simplest
case, the field of view that can be observed by
each instrument is inversely proportional to the
resolution that can be achieved. For instance, at
the atomic scale only a few nanoparticles can be
observed in detail for a given field of view, whereas
at the meso scale, several nanoparticles can be
observed but with less resolution.
XRM can provide the macro scale measurements
such as washcoat morphology and large pore size
distributions. One of the key parameters of interest
is the anisotropy and the average composition of
washcoat, substrate and pore characterisation of
the wall, Figure 10. A uniform washcoat, pore
and substrate distribution can be observed along
the channel indicating good control over process
engineering. Consistent and precise coverage
means that the performance can be finely controlled
by changing the washcoat coverage methodology.
When such a workflow is aided with iterative
testing, rapid analysis processing pipelines and
simulations, the process engineering can be fine
tuned to develop rational GPF design at the device
level.
Coverage information is not sufficient if one wants
to understand the flow of gas through a monolith
channel. A qualitative approach that can be used
is visualising the connectivity in 3D for a material
or pore. Volumes of the newly assigned pore
labels relative to the total pore volume provide a

representation of how well connected the pores are
within a monolith wall. Isolated pores are identified
by label segments that are not connected to the
larger pores, ranked by overall volume fraction.
When this technique is applied in 3D, it is possible
to visualise the pore connectivity of a monolith wall
in a straightforward manner, Figure 11 visualised
by AvizoTM software.
For a more quantitative measurement, the
labelled pore regions in Figure 11 can be ranked
by volume as a function of the total pore volume
and be interpreted as a measure of connectivity.
Figure 12 shows the top 10 labelled regions of
the pore volume as a function of percentage
connectivity. There are four dominant connected
regions within this channel that make up more
than 60% of the pore space.
For any XRM measurement, we are only able
to measure the macro scale pores and therefore
the connectivity within the sample may be higher
than reported. To measure the range of pores that
we can observe a sphere fitting routine was used
indicating a minimum pore diameter of 9.48 µm and
a mean pore diameter of 29.06 µm, Figure 13. The
primary y-axis of the plot provides the likelihood of
a pore existing within the pore volume space given
all the measured diameters. The secondary y-axis
provides the cumulative percentage a pore is either
greater than or smaller than a given pore diameter
represented by the black dashed lines. We can
observe that ~30% of the pores are greater than
the average pore diameter. In this instance we
were not able to verify the measured pore sizes
through other means such as mercury porosimetry
for this sample as we mostly concentrated on
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Fig. 10. Composition
characterisation along
a monolith channel.
The line profiles in the
line plot are colour
coded with the same
colours as the pie
chart. The pie chart
provides the total
volume of the various
phases within the 3D
scan, whereas the line
profiles provide the
coverage information of
each image slice along
the z-direction shown
in Figure 3
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Fig. 12. Top 10 pore labels ranked as percentage
connectivity derived from the total pore volume
within the monolith

Fig. 11. Pore regions segmented and labelled from
a selected region of a GPF monolith. The coloured
labels represent the pore regions and their label
assignments. The catalyst coating is shown in
cyan, and the substrate is shown in pink

demonstrating the 3D analysis workflow. For a
more rigorous analysis and experiment design, one
should measure the pore sizes through physical
measurements and tune the XRM resolution
appropriately to image most of the pores within
the monolith.
Given the resolution limitation of the XRM, we are
mostly interested in how gas would flow through
the wall of a monolith and identify the major
flow pathways that affect the performance of the
GPF. Simulated streamlines of the gas velocity
vector magnitude U provide good qualitative
information of the major pathways that a gas
would flow through, Figure 14. However, we
are computationally limited by the number of
streamlines we can visualise within a 3D structure.
In principle it is possible to visualise all streamlines
within a structure, but the visualisation depends
highly on the mesh refinement and XRM resolution.
Most of the gas flow is determined by the
macropores within the monolith where the flow is
proportional to the pore size. For example, in the
case of a cylinder, the flow in pores is proportional
to pore size to the power 4 and can be related
to the pressure drop using the Hagen-Poiseuille
equation (44). However, in some instances pore
blocking and narrowing that is missed by the XRM
resolution can affect interpretations of what we
measure. In situations like these, we must image
the sample using higher resolution X-ray beamline
tomography or FIB-SEM.
Studying the gas flow within the microstructure
in detail requires the inclusion of micro- and
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mesopores, which is difficult to achieve using our
XRM. To characterise this in detail one would have
to resample the 3D XRM dataset and incorporate
the micropores from the FIB-SEM. With this
limitation in mind, we determined that further work
is necessary to link gas flow simulations to pressure
drop and performance of a monolith. To incorporate
submicron pores, we would need to characterise
submicron porosity using the FIB‑SEM, create a
statistical twin of the washcoat and texturise it
over the XRM dataset. This is currently outside the
scope of this publication and will be looked at in
the future.
Alternatively, as a result of the segmented
FIB‑SEM images it is possible to do a phase
analysis of the washcoat region. We can analyse
this set further after the reconstruction to reveal
the material content for each of the phases within
the structure. This reconstruction is shown in
Figure 15 together with EDX maps recorded
while the sample was being taken through the
FIB tomography routine using the ZEISS Atlas 5
software. EDX maps in a FIB-SEM are useful for
confirming the elemental composition of various
components, but compositional mapping often
comes with limited spatial resolution due to large
interaction volumes between the electron beam
and the SEM sample.
The best way to distinguish the various
components in 3D remains through backscattered
images once the intensities of components have
been indexed to specific phases by EDX maps.
In this sample, it was possible to map the ceriazirconia and alumina components to specific
greyscale ranges, and therefore these phases can
be thresholded using the backscattered intensity
which has much higher spatial resolution. Following
this method, the research grade GPF sample was
calculated to have a 76% ceria-zirconia and a 24%
alumina composition. Experimentally, the sample
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Fig. 14. Gas flow simulation for a selected area of monolith wall (green rectangle) where the colour coded
streamlines present the magnitude of the velocity vector U along x-, y- and z-directions in metres per second

