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The imperative and urgency of the message is
clear. We need to act now to avert the worst effects
of the very real climate crisis tragedy looming
on the horizon. The effects of climate change
are becoming more ubiquitous, with heatwaves,
wildfires, droughts and floods becoming more
frequent. Even during the unprecedented
COVID-19 pandemic, the climate crisis did not
stop. In October 2020, the International Monetary
Fund (IMF) stated a clear message: even in the
midst of the COVID-19 crisis, we should mobilise
to prevent the climate crisis. The negative impacts
caused by climate change could be the equivalent
of a pandemic crisis every year from the middle
of the 21st century.
We have known about global warming since
Fourier’s work in the 1820s establishing that the
Earth’s temperature was much higher than if
warmed by only incoming solar radiation. And yet
we have failed to manage the climate crisis this far.
The message started to reach the status of a major
public issue in 1988, when Newsweek magazine
made ‘The Greenhouse Effect’ its cover story.
Later on that year, the United Nations General
Assembly endorsed the Intergovernmental Panel
on Climate Change (IPCC) to provide scientific
evidence of climate change. But it was not until
the Paris Agreement in 2015 that a legally binding
international treaty on climate change was put in
place.

The Transition to Net Zero
In 2019, the UK became the first major economy
to pass net zero emissions legislation and we
now have more than 70 countries, including
the biggest emitters (China, the USA and the
European Union countries) that have set a net
373

zero target, covering around 80% of global
emissions. Moreover, to keep global warming
below 1.5ºC, as set out in the Paris Agreement,
we need to reduce emissions globally by 45% by
2030. With less than 90 months left to meet this
world target, we are currently not on the path
to delivering our net zero ambition. To achieve
a timely and just energy transition, we need to
step up the pace and scale of decarbonisation.
The 2020s are a critical decade of action for
developing and deploying decarbonisation
solutions. The 2020s are also a decade to untap
the opportunities of the energy transition. For
example, decarbonising power, road transport,
steel, hydrogen and agriculture would increase
world gross domestic product (GDP) by 4% in
2030 compared to inaction (1).
Inevitably, the transition to net zero is particularly
challenging for energy-intensive and hard-todecarbonise sectors. Industry plays an essential
role in society with the chemical sector alone
consuming globally 28% of industrial energy
(fossil fuels providing 58% of carbon feedstock
and 42% to generate process energy), and by
2030 it could become the single largest driver
of global oil consumption (2). The transition of
this sector is therefore crucial to achieving net
zero targets. However, decarbonising industry
is not only complicated by the long lifespans of
industrial sites infrastructure, but also requires a
two-fold transition away from fossil fuels to lowcarbon energy sources (for example, renewables,
hydrogen or bioenergy) as well as from carbon
feedstocks. Moreover, the chemical sector plays an
important role in delivering net zero, for example
manufacturing catalysts for hydrogen production
or coatings for solar panels. For every tonne of
CO2 equivalent (CO2e) emitted from chemical
production in 2005, the sector’s products saved
2 tonnes of CO2e (3). Therefore, innovation in the
chemical sector will be a key enabler to accelerate
the pace of the transition.
© 2022 Johnson Matthey
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The UK was the first country to publish an
Industrial Decarbonisation Strategy in 2021, with
industrial emitters responsible for about 16% of
the UK’s CO2 emissions, but also contributing to
~9% of GDP and providing 2.6 million direct jobs.
The first steps of this strategy are focused on the
decarbonisation of industrial clusters. Over 50% of
UK industrial emissions come from regions where
energy-intensive industries such as chemicals
manufacturing, oil refining and cement and steel
production are co-located, providing 1.5 million jobs
and export goods and services worth £320 billion,
but also presenting opportunities for developing
a wide range of decarbonisation solutions. The
UK Industrial Decarbonisation Research and
Innovation Centre (IDRIC) (4), funded by UK
Research and Innovation (UKRI), supports this
strategy to transform the UK’s major industrial
clusters (Grangemouth, Teesside, Humberside,
Southampton, South Wales, North West England
and Black Country) into world-leading, low-carbon
manufacturing hubs, including the world’s first net
zero carbon industrial cluster by 2040. Green skills
are essential to make this transition a reality and
by attracting inward investment, these clusters
will protect and create new jobs, with estimates of
around 2 million green jobs by 2030.

Critical Role of Innovation
Innovation was key in emerging from the COVID-19
crisis, including novel vaccines as well as innovative
technologies that enabled new ways of working and
doing business. Innovation is also our best weapon
to fight the climate crisis. In these unprecedented
and rapidly changing times, the global impact of our
research and innovation is needed more than ever.
Indeed, half of the global emissions cuts needed to
meet our climate targets will require technologies
that are still at the demonstration or prototype
phase or not yet fully commercially available (5).
Addressing urgent innovation needs is IDRIC’s
main mission. Our joint industry, government and
academic-led research and innovation programme
not only includes technology development projects
aiming to reduce the costs, risks and timelines of
technologies like carbon capture, utilisation and
storage (CCUS) and hydrogen, but also design tools
and digital models which help industry clusters
make the right decisions, including open source
technoeconomic and environmental assessment
tools. Beyond technological innovation, many of
our projects focus on unlocking social barriers,
developing financial models and bridging skills gaps.
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The centre has established close collaborations
between academia, industry and government to
create opportunities for collaboration, sharing of
best practice and knowledge exchange which are
key for unlocking the wider economic and social
benefits of industrial decarbonisation.
Finally, decarbonisation solutions also require
supportive policy and regulatory frameworks (6),
so it is vital that we continue the dialogue not just
across the industrial decarbonisation community,
but also keep abreast of policy developments, and
conversely, inform policymaking using evidence.
Decarbonising industry is a global effort, and we
all have a part to play. Research, innovation and
industrial communities need to work together to
implement world-leading innovation which will
catalyse the competitiveness of our manufacturing
sector and meet our decarbonisation goals for a
sustainable future.
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Ammonia is a strong candidate as a hydrogen
vector and has the flexibility to be used directly
as a fuel or decomposed to form pure hydrogen.
The format of an ammonia decomposition plant is
only starting to emerge, with two types becoming
significant: centralised locations feeding into the
national gas network and decentralised units to
supply fuelling stations, the chemical industry or
remote applications. In this paper, we review the
aspects critical to decompose ammonia in both
cases. While the centralised cracking flowsheet
can use equipment standard to current hydrogen
production methods, the localised cracking unit
requires a more innovative design. Energy and
safety considerations may favour low temperature
operation for decentralised applications, requiring
high activity catalysts, while centralised industrial
sites may operate at higher temperatures and
use a base metal catalyst. Purification to deliver
hydrogen suitable for fuel cells is one of the
biggest challenges in developing the flowsheet.

1. Introduction
1.1 The Hydrogen Economy
The hydrogen economy is gathering momentum
with many pilot studies underway and governments
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publishing updated roadmaps to demonstrate a
route to implementation (1–3). While the benefits
of a carbon-free fuel are large, there are many
technical challenges to enable the transition,
spanning production, storage, transport and use.
While hydrogen could be produced locally, there
are some countries (such as Japan) who will
need to import hydrogen to meet their needs.
Hydrogen gas has a relatively low energy density,
making it difficult to transport long distances, and
several alternatives offering a higher hydrogen
density, as illustrated in Figure 1, are now being
explored.
Liquefied hydrogen has a higher energy density
than gaseous hydrogen but the process of
liquefaction is inefficient and expensive (4, 5).
Liquid organic hydrogen carriers could be used to
transport hydrogen without the cooling penalties,
but there are other disadvantages including the
energy required for the dehydrogenation step and
the logistics involved in returning used material
to a hydrogenation source (6). Methanol can be
used as a fuel and a hydrogen carrier and is easy
to transport but requires a source of sustainable
carbon to achieve carbon neutrality (7). Ammonia
is a carbon-free hydrogen carrier which is
manufactured and transported at scale but has
challenges with the large amounts of energy
required to decompose it (8).
Since all carriers have their advantages and
disadvantages, it is difficult to forecast which will
hold a majority segment. Ammonia is currently
considered a front runner by many due to its
carbon-free nature and the existing standards for
safe bulk transportation and storage associated
with its maturity within the fertiliser market
(9, 10). However, if ammonia decomposition is
required at the destination, the final technology
solution will be very dependent on the location
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Fig. 2. Production of hydrogen from ammonia via centralised and decentralised ammonia flowsheets and
potential hydrogen applications

of the site. The aim of this paper is to review the
technologies required to decompose ammonia in:
(a) large centralised locations; and (b) decentralised
locations, such as hydrogen refuelling stations, as
illustrated in Figure 2.

1.2 Ammonia as a Hydrogen Carrier
To minimise environmental impact, ammonia must
first be produced either with conventional processes
using carbon capture and storage technology
(‘blue’ ammonia) or using hydrogen generated
by electrolysis, which is powered by renewable

376

sources (‘green’ ammonia). Ammonia has a high
hydrogen storage capacity by volume (123 kg m–3
at 10 bar) and by mass (17.7 wt%) which result in
low investment costs (11). While it is toxic, it has a
strong odour which can be detected at low levels.
It has a high ignition temperature, which makes it
safe to transport, but more challenging to use as
a fuel.
Ammonia can be cracked over a catalyst to
produce hydrogen and nitrogen or burned directly
to produce energy without carbon dioxide (12, 13).
Combustion directly is made more efficient by
having a small amount of precracking, as hydrogen

© 2022 Johnson Matthey
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within the mix improves ignition (14). Combustion
of ammonia could be a large opportunity in the
shipping industry which generates large amounts of
carbon emissions (15, 16). Ammonia may also be
combusted in gas turbines to generate power and
this is a subject of ongoing research (12). While
CO2 is not produced during combustion, burning in
air can produce nitrogen oxides (NOx) and nitrous
oxide, which would need to be abated to minimise
environmental impact.

1.3 Centralised vs. Local Approach
for Cracking
In the centralised scenario, ammonia is
transported to a large cracking plant and then
hydrogen is distributed to point of use. Existing
pipelines can often be repurposed and gas
companies are currently receiving governmental
funding to demonstrate this (17). The primary
applications in this case would be gas for
domestic heating and cooking but the hydrogen
could also be sent to fuel stations to be further
purified for fuel cell vehicles. In the decentralised
scenario, ammonia is transported to point of use
and cracked onsite to produce either high purity
hydrogen for vehicles or lower grade hydrogen
on industrial sites.
The development of an infrastructure which is
based on centralised or decentralised generation of
hydrogen is dependent on country-specific factors
such as distribution of population, renewable
energy availability and geographic factors (18).
Centralised systems have the advantage of
traditional economy of scale; reactors can be run
continuously at high temperatures and pressures
and achieve large efficiencies and automation of
machine operations can be used to minimise the
labour per unit output (19). Decentralised systems
have the advantage of a lower upfront cost and
independence from a hydrogen gas network.
Application of centralised or decentralised units
could vary as the hydrogen becomes established
as a viable fuel. In the early years of technology
adoption, hydrogen generation could focus on a
decentralised infrastructure to avoid high costs
of new pipelines and upfront capital expenditure
(capex). As hydrogen becomes more established,
a centralised system becomes more cost effective
and lower risk for investors but may still be
supported by onsite hydrogen production in remote
areas (18).
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Several authors have modelled the technoeconomic
viability of using ammonia as a hydrogen carrier,
extrapolating capex and operational expenditure
(opex) costs based on their designs and estimating
a cost of hydrogen and payback period for the
investment (20–23). In one study, centralised
and decentralised scenarios for ammonia cracking
were compared and decentralised was found
to be more economic as the distribution radius
increased, due to the lower cost of transporting
ammonia compared to hydrogen gas (22). In
another, a centralised scenario was compared to a
decentralised scenario for use in fuel cells and the
cost of hydrogen resulted in an unviable 30-year
payback period for the decentralised solution (23).
The economic viability of ammonia cracking is
sensitive to the technology solution selected (such
as the catalyst and plant design) and also the price
of hydrogen and ammonia which are susceptible to
external driving factors.

2. Ammonia Cracking Flowsheet
2.1 Existing Ammonia Cracking
Applications
Ammonia decomposition has been used historically
to produce forming gas, which has widespread
applications including welding, soldering and
brazing. To produce the gas mixture, ammonia is
vapourised and then passed through an electrically
heated cracker at high temperatures to achieve
a high conversion and low ammonia slip (24).
These applications do not require the separation
of hydrogen from the mixture and the cracking
process operates at high temperatures to minimise
the residual ammonia within the product (24).
Base metal catalysts, which are highly active at
these high temperatures, have been used in these
applications for over 50 years (25, 26). These
applications are small scale, with typical ammonia
flowrates lower than 250 m3 h–1 (27). The units
typically consist of a single catalyst bed heated
by surrounding electrical elements. Figure 3
shows two reactor configurations as described by
Hogg (24) for consumption of up to 8.5 Nm3 h–1
ammonia.
Ammonia crackers have also been used in
petrochemical plants to generate nitrogen as an
inert, removing the hydrogen by combustion, or
to generate a hydrogen mixture for use in the
reduction of certain catalysts (28). These reactors
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Steam
generation

Fuel

Cracked
gas

Fig. 4. The endothermic nature of the cracking
reaction results in a reactor design similar to
steam-methane reforming applications to enable
efficient delivery of heat into the catalyst bed

Fig. 3. Schematic showing typical reactor layout
for small scale existing ammonia crackers, with
electrical elements (grey) providing heat to the
catalyst bed (blue). This schematic is based on
reactor layout described by Hogg (24)

resemble small scale steam-methane reformers,
as shown in Figure 4.

2.2 Transitioning to Low Carbon
Ammonia
The ammonia cracking flowsheet for generation of
hydrogen as a pure fuel source is more complex
than the applications discussed above due to the
focus on a low carbon impact and the separation
and purity requirements for the hydrogen product.
Energy efficiency is more of a focus due to market
uncertainty in fuel prices.
Figure 5 shows the main processes for an
ammonia cracking flowsheet. Ammonia is
transported as a compressed liquid and must
be vapourised and preheated to a suitable
temperature prior to the cracking stage.
Commercial grade ammonia contains up to
0.5 wt% water and 5 ppm oil (29) and a water‑oil
effluent will be generated in the vaporisation
stage. The gaseous ammonia may be cracked
within a reactor bed containing a pelleted catalyst
typically comprising a base metal or platinum
group metal (pgm). Depending on the reactor
size, this may comprise one bed or multiple
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tubes of catalyst that may be heated either by
electrical elements or combustion of a fuel. The
cracked gas contains nitrogen and hydrogen in a
molar ratio of 1:3 and ammonia, the composition
of which is limited by the equilibrium position,
as shown in Figure 6, and determined by the
conversion achieved in the reactor. Heat recovery
is necessary to maximise energy efficiency. The
cracked gases are separated and purified to enable
market grade hydrogen to be produced. There
is an opportunity for utilising the waste stream
containing residual ammonia and unrecovered
hydrogen as a fuel. The composition of the waste
stream is dependent on the ammonia slip and
separation hydrogen recovery rate: cracked gas
containing 0.5 mol% ammonia being separated
with 90% hydrogen recovery would generate
a tails gas containing 75.7% nitrogen, 22.7%
hydrogen and 1.6% ammonia, whereas with 60%
recovery would yield 45.0% nitrogen, 54.1%
hydrogen and 0.9% ammonia.
Hydrogen can be separated using several
technologies including pressure swing adsorption,
cryogenic distillation and membranes. The purity
of hydrogen gas required is dependent on the
application, with a much higher purity placed on
fuel cells than for domestic cooking appliances and
boilers.
Depending on the recovery rate of the separation
technology, there can be significant levels of
hydrogen in the waste stream. A unique challenge
for modern ammonia cracking applications is
the utilisation of the waste stream to maximise
process efficiency. Pressure swing adsorption,
a large-scale separation process, can achieve
60–90% recovery of hydrogen to the purity required
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for hydrogen being used in the grid (30), which
results in a waste stream containing 23–55 mol%
hydrogen. Utilising this energy within the process
is desirable, including as a direct energy source
for the endothermic cracking reactor or to drive
a gas turbine to generate electrical energy. The
high nitrogen content within the fuel is a challenge
associated with the development of ammonia
cracking flowsheets. The impact on burner design
and heat transfer of a fuel with a high level of inert
must be considered, and the NOx generated must
be reduced to low levels using emission control
systems.

2.3 Centralised Crackers
Historically, large scale ammonia crackers would
have been fuelled using natural gas and small-scale
crackers electrically heated. Given the development
of ammonia cracking as a method of transportation
for blue or green hydrogen, large scale crackers
will require a low emission fuel source. While the
development of larger scale electrical crackers
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is ongoing (22), there are no units in operation
currently.
Ammonia decomposition is a highly endothermic
reaction, as illustrated in Equation (i), and in
conjunction with the energy requirements for
ammonia vaporisation, as shown in Equation (ii), the
process consumes a significant amount of energy. In
addition to these energy intensive steps the ammonia
gas must be preheated from the vaporisation
temperature to the reaction temperature, which can
be in the range of 400–900°C and can consume in
the region of 50 J mol–1 K–1.
NH3(g) → ½ N2(g) + ³/₂ H2(g), DH0 = 45.9 kJ mol–1
(i)
NH3(l) → NH3(g), DHvap = 23.4 kJ mol–1

(ii)

Due to the similarity in catalyst and endotherm
with the steam-methane reformers, large scale
ammonia cracking units may look similar to
primary reformers currently installed in ammonia
and methanol production plants (22).
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Specifications for feeding hydrogen into the
mains gas network are still in draft form but may
be around 98 mol% in the UK (31). Pressure swing
adsorption is already widely used for purifying
hydrogen commercially at the large scale and
can deliver hydrogen purities of 98–99.999 mol%
hydrogen (32). Cryogenic separation is also used
commercially but delivers a lower purity than
pressure swing adsorption (33).
While a centralised ammonia cracking unit is
likely to look like a primary reformer, as illustrated
in Figure 4, the fuel requirements will be different.
There are four main sources of fuel to consider:
ammonia, hydrogen, separation waste gas stream
and electrical power.
The shortfall in energy from combusting the
waste stream can be met by the addition of
ammonia, hydrogen or a mixture of these gases
to the waste gas for combustion. To maximise
energy efficiency, pure ammonia mixed with the
separate waste gas stream is a logical choice of
fuel, as the addition of hydrogen product reduces
both hydrogen recovery and energy efficiency of
the process. Depending on the composition of
the fuel stream, the addition of hydrogen may be
required to improve the properties of the flame as
pure ammonia burns with low flame stability and
low flame speed (34).
Experiments have shown a partially cracked
ammonia stream containing 70 mol% ammonia
and 30 mol% cracked ammonia burns with
similar properties, including NOx emissions, to
natural gas (35) which allows the opportunity
for retrofitting existing natural gas burners. NOx
generation is expected during the combustion of
ammonia-hydrogen fuel mixture when combusted
at near stochiometric conditions and the generation
of N2O, a potent greenhouse gas, is significant in
very lean conditions (34). Downstream abatement
units will be required to reduce emissions to an
acceptable and safe level prior to emission to
atmosphere.
The case for an electrical cracker must be
considered as this allows all ammonia to go
to product and does not consume any product
hydrogen as fuel, maximising the hydrogen
recovery of the process. The feasibility of such
a system will largely be driven by the cost, and
availability, of green electricity. It is likely that
ammonia crackers will be situated in locations
where there is a lower availability of renewable
energy and hence this could be a limiting factor.
Energy from the waste gas stream would have to
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be extracted through separate combustion and
integration with a gas turbine in purely electrical
ammonia crackers.

2.4 Localised Ammonia Cracking
Electrically heated crackers are more likely to be
a feasible solution for smaller, localised cracking
systems, where efficiency and safety aspects of
design would be negatively impacted using a fired
heater. These localised systems are envisaged
to provide fuel cell grade hydrogen for remote
communities or transportation requirements and
as a result could be situated in populated areas.
The use of a fully electrically heated cracking
unit has an inherent disadvantage of not utilising
the waste gas stream to provide energy for the
cracking reaction, however the energy could be
alternatively utilised to generate electrical energy
for use within the wider site.
A specification for polymer electrolyte membrane
(PEM) fuel cells for vehicles is given by ISO
14687-2, where the purity of hydrogen is stipulated
as 99.97 mol%, and there are set limits for other
contaminants, in particular nitrogen 300 ppm and
ammonia <0.1 ppm (36). For transport applications,
the hydrogen must be delivered at the pressure
of the hydrogen storage tank (300–1000 barg),
necessitating a compression stage as well as a
separation stage (37, 38).
At fuel station locations, pressure swing adsorption
becomes less attractive due to the high energy
requirements to deliver high purity hydrogen (39).
Technoeconomic analysis of a pressure swing
adsorption scenario for a decentralised location has
been assessed and found to give an unviable cost
of hydrogen production and payback period (23).
Membranes are a more compact solution but
few have been commercialised. Several types of
membrane for separating hydrogen from other
gases have been investigated in the literature,
including palladium, metal, polymer, carbon and
metal organic frameworks (40). Palladium-silver
membranes are used today to generate ultra-pure
hydrogen in applications such as semiconductor
manufacturing. While very effective, they are
costly and a non-precious metal alternative would
be attractive to the market. Recently a palladiumcoated vanadium membrane was investigated and
found to be suitable providing operating controls
are put into place to reduce the risk of hydrogen
embrittlement (41). Polymer membranes are
cost efficient and make up a large percentage of
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the market. Key commercial examples include
polysulfone, cellulose acetate, polyimide and
polyamide (33). Polymer membranes suffer from
a trade-off between permeability and selectivity
and so work in this area is focused on polymer
blending and mixed matrix membranes including
components such as zeolite and silicon dioxide (42).
Molecular sieving carbon membranes have received
interest as they are able to give good selectivity
and fluxes (43, 44). However, they can be brittle
and expensive and can degrade when ammonia is
present (40). Proton-electron conducting ceramic
membranes, formed using metal-ceramic materials
(typically nickel or palladium and perovskites), are
also a possibility for hydrogen separation (45).
If the structure is both proton and electron
conducting, then hydrogen can be separated with
high selectivity, low cost and at high flux, without
an electrical driving force. The technology is not
yet commercially available due to challenges with
achieving the necessary selectivity and flux as well
as lifetime.
When considering purification of hydrogen from an
ammonia cracked gas stream there is a particular
challenge with the large amount of nitrogen
present. Hydrogen must be separated from a
dilute stream and impurities removed to meet the
required specification. Multistep processes have
been proposed to meet the PEM fuel cell standard,
for instance using an absorbent to remove the
ammonia immediately after the cracking process
and then a second stage to remove the other
gases (46). Challenges exist with ensuring these
steps are compatible and cost effective within the
cost constraints of a localised design.
Electrochemical compression could be an
opportunity to combine the purification and
pressurisation step. These devices comprise
of an anode, a cathode and a proton exchange
membrane between the electrodes. Hydrogen
gas is catalytically dissociated at an anode into
protons and electrons. Electrons are transported
by an external current via an external circuit which
provides the driving force for the diffusion of the
protons through the membrane against a pressure
gradient. The protons and electrons then recombine
at the cathode. Current levels of purification
achieved with this method are not sufficient to
meet the demand for fuel cell applications (47),
however could form part of a multistage
purification solution. A significant challenge
with generating hydrogen for fuel cell electric
vehicle (FCEV) applications is the high-pressure
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requirements of up to 1000 bar. Electrochemical
compression has been demonstrated to achieve
compression to 1028 bar in a single stage at
laboratory scale (48), showing that progress is
being made in development of this application.
This would allow ammonia cracking to occur at a
lower pressure which favours equilibrium before
purifying and compressing the hydrogen stream
to the required specifications.