was synthetised with a 75% ceria-zirconia and
25% alumina loading which is in good agreement
with the observed measurement from the FIB-SEM
dataset and provides confidence that the subregion
analysed comprises a representative volume.
Furthermore, 3D visualisation of the segmented
dataset (Figure 14) reveals that the alumina phase
(green) is mostly present as disconnected islands.
Since we are interested in understanding gas
diffusion within the washcoat, we measured the
tortuosity of the ceria-zirconia phase, which is
both the major component of the washcoat and
the material with higher porosity. Calculating the
geometric tortuosity, Figure 16, of the ceriazirconia phase can provide an indication of the
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diffusion pathways a gas could traverse within the
sample. Our calculations show that the average
tortuosity is close to 1 indicating that the alumina
dispersion within the sample does not hinder the
gas pathways drastically and that the ceria-zirconia
phase is well connected for this sample. For further
analysis one would have to segment the pores at
a much higher resolution, possibly requiring TEM
tomography.
Ultimately to study the performance of the
catalyst loaded within the washcoat, we need to
study the atomic structure and its uniformity. This
analysis is only useful if it is investigated as part of
a bigger structure. In order to do imaging at atomic
resolution the quality of the sample is paramount.
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Fig. 15. 3D reconstruction and visualisation of the subset of the alumina phase viewed from two different
directions. The images on the right show the segmented overlay and the subsequent EDX map from a slice
taken after milling the sample
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Fig. 16. Tortuosity profile of the ceria-zirconia
phase of the washcoat through the sample starting
from the surface of the washcoat

Figure 17 conceptually demonstrates this
by combining these images with increasing
magnification
illustrating
the
image
and
spectroscopic acquisition process for ceria-zirconia
particles of 10–20 nm size. The EELS maps for
cerium, zirconium and oxygen are also shown below
the atomic resolution image. For such samples,
the ceria-zirconia component is a very important
part of the catalyst structure in determining the
oxygen available for catalysis to progress. This
component acts as an oxygen regulator within the
structure (41). It is important that the structure
and composition are uniform.

4. Conclusions
The FIB preparation needs to restrict the amount
of amorphous layer caused by FIB preparation and
minimise the effect the resin embedding process
would have on the imaging.
Here we have carried out some high-resolution
imaging of the FIB slice, specifically, the ceriazirconia component along with a series of
atomic resolution images from a similar sample
as mentioned in the previous section, without
resin embedding. For the experiment, the high
magnification imaging was performed on the same
sample, however atomic resolution imaging with
spectroscopy was performed on a similar sample.
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At Johnson Matthey we are interested in
understanding how our devices function at all
length scales in order to understand the material
properties that drive the performance of our
materials. We show here how a sample can be
decomposed at the macro and meso scales using
XRM, FIB-SEM and TEM. Properties such as coating
uniformity, location and pore network distribution
can be determined with XRM. The strength of
FIB‑SEM lies in observing the smaller features
within the washcoat which are often missed by
the resolution limit of the XRM. TEM provides
information about the atomic structure of the
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Fig. 17. High magnification snapshot of the FIB sample conceptually demonstrating increasing magnification
up to atomically resolved cerium-zirconium columns with simultaneous EELS mapping. Here the highresolution images are from the same sample, but the atomic resolution imaging and spectroscopy are from a
similar sample

catalyst coupled with simultaneous spectroscopic
information with chemical and oxidation state
mapping.
Where possible we have automated the analysis
pipeline with a combination of state of the art
proprietary, open source and in-house technologies.
Integrated pipelines where we can characterise
GPF filters correlatively with modelling provides a
systematic approach to build understanding of our
materials at scale. In the long term such ensemble
approaches allow the building of statistically
meaningful datasets for product development in
the future.
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