3. Ammonia Cracking Catalysts
3.1 Materials Selection
Several metals are active catalysts for ammonia
cracking, including ruthenium, iron, copper,
nickel, iridium, molybdenum, cobalt, platinum,
palladium and rhodium and these have been
investigated across a range of oxide and carbon
supports (49). The material used as the supports
can have a significant impact on the overall
activity due to the influence on particle size and
shape, electronic structure of the active material
and ability to bond with intermediates (such
as hydrogen and nitrogen) during the cracking
process (49).
Of these catalyst candidates, ruthenium and
nickel are of particular interest due to the former’s
high activity at low temperatures and experience of
the latter in other high-temperature applications.
Nickel catalysts have an extensive history in
steam-methane reforming applications. The first
nickel catalyst for reforming was patented by
BASF in 1913 (50) with steam-methane reforming
having similar heat delivery demands as ammonia
cracking. Other pgm candidates have lower activity
than ruthenium (51) in addition currently being
traded at a higher price (52). Iron has been used
historically as an ammonia cracking catalyst as
part of the deuterium production process (53),
however in addition to showing lower activity
than nickel (54), it is poisoned by low levels of
water (55), making it unsuitable for cracking of
transported anhydrous ammonia which contains up
to 0.5 wt% water (29).
Selection of a catalyst for a particular temperature
range requires an acceptable level of activity at the
temperature range of interest and stability of both
the active metal and support at the temperature
of interest. For example, alumina is considered a
useful support but is known to go through phase
transitions which could remove an initially high
surface area (56).
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3.2 Nickel Catalysts for High
Temperature Applications
Nickel catalysts have been widely investigated
across a range of supports such as alumina,
lanthanum oxide, silica, magnesium oxide, ceria,
titania and zirconia and have been found to give
high activity at temperatures greater than 600°C
(49, 57, 58). Operational conditions are typically up
to 900°C where near-equilibrium conversion can be
achieved (24). Concentrations of nickel in ammonia
cracking catalysts have ranged from 1–40 wt% in
the literature (50). Changes in loading of nickel on
alumina have been found to change the particle
size and phase present, which can influence the
performance of the catalyst. Low loadings weaken
the strength of the interaction with the support
and increase the catalyst susceptibility to sintering.
High nickel loadings require a reduction at high
temperature which can result in a reduction of
surface area (54).
The relative cost of nickel catalysts, compared
with precious metal catalysts, is low, and this
is further benefited by the minimum viable
space velocity required for near equilibrium
conversion being significantly higher than for lower
temperature application catalysts. This makes
nickel catalysts suitable and cost effective for large
scale applications where a significant volume of
catalyst would be required.

3.2 Low Temperature Applications
Recent developments in ammonia cracking
catalysts have focused on achieving high activity
at lower temperatures than conventional catalysts
with a focus on operation below 500°C. Ruthenium
catalysts have been proven to have high activity,
particularly when promoted with alkalis such as
lithium (59, 60). Such catalysts are now available
commercially with supporting refining processes in
place. Alternative catalysts in the literature such
as amide-based catalysts have shown promising
activities and are still under development (61, 62).
Operation at lower temperatures is of interest
for applications within the blue and green
hydrogen space, significantly reducing the energy
requirements of the ammonia cracker. The drawback
of operating at lower temperatures, compounded
when also operating at higher pressures, is that a
less favourable equilibrium position is achieved, as
observed in Figure 2. This may have a significant
impact on hydrogen recovery depending on the
ability to utilise the residual ammonia. Ammonia
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as a gaseous waste stream can be combusted to
regain some energy, however ammonia trapped in
sorbent material will not be usefully realised and
sorbent regeneration will incur further operating
costs.
The overall economics of a low temperature
application will be a balance between the savings
associated with lower temperature operation
and the increased catalyst costs for pgm‑based
catalysts. Due to the high cost of the raw
materials, low temperature catalysts are likely to
be more economically favourable for applications
with low volume requirements, such as distributed
small‑scale crackers. Ruthenium is shown to be an
active catalyst at low temperatures, but even low
catalyst loadings can add a significant cost to the
catalyst, with ruthenium prices in December 2021
sitting close to US$600 per troy ounce (52), and
ruthenium prices having high variability due to the
small market size (Figure 7).
To ensure the sustainability of using a ruthenium
ammonia cracking catalyst, a refining and recovery
solution will be required for spent catalyst. The
majority of ruthenium is obtained as a byproduct
of platinum mining and the small market can be
heavily impacted by supply and demand effects,
as shown in 2007 when prices rose as a result of
advances in hard disk technology (63).

5. Discussion
The use of ammonia as a carrier to support the
hydrogen economy will require widespread adoption
of ammonia cracking. The two likely hydrogen
distribution models, localised and centralised, have
differing technical requirements driven by scale
and hydrogen purity.
Purification of hydrogen was not required in historical
ammonia cracking applications but is essential
to the concept of using ammonia as a hydrogen
carrier. While hydrogen produced for the grid can
be separated to desired purity with conventional
pressure swing adsorption technology, the high purity
requirements demanded by fuel cell applications
may require the use of membrane separation, an
area of significant ongoing development. The use of
multistage separation processes may be appropriate
for applications providing hydrogen both to the grid
and to fuel cell applications.
The presence of a waste gas stream containing
hydrogen and ammonia is also a challenge unique
to new ammonia cracking applications. As with any
low-carbon application, energy efficiency must be
maximised and using the waste gas stream as a
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Fig. 7. Variation in
ruthenium prices since
2000 (52)
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direct energy source to drive the cracking reaction
would allow for a high level of energy recovery.
For electrical crackers this may not be feasible and
while using the waste stream to drive a turbine and
extract electrical energy will recover some energy,
there will be additional losses associated with a
multistep energy recovery system.
Selection of a base metal (high temperature)
catalyst or a pgm based (low temperature) catalyst
will be dependent on the economics of the flowsheet
selected. While pgm prices fluctuate, creating
an additional level of uncertainty in an already
uncertain market, this type of approach could be
cost effective for small volumes. Selection of a pgm
or base metal route should be accompanied by an
analysis of the lifetime costs.
Ammonia cracking process efficiency can be
defined in two ways: the percentage recovery
of hydrogen in the product vs. the theoretical
hydrogen recovery for 100% ammonia conversion
and the energy efficiency of the process, which
will be influenced by the choice of fuel. Use of
combusted ammonia as the fuel source can offer
an energy efficient solution as the ammonia has
not been processed through the cracker, although
a level of product hydrogen may be blended in to
improve fuel properties. Electrical energy can be
imported to increase the hydrogen recovery at the
expense of the energy efficiency of the system
and with the caveat that sources of green energy
are not likely to be abundant in areas with large
ammonia cracking units.

6. Conclusions
Large-scale and small-scale cracking facilities
require important design considerations to minimise
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costs while achieving a high conversion efficiency
and energy efficiency. The waste stream, containing
ammonia and hydrogen, can be used as a fuel to
drive the cracking reaction to optimise energy
recovery. Depending on the constraints of the
application, a high- or low-temperature operating
regime may be appropriate and a corresponding
base metal or precious metal catalyst the most
cost-effective solution. Purification of the hydrogen
is a challenge where PEM fuel cells are the target
end use and if the crackers are to be sited in
populated areas.
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cell. The highest photocurrent 0.13 ± 0.1 mA cm–2
was obtained with the EMI ink, whereas tenfold
lower photocurrent was obtained with Triton-X due
to the higher charge transfer resistance, measured
by electric impedance spectroscopy (EIS). The
photoresponse was reproducible and relatively
stable, with only 8% decrease in five consecutive
illumination periods of 1 min.
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Introduction

PEER REVIEWED

Sunlight-driven green hydrogen production is
emerging as a promising contribution to carbon
emission reduction, for which semiconductors
as water splitting photocatalysts have arisen as
potential materials to reach the worldwide climate
goals at a low cost. As photoanode materials
for oxygen evolution reaction (OER), bismuthcontaining semiconducting metal oxides, such
as BiVO4, Bi2WO6 and Bi2MoO6, have shown
convincingly visible-light-driven photocatalytic
activities due to their well-matching band gaps
and redox potentials of valence/conduction band
positions (1). In particular, BiVO4 demonstrated
formidable
photocatalytic
performance
for
water splitting (2). However, BiVO4 often suffers
from fast recombination of the photogenerated
electron-hole pairs, which limits the electron flow
in photoelectrochemical cells (3).
BiVO4 can be synthesised in various morphologies,
sizes and crystal structures, which have direct
impacts on their photocatalytic properties. It has
traditionally been produced through solid-state
processes, yielding fast-growing crystals with
irregular morphologies and micron-scale sizes.
Solution-based technologies, including aqueous,

School of Chemistry and Energy Research
Centre, Ryan Institute, National University
of Ireland Galway, University Road, Galway,
Ireland, H91 TK33

Received 30th November 2021; Revised 23rd
February 2022; Accepted 23rd February 2022; Online
24th February 2022

Bismuth vanadate (BiVO4) is proven to be a
promising photocatalyst for water splitting.
However, the effect of materials syntheses, electrode
preparation and size of photoelectrode on the
photocurrent output of BiVO4 photoanodes needs
further investigations. In this study, three different
BiVO4 nanoparticle synthesis were employed,
namely hydrothermal (HT), HT in the presence of
ethylene glycol (EG) and HT with the addition of
hydrazine hydrate (HH). In addition, two molecular
inks (Triton-X and ethyl‑methyl‑imidazole, EMI),
were compared for the preparation of BiVO4
photoanodes using a simple doctor-blade
technique followed by calcination at 450°C. The
photoanodes (9 cm2 active surface) were then
compared for their photocurrent density at AM1.5G
illumination and 1.2 V (vs. standard hydrogen
electrode (SHE)) bias in a specifically designed,
three-dimensional (3D)-printed electrochemical
386
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HT and solvothermal processes, have been
developed in recent years to synthesise various
BiVO4 nanostructures with improved charge transfer
capabilities, such as nanoflakes, nanoellipsoids,
nanowires, nanofibers, nanosheets, nanoplates and
hyperbranched crystals (4–6). The size, shape and
crystal structure of the BiVO4 photocatalysts are
closely linked to the synthesis conditions, including
reaction media, pH value, temperature and reactant
concentrations (7). Furthermore, the presence of
surfactants or organic additives, such as HH (8) and
EG (9), assists BiVO4 formations with the desired
polymorph. BiVO4 photoanode films in working
conditions suffer from leaching due to their low
structural affinity to the electrode. The presence of
inks, such as EMI and Triton-X, gives mechanical
stability and better attachment to the film (10).
A plethora of BiVO4 synthetic approaches and
photoanode preparation methods are reported
in the literature (8, 9, 11). The efficiency
of such materials for hydrogen evolving
photoelectrochemical cells is typically compared
in terms of photocurrent densities generated,
and by determining the overall solar-tohydrogen (STH) and incident photon-to-current
efficiencies (IPCE) (12), although in many cases
the STH values are not correctly provided with no
quantitative hydrogen measurement. In addition,
a direct comparison of the photoelectrochemical
performance is hampered by the different
experimental conditions and cell design used in
these reports. Standardising the experimental
procedures, and in particular the cell design where
the electrode materials are tested, is therefore
necessary to enable a meaningful comparison of
their photoelectrochemical performance.
In this study, a 3D-printed photoelectrochemical
cell was purposely designed to allow a standardised
comparison of the photocatalytic activity of BiVO4based photoanodes, further applicable to any other
type of photoelectrode. The cell was employed to
compare the photocurrent outputs of photoanodes
produced using two different methodologies,
namely doctor-blading and electrodeposition. For
the doctor-blading approach, two inks (Triton-X
and EMI) and BiVO4 powders, synthesised in three
different methods reported in the literature, namely
HT with no additives, HT in the presence of EG and
HT with the addition of HH, were mixed in various
combinations to prepare the BVO4 films on the
photoanodes. A photoanode synthesised through
a conventional electrochemical deposition method
was used to demonstrate the greater extent of the
designed cell. A thorough characterisation of the best
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performing photoanodes, including powder X-ray
diffraction (XRD), scanning electron microscopy
(SEM) and electric impedance spectroscopy (EIS),
was performed to elucidate key differences affecting
their photoelectrochemical behaviours.

Photoelectrochemical Cell Design
The test cell used in this study (Figure 1 and
Figure S1 in the Supplementary Information) was
specifically designed to ensure a reproducible and
standardised analysis of the photoanodes. The
frame, which was 3D-printed in ultraviolet (UV)cured resin materials, consisted of a base and a top
part in a square shape (7×7 cm2). The base had a
chamber of approximately 20 ml volume hosting
two fixed electrodes, a 2×2 cm2 platinum-titanium
mesh as the counter electrode and an Ag/AgCl
reference electrode. Two holes were also included
to introduce the electrolyte and allow operation in
flow-cell mode. The top part was designed to host
5×5 cm2 flat photoelectrodes and had a square
window of 3×3 cm2 to be exposed to illumination.
The two parts were pushed onto each other
through a rubber gasket by means of steel rods
and plastic screws to ensure leak-proof adhesion
of the electrode.

Photoanode Preparation and Testing
The BiVO4 photocatalysts synthesised in various HT
conditions are referred to as BVO-HT, BVO-HH and

Photoanode
Rubber gasket
Pt-Ti counter
electrode
Reference
electrode
Electrolyte inlet

Fig. 1. Illustration of the design on a 3D-printed
photoelectrochemical cell
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BVO-EG, respectively, whereas the photocatalyst
synthesised through the electrochemical deposition
method is referred to as BVO-ED from now on.
Each of the HT photocatalysts was first mixed with
either Triton-X or EMI to form a colloidal paste,
which was spread over a fluorine tin oxide (FTO)
coated glass slide by doctor-blading technique
to form a layer of 60 μm thickness and followed
by calcination at 450°C in air, which ensures the
formation of BiVO4 in a uniform crystal structure.
Higher calcination temperatures (500°C and 600°C)
resulted in deteriorated photocatalytic activity
(Figure S2 in the Supplementary Information) and
were not further investigated. At lower calcination
temperatures (<400°C), BiVO4 exhibits a mixture
of monoclinic and tetragonal crystal phases,
which is not ideal for optimum photocatalytic
activities (13), and the photoelectrode displays
a dark residue due to the remaining ink that has
not been calcined. The BVO-ED photoelectrode
was prepared by electrodeposition of BiOI on the
FTO followed by dropwise addition of vanadyl
acetylacetonate and further calcination (14).
The detailed synthetic methods, along with the
photoanode preparation and testing methods are
available in the Supplementary Information.
Three replicates of each photoanode were tested
in the 3D-printed photoelectrochemical cell by linear
sweep voltammetry (LSV) and chronoamperometry
(CA) in 0.1 M phosphate buffer (pH 7) under
dark and illuminated (AM1.5G) conditions. Prior
to LSV analyses, each electrode underwent 3–6
cyclic voltammetry (CV) cycles for the same
potential range until a stable profile was obtained.
Among the photocatalysts synthesised with the
HT method, LSV analyses (20 mV s–1 scan rate)
showed a better photocurrent generation by the
BVO-HH photoanodes prepared with both the
Triton-X and EMI inks (Figure 2(a) and (b)).
Therefore, BVO-HH based photoanodes became
the focus of the study. The highest reproducible
photocurrent of 0.44 ± 0.02 mA cm–2 was obtained
with the BVO‑HH‑EMI at 1.8 V vs. SHE, whereas
the current obtained under dark conditions
(0.13 ± 0.02 mA cm–2) was comparable to that of a
bare FTO electrode (Figure S3 in the Supplementary
Information), strongly suggesting the generation of
higher current was due to the BiVO4 photoanode
film.
The photocurrent output of the BVO-HH
photoanode was compared at 1.2 V vs. SHE in five
alternate light/dark cycles of 60 s (Figure 2(c)).
Significantly higher photocurrents were obtained
using EMI ink (0.13 ± 0.01 mA cm–2) rather than
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Fig. 2. LSV analyses under the illumination of
the BiVO4 photoanodes produced either with:
(a) Triton-X ink; or (b) EMI ink; (c) CA analyses
under the intermittent illumination of the BVOHH electrodes at 1.2 V vs. SHE bias and AM1.5G
illumination. The coloured lines and areas
represent the average and interval of confidence
of results obtained with three independent
photoanodes
Triton-X (0.014 ± 0.005 mA cm–2). The current
output of the BVO-HH-EMI photoanode was twice
higher than that obtained by the BVO-ED electrode
(Figure S4 in the Supplementary Information),
highlighting the potential of this synthesis method.
It was also relatively stable over time, with 8.3%
decay in the photocurrent after five consecutive
illumination cycles (a total illumination period
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for 300 s) against 15.9% decay of the electrode
prepared with Triton-X ink.
A stability test was then performed using the same
cell operated in flow-cell mode, where a phosphate
buffer solution was constantly recirculated to the
cell by a peristaltic pump. CA analyses under
prolonged illumination resulted in an irreversible
78% drop of photocurrent in 24 h (Figure S5 in
the Supplementary Information), which recovered
neither after interrupting and resuming illumination
nor after switching off the applied potential
overnight and changing the electrolyte. Longer
photocurrent stability (over 100 h) has been
reported using potentiostatically photopolarised
BiVO4 electrodes (15), or sophisticated, multimaterial photoanodes, such as plasma-etched
NiOOH/BiVO4 (16). The photocurrent output
and stability are highly dependent on the BiVO4
morphology and uniformity in the photoanode (17),
which were thoroughly investigated by XRD, SEM
and EIS measurements (Figure 3).
The XRD pattern of the as-synthesised BiVO4-HH
confirms the material is a mixture of monoclinic

(a)

(b)

(Joint Committee on Powder Diffraction Standards
(JCPDS) No: 14−0688) and tetragonal (JCPDS No:
14−0133) crystal structures. The corresponding
SEM image shows the BiVO4 synthesised through
the HH method grew into a micro-spherical
morphology with the diameter ranging from 2 μm
to 7 μm (Figure 3(a)). A closer observation
suggests these microspheres are assemblies of
smaller particles. The calcination at 450°C during
the preparation promoted a phase transition of
tetragonal to monoclinic BiVO4 for both photoanodes
as indicated by the absence of tetragonal diffraction
peaks (Figure 3(e), BVO-HH-EMI and BVO-HHTriton-X). In addition, two small diffraction peaks
appeared at 27.3 and 27.9 degrees, implying the
existence of a small quantity of monoclinic bismite
Bi2O3 in both photoanodes. Compared to the assynthesised BiVO4-HH, calcinations in the presence
of EMI or Triton-X both led to destruction of the
microspheres into a coral-like porous structures as
shown in their SEM images (Figure 3(b) and 3(c)).
This type of film structure is known to promote
generation of photocurrent (18). The diameter
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Fig. 3. SEM micrographs of the BVO-HH material: (a) as synthesised; (b) as deposited on the FTO glass
electrodes after mixing with Triton-X followed by calcination; (c) as deposited on the FTO glass electrodes
after mixing with EMI followed by calcination; (d) SEM micrograph of the BVO-HH-EMI material after the
24 h stability test; (e) respective XRD spectra of the materials; (f) Nyquist plot describing the impedance
behaviour of the BVO-HH-EMI electrodes under illumination
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of the ‘coral-bone’ is estimated to be ~120 nm
for both photoanodes. The structure of the
BVO‑ED powder (Figure S6 in the Supplementary
Information) was similar to the one obtained with
the HT method after the calcination step, and
XRD pattern (Figure S7 in the Supplementary
Information) also confirms the presence of a
monoclinic phase with small peaks of impurities.
Thus, characterisations of the photoanodes so
far gave very similar results and cannot explain
the differences in the photoresponses in terms of
morphological structure.
To get insights into the electron transfer
mechanisms, the BVO-HH photoanodes prepared
with either the Triton-X or EMI inks, as well as BVOED photoanode, were further analysed by EIS under
illumination at an applied voltage of 1.2 V vs. SHE. A
sinusoidal wave with 10 mV amplitude was applied
in the frequency range from 0.1 Hz to 105 Hz (10
steps per decade). The results were visualised as
Nyquist plot (Figure 3(f), Figure S4 and Figure S8
in the Supplementary Information) and fitted to
a Randles circuit to estimate ohmic drop, charge
transfer resistance and pseudo-capacitance, as
well as exponent of the constant phase element
(CPE) (Table I and Table S2 in the Supplementary
Information). The charge transfer resistance of the
BVO-HH-EMI photoanode (330 ± 10 Ω) was one
order of magnitude lower than that of the BVO-HHTritonX (1700 ± 800 Ω), which correlates with the
different photocurrent output of the two electrodes
(Figure 2). It was also substantially lower than
the charge transfer resistance of the BVO-ED
photoanode (774 Ω). This suggests that the higher
photocurrent output obtained with the EMI ink can
be attributed to a more efficient electron transfer
from the photocatalyst to the FTO electrode, and
lower electron-hole recombination than with the
Triton-X ink.

Table I Photoelectrochemical Parameters
of the BVO-HH Electrodes
Prepared with Triton-X or EMI Ink
(Average and Standard Deviation
of Triplicates)
Photoanode RS, Ω

RCT, Ω

BVO-HHTriton-X

1700 ± 140 ±
800
10

0.83 ±
0.04

330 ±
10

0.81 ±
0.01

22 ± 3

BVO-HH-EMI 20 ± 1

C, µF

93 ± 3

α

Rs = Ohmic resistance, RCT = charge transfer resistance,
C = pseudo-capacitance and α = exponent of the CPE
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The origin of the conductivity disparity between
the two HT BVO-HH-EMI and BVO-HH-Triton-X
photoanodes might be highly related to the nature
of the ink materials. EMI is a type of ionic liquid,
which is much more conductive than Triton-X, a
non-ionic surfactant. It was indeed previously
postulated that the non-volatile imidazolium ring
of EMI can help in increasing ionic conductivity
and electrochemical stability (19). Therefore, it is
plausible that very small amounts of the EMI or
Triton-X were maintained in the thin films after
the calcination process (10). This implies that
it is possible to improve the conductivity of a
photoanode by optimising the amount of EMI in
future studies.
Furthermore, the electrodes prepared with EMI
ink showed good reproducibility of the results
(Figure 3(f)), whereas a high deviation was
obtained for the electrodes prepared with Triton-X
(Figure S8 in the Supplementary Information),
particularly for the charge transfer resistance. The
pseudo-capacitance of the photoanode prepared
with EMI (93 ± 3 µF) was also lower than that
obtained with Triton-X (150 ± 10 µF), resulting
in a calculated electron lifetime of 0.03 ± 0.00 s
and 0.2 ± 0.1 s, respectively. This further suggests
that in the photoanodes prepared with EMI, the
electrons spend a shorter time on the depletion
layer of the semiconductor (20) and thus the
probability of electron-hole recombination is lower
than in the photoanodes prepared with Triton-X.
After the 24 h stability test, the XRD pattern
of the BiVO4 powder scratched off the BVOHH-EMI contains additional diffraction peaks of
unknown materials at 38.3 and 44.5 degrees
(Figure 3(e)), suggesting the BiVO4 within
the photoanode has been partially decomposed
due to the corrosion by the electrolyte solution
and photoirradiation (21, 22). This, along with
the gradual deconstruction of coral-like porous
structure as shown in the corresponding SEM
image (Figure 3(d)), account for the significant
drop of the photocurrent during the 24 h prolonged
stability run (Figure S5 in the Supplementary
Information). In the case of for BVO-ED, SEM images
were taken after the short-term photocurrent
measurements (maximum of 20 min). The porouslike morphology of the as-prepared photoanode
evolves to the formation of flower-like structures.
The negligible atomic concentration of vanadium
in the corresponding EDX results suggests these
flower-like structures are bismuth oxide species
(Figure S7 in the Supplementary Information).
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This rapid degradation of the BVO photoanode is
not observed even after the 24 h test done with
the BVO-HH-EMI sample.

Conclusions
In conclusion, a photoelectrochemical cell was
designed and 3D-printed to allow direct comparison
of BiVO4-based photoanodes. The BiVO4 synthesised
through the HH route (BVO-HH) gave the highest
photocurrent output, and EMI outperformed
Triton-X as ink for photoanode preparation due to
its lower charge transfer resistance. The 3D-printed
photoelectrochemical cell showed great robustness in
measuring photocatalytic activities with its relatively
easy experimental setup no matter its synthesis
methodology as was demonstrated. The cell design can
potentially be taken as a basic model for customisation,
and most importantly, to standardise photocurrent
measurements between different photoelectrode
materials. The cell needs to be complemented by a
protocol that can be replicated in different research
laboratories. Further studies are required to improve
photocurrent density (for example, by using cocatalysts such as cobalt phosphate) and stability in
a long term (for example, adding protective layers),
which is essential for industrial application.
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We review recent research into oxides of platinum
group metals (pgms), in particular those of
ruthenium and iridium, for use as electrocatalysts
for the oxygen evolution reaction (OER). These are
used in membrane electrode assemblies (MEAs) in
devices such as electrolysers, for water splitting to
generate hydrogen as fuel, and in fuel cells where
they provide a buffer against carbon corrosion.
In these situations, proton exchange membrane
(PEM) layers are used, and highly acid-resilient
electrocatalyst materials are required. The range of
structure types investigated includes perovskites,
pyrochlores
and
hexagonal
perovskite-like
phases, where the pgm is partnered by base
metals in complex chemical compositions. The
role of chemical synthesis in the discovery of new
oxide compositions is emphasised, particularly
to yield powders for processing into MEAs. Part
I introduces the electrocatalytic splitting of water
to oxygen and hydrogen and provides a survey
of ruthenium and iridium oxide structures for
oxygen evolution reaction catalysis.
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1. Introduction
A key process in developing future devices
for various energy-related applications is the
electrocatalytic splitting of water to oxygen and
hydrogen, and this is highly relevant for the
sustainable and clean production of electricity
or fuels in the move away from carbon-focused
technologies. In an electrolyser, the anodic OER
is a major limiting step in improving efficiency
since it inherently possesses unfavourable
thermodynamics, being a four-electron transfer
reaction (1, 2). This leads to high overpotentials
to drive the reaction, giving unfavourable
kinetics, and can lead to energy losses within any
electrochemical device. The activation barrier of
the OER is much larger than that of the hydrogen
evolution reaction (HER) at the cathode, and
thus much attention is focused on discovery
of electrocatalysts to overcome this barrier in
order to optimise device performance. The two
relevant half-equations in acid conditions can be
represented in Equation (i) and Equation (ii):
HER at cathode:
4H+ + 4e− → 2H2 E0 = 0 V

(i)

OER at anode:
2H2O(l) → O2(g) + 4H+ + 4e− E0 = 1.23 V (ii)
OER in aqueous acid electrolytes is desirable
since it provides high current densities and high
voltage efficiency, and the fast kinetics of the
partnering HER are beneficial (3, 4). Furthermore,
contamination by aerial carbon dioxide and
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precipitation of carbonates is avoided, which is
not the case for alkaline electrolytes. The benefits
of acid electrolysis are exploited in PEM devices
that make use of proton-conducting polymer
electrolytes, that are typically fluorocarbon or
hydrocarbon polymers with sulfonic-acid side
chains to provide transport of protons (5), and
these polymers have been optimised over many
years to give a well-developed technology (6).
The PEM permits high gas purity and a compact
system design in which gas crossover is low, and
these are further significant advantages over
alkaline devices (7). As well as obvious uses in
water splitting to produce gases for fuels, an OER
electrocatalyst is also of benefit in PEM fuel cells
where it can be used to limit the carbon corrosion
reaction that may occur under conditions of fuel
starvation or with other excursions to high electrode
potentials, instead evolving oxygen (8–10).
This application thus mitigates against fuel cell
degradation and prolongs their life. Electrocatalytic
oxygen evolution is also closely associated with
the charging process in metal–air batteries (11),
and so understanding and optimising the OER is
of key importance in this respect. With the rapidly
growing demand, and indeed expectation, for
efficient energy conversion and storage devices it
is evident that electrocatalysis of the OER reaction
is a crucial bottleneck to overcome.
While it is clear that acid-resilient electrocatalysts
are in high demand to meet these applications, it
is unfortunate that most metal oxide materials that
might be candidate electrocatalysts are unstable
at low pH and readily dissolve. While many
oxides of many metals have been studied for OER
electrocatalysis under alkaline conditions (12),
presently the most promising materials for the acid
conditions of PEM devices are oxides of pgms, in
particular those of ruthenium and iridium (13–15).

(a)
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(b)

The binary dioxides RuO2 and IrO2 and solidsolutions thereof can be considered benchmark
materials in this respect (16–20). These materials
share the rutile-type structure, as would be found
for the thermodynamically stable form of TiO2,
consisting of octahedrally coordinated tetravalent
cations that share corners and edges to yield a
three-dimensionally extended structure, Figure 1.
A tremendous amount of work has been focused on
IrO2-based materials, prepared by various synthesis
routes, as both films and powders (21, 22).
Nanocrystalline forms have been developed, which
may permit surface reactivity to be tuned, as
well as allowing processing for device fabrication
(22–24). Many iridium oxide materials studied
for electrocatalytic OER are poorly crystalline, or
indeed amorphous to X-rays, and often the active
phase is proposed to be a hydrous iridium oxide
(25, 26). Examination of local atomic order of these
poorly crystalline materials has identified structural
motifs that are favourable for high electrocatalytic
activity and that minimise dissolution of the solid
under operating conditions; interestingly the rutilelike structure may be more prone to collapse than
more open IrOx structures (27). The phase IrO3
has also been isolated via an ion-exchange process
from b-Li2IrO3, via a protonated intermediate (28).
Insertion of lithium into IrO2 forms an amorphous
phase with increased activity over crystalline IrO2,
with the structural flexibility of the amorphous
structure proposed to enhance turnover of OER (29).
Partial substitution of iridium by non-pgms in IrO2
has been extensively studied, with the aim of not
only diluting the pgm content but also tuning activity
and stability. For example, isovalent replacement
of Ir4+ by Ti4+ (30, 31) or by Sn4+ (32, 33) has
yielded materials with improved stability over
pure IrO2, although it may be noted that some of
these materials actually consist of small particles

Fig. 1. The rutile
structure as found for
IrO2 and RuO2 shown as:
(a) ball-and-stick view
of tetragonal unit cell;
and (b) a polyhedral
representations showing
corner- and edge-shared
connectivity. Green
spheres are iridium and
red are oxygen
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of IrO2 supported on the second oxide (31). In
other cases, a substituent cation may adjust the
oxidation state of iridium to modify electrocatalytic
properties: for example, inclusion of manganese
was found to give a higher concentration of surface
Ir3+ (34). Similar chemistry has been developed
for RuO2, which although suffers from lower
stability than IrO2 in acid electrolytes (35), partial
elemental substitution by a variety of elements has
proved possible, including various aliovalent firstrow transition-metal cations (manganese, cobalt,
nickel or copper) that introduce defects, or modify
the average oxidation state of ruthenium (36– 43).
Addition of these as dopants at the surface of RuO2
can have specific benefits: for example, adding
nickel or cobalt enhances activity, which was
rationalised computationally as from activation
of a proton donor–acceptor functionality on
conventionally inactive bridge surface sites (44).
Combinations of two substituent elements
introduce further tunability to these systems,
such as strontium‑ruthenium‑iridium oxides (45),
or cerium-ruthenium-iridium oxides (46). Such
complex solid solutions must be carefully structurally
characterised, since local segregation of the metals
may occur, to give preferential surface enrichment
of one (17, 47), although if carefully engineered this
can lead to enhanced properties (48, 49).
Although precious-metal-free materials may be
desirable for economic reasons (50), and indeed
some manganese oxides have recently been
suggested as alternatives that have been claimed
to operate over a range of pH (51, 52), iridium
and ruthenium oxides remain the most active and
robust materials for OER under acidic conditions.
One strategy to overcome the use of expensive
and limited pgms is to use complex ternary oxides
with the precious metal diluted by the presence of
a non-precious metal. Goodenough and coworkers
made the first investigations of such materials, with
a study in 1990 of the electrocatalytic properties
of pyrochlores Pb2(Ir2–xPbx)O7–y and Pb2(Ru2–xPbx)
O7–y as a function of pH (53). This was followed by
work in 1995 by ten Kortenaar et al. who studied
a range of ternary iridium oxides for their activity
towards OER (54), and although they found no
correlation between crystal structure and activity,
they discovered some materials with promising
properties including those with pyrochlore and
fluorite structures (see Section 2). With the
resurgence of interest in electrocatalysts for OER,
recent work in the past five years has focused on
discovery of new acid-stable and highly active
ruthenium and iridium oxides with an emphasis
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on thrifting of precious metals (55). This includes
multi-element oxides so that the pgm is not
only diluted, but also present in various crystal
structures that offer differing connectivity of the
metal centres, thereby offering the possibility
of developing structure-property relationships
to optimise electrocatalytic behaviour. While a
number of recent reviews have examined various
aspects of the development and implementation of
new oxides of ruthenium and iridates specifically
for acid-resilient electrocatalysts (2–4, 7, 56–60),
it is the purpose of this two-part article to
survey the various crystalline structures recently
discovered for iridium and ruthenium oxides, to
consider their synthesis and to summarise some
of the mechanistic findings made, with emphasis
of the degradation pathways of the new oxide
electrocatalysts that have emerged. This will
include some of our own work on the use of
solution-based synthesis methods for formation of
mixed-metal oxide materials.

2. Survey of Ruthenium and Iridium
Oxide Structures for Oxygen Evolution
Reaction Catalysis
The crystal chemistry of ruthenium and iridium
oxides is associated with a range of possible
oxidation states of the pgm, each of which may
have various coordination preferences, in turn
leading to distinctive structural chemistry (61,
62). For ruthenium, in Group 7, oxidation states
in oxides can range from as low as +2, reported in
the phase SrFe0.5Ru0.5O2, formed by topochemical
reduction of perovskite SrFe0.5Ru0.5O3 using
CaH2 (63), up to +8 as seen in RuO4, although
most commonly the oxide chemistry is dominated
by the +4 and +5 oxidation states for ruthenium.
In the case of iridium in Group 8, a smaller range of
oxidation states is seen: from +3 to +6 (although
it may be noted that molecular IrO4, containing
the +8 oxidation state was isolated in noble gas
matrices at extremely low temperatures (64), and
even the +9 oxidation state detected in the species
[IrO4]+ in the gas phase (65)). As was mentioned
above, the rutile structure-type is found for the
metal dioxides of both ruthenium and iridium, and
the +4 oxidation state appears most stable for a
binary oxide of each of the two elements. Other
binary oxides of ruthenium and iridium are less
well-characterised, with evidence for Ru2O3 and
Ir2O3 as distinct crystalline phases not compelling.
Instead, a variety of structures of ternary and
higher oxides of ruthenium and iridium are found,
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where electropositive partner cations, such as
alkali, alkaline earth or rare earth metals, promote
increased orbital overlap between oxygen and the
electronegative pgms by destabilisation of the O-p
states, which may provide a means of stabilising
higher oxidation states of the pgm, as discussed
by Kurzman et al. (66). In these materials, a
variety of local structural arrangements may
also be possible, such as the connectivity of
pgm coordination polyhedra, which in turn may
provide novel electrocatalytic properties. As well
as diluting the amount of pgm, the substitutional
chemistry possible in mixed-metal oxides to
form solid‑solutions or an isomorphous series of
materials, provides a means of tuning structural
chemistry, such as local atomic environment (bond
distances and local symmetry), and average pgm
oxidation state (which will adjust the number of
d electrons for conductivity, and the metal-oxide
bond strength). Table I summarises and compares
the various crystal structure types that we will
consider, and these will be described in more detail
in the following paragraphs, with examples of
chemical compositions provided.
Oxide materials with the A2B2O6O’ pyrochlore
structure stand out as being of use for many
heterogeneous catalysis applications, as well as
being of interest for their electronic and magnetic
properties (67). The pyrochlore structure may be
viewed as an oxygen deficient fluorite A2B2O8–1
where half the cations (B) have coordination
number 6 and the remainder (A) maintain their

coordination number of 8. Depending on the
positions of the oxide ions, the B sites may have
regular octahedral geometry accompanied by
irregular 6+2 coordination for the A site, or rather
the B site may be distorted octahedral and the
A-site a cubic 8-coordinate site. For the former
case, the structure may be viewed as constructed
from corner-shared BO6 octahedra that create a
network that incorporates the A site cations along
with additional oxide ions, Figure 2.

Fig. 2. The cubic unit cell of the A2B2O7 pyrochlore
structure showing the corner-shared connectivity
of the B-site octahedra (green, ruthenium or
iridium in ruthenates and iridates), with A-site
cations as blue spheres and additional oxide ions
as the larger red spheres

Table I Crystal Structures of Ruthenate and Iridates Studied as Oxygen Evolution Reaction
Electrocatalysts
Structure
type

Ideal
A-site
chemical
coordination
composition environment

B-site coordination
environment
(ruthenium or
iridium)

Ruthenium/
iridium
Examples
oxidation
state

Rutile

BO2

Corner- and edge-shared
octahedra

+4

RuO2
IrO2

–

Pyrochlore

A2B2O6O’

8-coordinate

Corner-shared octahedra

+4 or +5

Bi2Ir2O7
Ln2Ir2O7 (Ln = La,
Nd, Pr)
(Na,Ca)2Ir2O6⋅H2O

Perovskite

ABO3

12-coordinate

Corner-shared octahedra

+3, +4 or +5

SrIr0.8Zn0.2O3
LaRuO3

RuddlesdenAn+1BnO3n+1
Popper

12-coordinate
or 9-coordinate

Corner-shared octahedra

+4 or +5

Sr2IrO4
Sr3Ir2O7

Hexagonal
perovskite

ABO3

Distorted
12-coordinate

Face-shared and cornershared octahedra

+4

6H-SrIrO3
9R-BaIrO3

a-Li2IrO3

A2BO3

6-coordinate,
octahedral

Edge-shared octahedra

+4

Li2IrO3

Hollandite

AxBO2

Distorted
8-coordinate

Edge-shared and cornershared octahedra

+4 or +5

K0.25IrO2
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There are a variety of possible combinations of A
and B metals in the pyrochlore structure, and oxygen
non-stoichiometry is possible by partial occupation
of the O’ site, or replacement of oxide by hydroxide
or water leading to inherently defective materials
with redox properties for the B-site metal and
pathways for oxide-ion migration in the solid-state.
Partnering iridium on the B-site with a range of
A-site metals offers the possibility of tuning crystal
chemistry, electronic structure and, potentially,
surface chemistry to optimise electrocatalysis
properties (68). We have previously described
the electrocatalytic activity of the pyrochlore
Bi2Ir2O7, prepared via a facile hydrothermal
route (69), and the mixed ruthenate‑iridate phases
(Na0.33Ce0.67)2(Ir1–xRux)2O7 (70). This led to the
discovery of phases (Na,Ca)2−x(Ir2−yMy) O6·nH2O
(M = antimony, zirconium, ruthenium, rhodium)
that offer favourable OER activities when fabricated
into MEAs, with certain compositions minimising
the unfavourable carbon corrosion reaction
(71, 72).
Sun et al. compared the OER activity of the
pyrochlores Bi2Ir2O7 and Pb2Ir2O6.5 with IrO2 and
proposed a correlation of OER activity with the
local atomic distortion of iridium environment (73).
Lebedev et al. prepared Y2Ir2O7, Bi2Ir2O7 and
Pb2Ir2O7, including mixed A-site variants of these
end members, and produced electrocatalysts with
OER activities approaching that of IrO2 nanoparticles
in acid conditions (74). Shang et al. studied R2Ir2O7
(R = holmium, terbium, gadolinium, neodymium
and praseodymium) and proposed that Pr2Ir2O7
was most active due to enhanced covalency in Ir–O
bonds and a higher conductivity (75). Abbot et al.

(a)

(b)
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compared the iridate pyrochlores with ruthenate
analogues with A-site neodymium, gadolinium or
ytterbium and found all to be more stable than
IrO2, with the ruthenates and Yb2Ir2O7 being more
active (76). The pyrochlores are also active towards
OER in alkali conditions: Parrondo et al. studied
A2B2O7–y (A = lead or bismuth, and B = ruthenium,
iridium or osmium) for OER and correlated activity
with composition (77).
Various B-site ruthenate pyrochlores have been
prepared as OER electrocatalysts, including with
the trivalent A-site cations yttrium, neodymium,
gadolinium, bismuth (78–80), implying an
oxidation of +4 for ruthenium. A-site substitution
has also been investigated for these materials
with materials Y2–xMxRu2O7−δ formed for M =
zinc (78), M = copper, cobalt, nickel, iron (81),
M = barium (82), M = strontium (83), and M =
magnesium (84). With these divalent substituents
the charge may be compensated by oxide-ion
deficiencies, as indicated by the chemical formula,
but there is also the possibility of partial oxidation
of ruthenium to the +5 oxidation state, or higher,
as seen in the phase Ca1.5Ru2O7 (85). Mixed
ruthenium-iridium pyrochlores have also been
studied, and a synergistic effect of combining the
two cations was investigated in the materials A2B2O7
with A = neodymium, gadolinium or ytterbium and
B = Ir1–xRux with x = 0.2, 0.4, 0.6, 0.8 (86).
The ABO3 perovskite structure is common in
solid-state chemistry, and consists of a cornershared network of BO6 octahedra in which
the 12-coordinate A-site cations are found,
Figure 3(a) (87). The versatility of the perovskite
structure arises from the degree of tilting of the

(c)

Fig. 3. Polyhedral views of ABO3 perovskite structures: (a) the cubic parent structure; (b) orthorhombic
distorted perovskite from octahedral tilting; (c) an ordered double perovskite structure A2BB’O6. The green
octahedra would be occupied by ruthenium or iridium in ruthenates and iridates and the A-site cations are
shown as blue spheres. The red spheres are oxide ions and the purple octahedra in (b) contain the second
B-site cation (see text)
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octahedra to give a range of possible B-O-B angles,
lowering the coordination of the A-site to allow
accommodation of smaller cations, Figure 3(b).
For ruthenate and iridate perovskites, with their
preference for octahedral coordination, ruthenium
and iridium are expected to be found on the
B-site, although in fact the perovskite phases that
have been prepared for electrocatalysis are more
complex solid solutions or substitutional series.
SrIrO3 as a perovskite phase was prepared as an
epitaxial layer on SrTiO3 as substrate using pulsed
laser deposition by Seitz et al. (88). Pseudocubic
SrIrO3 thin films were also grown on (La,Sr)(Al,Ta)
O3 substrates by molecular-beam epitaxy (89).
Orthorhombic SrIr0.8Zn0.2O3 (90) and the cubic
phase SrTi0.67Ir0.33O3 (91) are examples of bulk
materials with the classical perovskite structure,
and the former contains mixed-valent iridium,
formally in the +4.5 oxidation state. The SrTiO3SrIrO3 solid solution has been produced in the form
of nanotubes (92). The orthorhombic ruthenate
perovskites LaRuO3 (93), SrRuO3, Sr0.95Na0.05RuO3
and S0.90Na0.10RuO3 (94) have been studied and
the oxidation state of ruthenium depends on the
choice of A-site cation(s).
With certain combinations of metal cations,
double perovskites can be produced where the
B-site cations form an ordered superstructure,
Figure 3(c). Examples of iridates and ruthenates
include the sets of materials Ba2MIrO6 M = yttrium,
lanthanum, cerium, praseodymium, neodymium
and terbium (95), A2BIrO6 (A = praseodymium,
neodymium or yttrium; B = barium or
strontium) (96), Sr2MIrO6 (M= iron, cobalt) (97),
La2LiMO6 (M = iridium or ruthenium) (98), A2BIrO6,
(A = barium and strontium; B =lanthanides,
yttrium and tin) (99), and Sr2MIrO6 (M = nickel,
cobalt, scandium and iron) (100). Less commonly,
the A-site cations may be ordered, and the phase
CaCu3Ir4O12 provides an example, studied for OER
electrocatalysis under alkaline conditions (101).
The analogous ruthenate, CaCu3Ru4O12, on the
other hand, has shown high activity and stability
for OER under acid conditions (102).
Related to the perovskite structure are the
Ruddlesden-Popper phases, Figure 4 (103). These
have general chemical formula An+1BnX3n+1 where
A and B are appropriate cations (B will be iridium or
ruthenium in this discussion) and X an anion, oxide
in this case. The Ruddlesden–Popper structure may
be viewed as a layered variant of the perovskite
structure, where sheets of corner-shared B-centred
octahedra are interleaved with rock-salt (NaCl
type) layers of A-centred octahedra and so may
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(a)

(b)

Fig. 4. Ruddlesden–Popper structures n(ABX3)n·AX
for: (a) n = 1, as found for Sr2IrO4; and (b) n = 2,
as found for Sr3Ir2O7. The green octahedra would
be occupied by ruthenium or iridium in ruthenates
and iridates and the A-site cations are shown as
blue spheres
be written (ABX3)n·AX. The n = ∞ composition
corresponds to the conventional perovskite
structure. For n = 1, the iridates Sr2IrO4 (95, 104)
Ca2IrO4 (105) and Sr2Fe0.5Ir0.5O4 (97) have been
reported, with the first two containing Ir4+ and the
last, Ir5+. Ion-exchange of Sr2IrO4 using aqueous
perchloric acid leads to the protonated n = 1
Ruddlesden-Popper phase H3.6IrO4·3.7H2O (106).
The n = 2 Ruddlesden-Popper Sr3Ir2O7 has also
been studied for its OER activity (107).
Another set of so-called perovskite phases have
the ABO3 chemical composition but different
connectivity of the octahedral building units. An
example is SrIrO3, whose structure is an example
of a hexagonal perovskite, Figure 5(a), in this
case of the 6H type, where alternating facesharing IrO6 octahedral dimers corner-share with
isolated IrO6 octahedra. The structure is actually
monoclinic, being a distorted version of the
6H-BaTiO3 structure, where iridium–iridium metalmetal bonding is present in the face-shared IrO6
octahedra. It is only by B-site substitution that
the classical perovskite structure is produced for
SrIrO3 under ambient pressure, such as with Ti4+,
or Zn2+, as mentioned above (108). 6H-SrIrO3
has been synthesised as a polycrystalline powder
and studied by a number of authors (89, 104,
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(c)

Fig. 5. Examples of iridates with hexagonal perovskite structures: (a) 6H-SrTiO3 (drawn using the idealised
6H-BaTiO3 structure); (b) 9R-BaIrO3; (c) the triple perovskite Ba3IrTi2O9. In all cases the green polyhedra
represent octahedrally coordinated iridium with red oxide, and the blue spheres are the alkali-metal cations.
The blue polyhedra in (c) are titanium-centred octahedra

109–111). Recently, SrIrO3 was modified with
Ruddlesden-Popper Sr2IrO4 to give a composite
two-phase sample (112).
BaIrO3 has likewise been studied, and this
phase exists in the 9R polymorph when prepared
at ambient pressure, Figure 5(b), also of
monoclinic crystal system, but with trimers of
face-shared octahedra (89). Amorphous IrOx on
9R-BaIrO3 was found to be a particularly active
electrocatalyst (113). The triple perovskites
Ba3M’M’’2O9 (M’ = titanium, indium or zinc; M’’ =
IrIr, IrTi, IrRu or RuRu) have structures consisting
of face-shared M’’2O9 dimers and isolated M′O6
octahedra, Figure 5(c) (114). Ba4MIr3O12 with
M = praseodymium, bismuth, niobium adopt
12L-perovskite structures with isolated trinuclear
Ir3O12 units with MO6 octahedra alternately linked
in a corner-sharing fashion, thus generating the
12-layer structure (115). La3.5Ru4O13 and La2RuO5
are further examples of materials with perovskitederived structures that have been prepared for
investigation as OER electrocatalysts (93).
Various other ruthenate and iridate complex
oxides have been studied, although none as
systematically as the rutiles, pyrochlores and
perovskites described so far. This includes materials
with fluorite-related structures, Ln3IrO7 with Ln =
neodymium, europium (54) or praseodymium (95),
which contain Ir5+. More open structures have also
been considered, including those with tunnel-like
structures, such as potassium iridate hollandites
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(116, 117), Figure 6(a). In the case of layered
a-Li2IrO3, Figure 6(b), ion-exchange with
potassium in alkali conditions yields a birnessitetype structure (118). The spinel NiCo2–xO4 has
been substituted with iridium (119). Some other
iridate compositions with crystalline structures,
such as Sr4IrO6 with isolated iridium-centred
octahedra (104), have also been studied. Finally,
composite materials have been considered,
where a two-phase mixture of oxides is purposely
produced,
examples
being
iridium-tungsten
oxide (120), and a mixed-phase BaIrO2.937/La3IrO7
material consisting of hexagonal perovskite and
fluorite-structured materials (121).

3. Synthesis Methods for Oxides of
Ruthenium and Iridium
As with many ternary and higher mixed-metal
oxides, the simplest approach to synthesis is from
the individual, binary oxides, via a solid-state
reaction. This requires intimate grinding or milling of
the solid precursors to ensure homogeneity, heating
to high temperature, often in excess of 1000°C,
followed by cycles of regrinding and reheating
until phase-pure crystalline material is produced.
Examples of materials produced by such methods
include the iridate perovskites La2LiIrO6 (98),
Ba2MIrO6 (M = yttrium, lanthanum, cerium,
praseodymium, neodymium and terbium) (95),
A2BIrO6 (A = praseodymium, neodymium or

© 2022 Johnson Matthey

Johnson Matthey Technol. Rev., 2022, 66, (4)

https://doi.org/10.1595/205651322X16529612227119

(a)

(b)

(c)

Fig. 6. Iridates with open structures: (a) view of layered a-Li2IrO3 parallel to layers with blue octahedra
containing lithium, green octahedra containing iridium and blue spheres representing lithium interlayer;
(b) view of layered a-Li2IrO3 perpendicular to layers, showing iridium oxide honeycomb structure; and
(c) the hollandite tunnel structure with blue spheres representing the occluded ions, such as potassium

yttrium; B = barium or strontium) (96), Ba3MM2O9
(M= titanium, indium or zinc; M2 = IrIr, IrTi, IrRu
or RuRu) (114), and the hexagonal perovskites
AIrO3 (A = strontium or barium) (89) and
12L-Ba4MIr3O12 (M = praseodymium, bismuth,
niobium) (115). Such reactions may be facilitated
by using carbonate precursors, where the loss of
gaseous CO2 provides an additional entropic driving
force for the reaction. Disadvantages of such a
synthesis approach are that volatility of any of
the component binary oxides may result in loss of
material so that metal ratios are difficult to control,
and that crystallite growth is unpredictable and
difficult to control so that typically large crystallites
with low surface area are produced. Furthermore,
only the most thermodynamically stable phases are
accessed under such conditions limiting the range
of possible compositions that might be available.
Mechanical activation may be used to ensure
greater homogeneity of precursors and lower the
temperature of synthesis, such as in the case of
SrIrO3 (110). In other cases, high pressure must
be employed to drive the reaction and an example
is provided by the case of Sr3Ir2O7 (107).
Low temperature routes to solid state materials
have been developed to allow control of
homogeneity and formation of materials with small
crystallite size and high surface area and examples
are the cases of coprecipitation and sol-gel
methods, where a disordered precursor is formed
from a solution and then subsequently heat treated
under moderate temperature to yield the desired
crystalline phase. This has been less studied than
solid-state synthesis for iridates, but the cases of
6H-SrIrO3 (109), Sr2MIrO6 (M = nickel, cobalt,
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scandium and iron) (100) and SrTi0.67Ir0.33O3 (91)
illustrate this approach. Hydrothermal synthesis
employs solution chemistry in combination with
heat treatment in a sealed vessel to generate a
moderate pressure and under these conditions
the formation of many multinary oxides has
proved possible including a number of ruthenium
and iridium oxides (122). The method has been
particularly useful for the preparation of pyrochlore
phases, as we have shown in our own work, leading
to the discovery of a variety of new compositions for
both iridium and ruthenium materials, and mixed
ruthenate-iridates (70, 71, 85, 123, 124), as well
as being applied for the convenient preparation
of others that would usually be formed at high
temperature (69, 73, 125). The solids are typically
produced as fine powders with crystallites of only a
few tens of nanometres in dimension meaning that
they can be easily dispersed with a polymer binder,
for example, and employed in an electrochemical
device. In some cases molten salts can be used
for the formation of mixed oxide materials and
the Adams fusion method has been used for the
crystallisation of some iridium oxides using molten
NaNO3 as a reaction medium. Here, temperatures
of around 500°C are used and this has allowed
the formation of materials such as pyrochlores
(B,Pb,Y)2Ir2O6–x (74). A spray-freeze, freezedrying technique has also been applied to prepare
mixed ruthenium-iridium pyrochlores A2(Ru,Ir)2O7
with A = ytterbium, gadolinium or neodymium with
particle size in the submicron regime (86). While
not every synthesis approach may be applicable to
every composition it is apparent that there exists
a wide choice of preparative chemistry suited for
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the formation of oxides of iridium and ruthenium.
For the formation of layers and thin films, more
complex experimental design is required. Seitz
et al. produced films of SrIrO3 by epitaxial
growth on SrTiO3 using pulsed laser deposition
from a SrIrO3 polycrystalline target (88), while
pseudocubic SrIrO3 thin films were grown on
(La,Sr)(Al,Ta)O3 substrates by molecular‑beam
epitaxy (89). The majority of iridate and ruthenate
materials have been formed, however, as
polycrystalline powders and layer deposition has
not yet been reported for many of the complex
compositions recently studied.
Part II (126) will cover mechanistic details and
acid stability of pgm oxides and the conclusions
and outlook.
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We continue our review of recent research into
oxides of platinum group metals (pgms), in
particular those of ruthenium and iridium, for
use as electrocatalysts for the oxygen evolution
reaction (OER). In Part I (1), the electrocatalytic
splitting of water to oxygen and hydrogen was
introduced as a key process in developing future
devices for various energy-related applications. A
survey of ruthenium and iridium oxide structures
for oxygen evolution reaction catalysis was
presented. Part II discusses mechanistic details
and acid stability of pgm oxides and presents the
conclusions and outlook. We highlight emerging
work that shows how leaching of the base metals
from the multinary compositions occurs during
operation to yield active pgm-oxide phases, and
how attempts to correlate stability with crystal
structure have been made. Implications of these
discoveries for the balance of activity and stability
needed for effective electrocatalysis in real
devices are discussed.

406

1. Mechanistic Details and Acid
Stability of Platinum Group Metal
Oxides
There is already a large body of literature on the
mechanism of OER electrocatalysis, particularly
over binary iridium oxides (2, 3, 4). The process
is a complex heterogeneous reaction involving
interaction of water with a solid surface under
applied potential resulting in evolution of a gas. A
number of models have been developed to propose
how OER might be broken into fundamental steps
to describe the overall phenomenon (5). The
purpose of this section is to summarise briefly
some of the key, general conclusions of the prior
work and then consider the more recent results
concerning mechanism that have emerged from
the new multinary phases we have introduced in
the sections above. As will be appreciated, one
important aspect of this work is consideration of
the stability of the oxide electrocatalysis, since
this is a primary concern when any material is
implemented in a real device, where longevity of
performance must be a priority (6).
The four electron OER process over a solid
surface can be written as a set of one-electron
reactions (2, 7, 8). This mechanism has been
termed the adsorbates evolution mechanism
(AEM), as illustrated in Figure 1. The generation
of adsorbed hydroperoxide, *OOH, is one of the
steps in this process, and this species contains
oxygen in oxidation state –1.
For pgm-oxides the involvement of lattice
oxide ions in OER has been reported by many
groups, with experimental studies of materials

© 2022 Johnson Matthey
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O2

such as IrO2 and RuO2 providing evidence for
the exchange of water between lattice oxide and
water (4, 8). For example, Schweinar et al. used
isotope labelling and atom probe tomography to
show that crystalline IrO2 surfaces release lattice
oxide, resulting in structural change at the surface
with dissolution of metal cations and their partial
redeposition (9). This mechanism has been termed
the lattice-oxygen participation mechanism (LOM)
and may be represented as shown in Figure 2.
Computational work has revealed that the LOM
pathway offers lower kinetic barriers than AEM
so provides the possibility of more effective
electrocatalysis (10). Other computational work
has shown that for perfect crystalline surfaces, the
AEM pathway is preferred, but with the introduction
of defects the LOM becomes favoured (11). The
AEM and LOM may not be distinct situations but
may occur simultaneously, to a greater or lesser
extent, depending on the surface chemistry of the
particular material used as a catalyst. In each case,
a change in pgm oxidation state is implied during
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the OER process, and for IrO2-based materials this
may involve oxidation to Ir5+ or Ir6+ (12–16), or
reduction to Ir3+ (17). For less crystalline iridium
oxides, there may be a proportion of Ir3+ present
before electrochemistry is performed (18). In fact
these observations are not consistently made
in the literature and the role of iridium redox in
OER is not universally established: this may be in
part because the experimental methods to probe
oxidation state change are sensitive to only either
the bulk or surface of sample, or have not been
implemented in operando, but equally it may be
the case that not all materials react by the same
universal mechanism. It is highly possible that
metal oxide surfaces prepared by different routes,
with different crystallinity and degree of hydration
undergo different changes in response to applied
potential in an aqueous acid electrolyte. Although
is it clear that surface binding of water must occur
during OER, followed by redox chemistry associated
with the pgm, another consideration to make is
that involvement of electrons from the conduction
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band of metallic pgm-oxide may play a role in the
catalysis. That is, rather than just the surface pgm
cations undergoing oxidation-state change, the
whole particle responds by adjustment of the Fermi
level of the conduction band. This ‘band model’
as distinct to the ‘bond model’ was discussed
by Hillman et al., with experimental evidence
provided using X-ray absorption spectroscopy of
iridium oxide films (19), and some evidence was
also found for its role in the OER activity of the
pyrochlores (Na,Ca)2−xIr2O6·H2O (13).
As well as the redox chemistry of the pgm, the
involvement of oxygen redox in OER has been proven
experimentally, with evidence for the formation of
electrophilic O–1 as a reactive intermediate before
the formation of molecular O2 (20). It has been
proposed that the dynamic nature of the iridium
framework in amorphous IrOx imparts the flexibility
in iridium oxidation state required for the formation
of this active electrophilic oxygen (21). In the case
of the LOM, however, the presence of vacant oxide
sites leads to weakened binding of the metals, which
induces the dissolution of the catalyst (22, 23).
Evidence for increased iridium-iridium interactions
upon lattice oxide removal has been proposed to
account for the relative stability of IrO2 (24). For
RuO2, the loss of lattice oxygen may occur more
readily, leading to greater instability compared to
IrO2 (11), although oxidation to soluble RuO4 is
also an important contributory factor (25).
It is very clear from the work on IrO2 and RuO2,
in both crystalline and amorphous, hydrated and
anhydrous forms, that the surface chemistry
is dynamic under acid conditions. The LOM
pathway implies stress on the oxide surface that
can contribute to amorphisation, dissolution and
redeposition of the electrocatalyst (26), i.e. with
operating potentials of OER results in reconstruction
of the crystal structure. It is highly likely that
the active surface layer of the electrocatalyst is
amorphous once subjected to electrochemical
conditions, and also becomes increasingly hydrous.
Relating to this surface restructuring is the loss of
surface species into solution, and although some
may be redeposited, this dissolution can ultimately
lead to loss of the active pgms and eventually
failure of the electrocatalysts. Another resulting
issue is the interference of any dissolved metal
cations with other components of the device: for
example interaction with the fluorocarbon polymer
electrolyte may inhibit its proton conductivity (27).
It is observed that the most active materials for
OER electrocatalysis are also the least stable with
respect to dissolution (28), and resolving this
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‘activity–stability conundrum’ is an important goal
in developing resilient materials with properties
optimal for applications (29).

2. Measurement of Oxygen Evolution
Performance of Platinum Group
Metal Oxides
Before we examine the new OER electrocatalyst
materials discovered in the last few years, it
is important to consider how performance is
measured and assessed. One initial observation is
that different conditions may have been applied in
the measurement of OER performance: as well as
the pH of the electrolyte (usually aqueous HClO4
or H2SO4) and the temperature of measurement,
the composition of the catalyst layer may not be
consistent. In some studies a powdered sample is
mixed with carbon as a conducting binder or support,
while in other cases an oxide is deposited as a layer
or film directly onto a substrate. The surface area
and particle size of the catalyst must be considered,
and the applied electrochemical conditions (range
of potential, sweep rate, number of cycles) must
be taken into account, when comparing data from
what notionally is the same catalyst. For example,
the rate of dissolution of RuO2 in acid electrolytes
depends on its synthesis method, and can vary over
several orders of magnitude (30). Notwithstanding
these experimental issues, the metrics used to
assess performance are not necessarily the same
between different reported studies: assignment
of a consistent ‘figure of merit’ is not apparent in
the literature on OER electrocatalysts. Parameters
used in the literature to assess performance of OER
electrocatalysts, include the following (31): (a) the
onset potential, the applied potential at which OER
is detected; (b) the Tafel slope, which is rate of
change of current density, giving information about
kinetics of OER; (c) the overpotential, the potential
to achieve a specified geometric current density,
typically 10 mA cm–2, but which may not reflect
intrinsic activity as it does not consider loading or
surface area; (d) the mass activity, determined by
normalising the catalytic current by the catalyst
loading, and may be expressed as mass of catalyst
or mass of pgm, to reflect the cost efficiency;
(e) Faradaic efficiency, obtained by relating the
amount of evolved oxygen to the theoretical
amount.
The ‘activity’ of a catalyst is often the most
sought-after property, and it can be seen that this
may be quoted in a number of ways, each of which
may be dependent on the experimental variables
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mentioned above (electrolyte pH, mass loading
of catalyst, surface area or choice of support).
In terms of stability, a chronopotentiometric
hold at constant current density for a chosen
period of time, or repeated cyclic voltammetry
with specific scan rates for thousands of cycles
may provide appropriate measures (31). But, as
already discussed, the dissolution of catalyst is a
crucial factor. Gieger et al. proposed a ‘stability
number’ as a benchmark for assessing stability.
Their S– number is defined as the ratio between
the amount of evolved oxygen and the amount of
dissolved pgm (extracted from ICP-MS data) and
this describes how many oxygen molecules are
formed per pgm atom lost into the electrolyte (22).

3. Oxygen Evolution Activity of
Complex Iridium and Ruthenium
Oxides
OER performance data presented for some of
the complex ruthenium and iridium oxides have
recently been tabulated and compared in some
review articles (32, 33, 34). Table I summarises
some of the activity and stability values reported for
a variety of the recently discovered ruthenate and
iridate materials. For comparison, similar values for
crystalline RuO2 and IrO2 are recorded, but it should
be noted that while these data are representative,
even for these simple binary solids there exists a
range of metrics reported in the literature (35).
In the case of IrO2, as noted earlier, amorphous
forms of the oxide can be considerably more active
than crystalline forms. Despite these difficulties
in making quantitative comparisons, it can be
observed that many of the recently discovered
mixed-metal oxides offer enhanced properties over
the binary oxides, with low overpotential required
to generate significant current densities, higher
specific activities, smaller Tafel slope values, and
with more favourable stability. The materials
Cr0.6Ru0.4O2, 6H-SrIrO3 and CaCu3Ru4O12 stand
out in this respect. The stability number of Gieger
et al. has not yet been applied by many authors,
but in the case of the proton-exchanged form of
the Ruddlesden-Popper phase H3.6IrO4·3.7H2O (not
included in Table I) the S-value of ~105 was higher
than for 6H-SrIrO3 (~104) and Sr2Ir0.5Fe0.5O4
(~103) when studied under the same conditions,
and similar to crystalline (106) and amorphous
forms of IrO2 (106) (48).
A note of caution should also be made around
reported data from ‘wet cell’ electrochemical
measurements, such as in classical rotating disc
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electrode (RDE) experiments, in that they do not
necessarily replicate the activity measured under
the real conditions in a device. Frydendal et al.
pointed out that stability cannot be assessed by
electrochemical measurements alone and that
complementary methods must be used, in their
case monitoring the mass of the electrocatalyst
and the release of cations into solution (49). Alia
et al. found that in tests on iridium oxides that
RDEs kinetically underperformed MEAs by at least
an order of magnitude and that durability of the
catalyst in an MEA could not be estimated from
the RDE performance (50). In our own work we
observed similar conclusions from a study of
substituted RuO2 materials (51). Others have
found that inaccuracies in RDE testing may be
due to accumulation of gas bubbles, that lead
to inconclusive results regarding stability of
electrocatalysts (52, 53). Some authors have
proposed standard protocols to allow benchmarking
and also to assess suitability for use in real devices
(54–56), but for the new materials we have focused
on in this review, these rigorous testing protocols
are yet to be applied.
Some general observations about the mechanistic
information that has emerged in the literature on
oxide OER catalysts are also appropriate to make.
Early work by Trasatti correlated the overpotential
for OER with the enthalpy associated with the
transition from MOx to MOx+1 (the ‘lower to higher
oxide transition’) for a set of transition metal
oxides and found a volcano plot with RuO2 and IrO2
close to the apex (i.e. with lowest overpotential
for OER) (57). It was proposed that OER most
readily takes place with low coverage of adsorbed
intermediates, and so for oxides that are easily
oxidised, there is high coverage of adsorbed
intermediate and thus high overpotential. It can
be concluded from this, and others’ work, that the
metal-oxygen bond strength is an important factor
in determining OER activity.
Although similar considerations have not yet been
systematically made for the recently discovered
novel complex iridium and ruthenium oxides, in
multinary metal oxides the presence of partner
metals, as well as the distinctive crystal structures,
provides a means of regulating electronic structure.
For example, in the pyrochlores Ln2Ir2O7 (Ln =
praseodymium, neodymium, gadolinium, terbium,
holmium), Shang et al. found that an increased
ionic radius of the lanthanide resulted in enhanced
covelancy of the Ir–O bonds via broadening of the
iridium 5d band and increased interaction with the
O2p band, leading to improved OER activity; this
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Table I Activity and Stability Metrics Reported for Representative Mixed-Iridate and Ruthenates with Crystalline RuO2 and IrO2
for Comparison

https://doi.org/10.1595/205651322X16605694237357
Johnson Matthey Technol. Rev., 2022, 66, (4)

© 2022 Johnson Matthey

Johnson Matthey Technol. Rev., 2022, 66, (4)

https://doi.org/10.1595/205651322X16605694237357

was accompanied by increased conductivity owing
to an insulator to metal transition (45). Hubert
et al. found that among the A2Ru2O7 a longer
Ru–O bond and a weaker interaction of the Ru 4d
and O2p orbitals compared with RuO2 resulted
in enhanced initial activity (58). On the other
hand Abbot et al. noted that the OER activity of
each pyrochlore series (i.e., iridate or ruthenate)
generally improves as the size of the A-site cation
decreases (59). These conflicting observations
suggest that structure property relationships are
more complex than merely a consideration of bulk
crystal structure, and understanding of surface
chemistry, and how this arises from preparative
method also needs a greater consideration.
Considering the LOM mechanism for OER, where
lattice oxide is removed to create a vacant site, the
presence of oxide defects can also be considered a
principle for the design of effective electrocatalysts.
Thus preparation of materials that purposefully
contain oxide defects is a strategy for optimisation
of activity: this was demonstrated in the case of the
pyrochore Y2[Ru1.6Y0.4]O7−δ, where replacement
of some B-site Ru4+ by Y3+ results in oxideion deficiency, albeit accompanied by enhanced
covalency of the Ru–O bonds owing to some
oxidation of Ru4+ to Ru5+, giving higher activity
than the parent Y2Ru2O7 (46). Likewise, replacing
Y3+ by Ba2+ in Y2Ru2O7 generates oxygen vacancies
as well as oxidation of ruthenium, thus boosting the
OER performance (60). A similar effect was seen in
Y1.7Sr0.3Ru2O7 with the additional effect of increased
Ru–O covalency decreasing the charge transfer
energy to accelerate interfacial charge transfer
kinetics (61). For the materials Y1.8M0.2Ru2O7−δ
(M = copper, cobalt, nickel, iron, yttrium) the
substituent cations were used to purposely tailor
the concentration of oxide vacancies and to
enhance OER activity (62). Recently, fluorination
of the pyrochlore Y2Ru2O7-δ has been proposed
as a means of increasing the concentration of
oxide-ion defects (63). For the double perovskite
La2LiIrO6 a unique mechanism for OER activity has
been proposed in which the material is activated in
acid conditions, by initial extraction of Li+, to yield
Ir6+, leading to migration of cations to the surface
and activation of surface oxide, with further steps
involving lattice oxide participation, Figure 3 (43).
Dissolution of the new iridate and ruthenate
oxides has been an important part of their study,
and just as with the earlier work on IrO2 and RuO2,
it is becoming apparent that significant surface
reconstruction plays an important role in their
activity as OER electrocatalysts. For IrO2 there is
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Fig. 3. Mechanism of OER electrocatalysis proposed
for La2LiIrO6. The first step, A, is an activation
of the surface in which Li+ is removed from the
structure with oxidation of IrV to IrVI. This is
followed by formation of an O–O bond by either
reaction with water in step B or pairing of surface
oxygens in step C, leading to oxygen release that
creates vacancies () that are filled by either
migration of crystal oxides in step D or reaction
with water at the surface in step E. Adapted with
permission from Springer Nature Customer Service
Centre: Springer Nature (43), Copyright (2016)

now a body of work on degradation mechanism
under acid conditions, including both experimental
and computational studies (23, 64–66). During
the degradation of IrO2, it is concluded that
redox chemistry of iridium takes place, and this
is intimately connected with the chemistry of the
electrocatalysis process (64). Kasian proposed the
possible pathways of iridium dissolution, Figure 4,
where release of soluble iridium species, such as
[IrO4]2– and Ir3+ conceivably occurs at different
points on the OER cycle (16). While it is likely that
similar degradation pathways may occur during the
use of the new mixed-metal oxide electrocatalysts
that have recently been discovered, at present
there are no experimental data available to propose
mechanism to the same level of detail. It may also
be the case that there is not a common mechanism
at play for all materials, given the variety of crystal
chemistries.
In the case of pyrochlores, Hubert et al. observed
that the OER activity of A2Ru2O7 catalysts changed
over time and is accompanied by both A-site and
ruthenium dissolution at different relative rates
depending on the identity of the A-site (58). In our
own work on (Na,Ca)2−xIr2O6·nH2O pyrochlores, we
found that upon immersion in concentrated H2SO4
almost complete removal of the A-site sodium and
calcium takes place to leave a poorly crystalline
material that still resembles the pyrochlore
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acid solution, which may result in the formation of solution Ir3+ or [IrO4]2–. Figure adapted from (16) under a
Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)

structure and with charge balance provided by
protons that are accommodated as bridging OH
groups in the pyrochlore lattice (67). Thus proton
exchange provides a mechanism to counter the
leaching of cations and may indeed allow the
effective operation of the electrocatalyst, although
this idea needs further investigation. Exchange of
cations for protons, prior to use in electrocatalysis,
has been applied to form active materials, in the
case of H3.6IrO4·3.7H2O prepared from RuddlesdenPopper SrIr2O4 (48).
For the perovskite SrIrO3, grown as thin films
as a pseudo cubic phase, Seitz et al. showed
that the active electrocatalyst after exposure to
electrochemical potential in acid was actually IrOx/
SrIrO3 formed from strontium leaching from the
surface layers of SrIrO3, and this outperformed
binary oxides of iridium or ruthenium (41).
Leaching of praseodymium and barium from the
double perovskite Ba2PrIrO6 was accompanied
by only negligible leaching of iridium, and gave a
surface enriched in Ir5+ (42), while leaching of Y3+
from the pyrochlore Y2Ir2O7 gave an active iridiumoxide layer (68). In other complex iridium oxides
the importance of the leaching of partner ions is
being recognised in the formation of the most active
catalysts (69–74). These collective results, from
iridates with a variety of crystal structures, illustrate
how the partner metal cations in multinary oxides
can be preferentially lost into the acid electrolyte
to leave behind a stabilised iridium oxide surface,
or amorphous particles of IrOx anchored on a
support. Surface restructuring is a key part of the
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nature of the iridate electrocatalysts, and recent
studies have begun to investigate the atomic-scale
mechanism of these processes (75). It is likely that
ruthenates behave similarly, and electrochemical
leaching of strontium from SrRuO3 produced RuO2
clusters with favourable OER activity (76).
While leaching of metal cations from mixed-metal
oxides may simply be expected to leave active IrOx
and RuOx particles, as could be prepared by other
routes, it can be seen that in fact the multinary
oxides offer distinctive properties. For example, as
noted above for La2LiIrO6, delithiation increases
iridium oxidation state to activate the surface for
OER, while for Ruddlesden-Popper and pyrochlore
materials the ability to accommodate protons
yields robust materials with acid stability.
In terms of relating crystal structure to OER
performance, Song et al. studied 11 different
iridates, representative of the materials we
surveyed in Part I (1), including pyrochlores,
perovskites and Ruddlesden-Popper phases, and
compared their OER activity to IrO2 (77). Despite
having different crystal chemistry, all materials
show similar OER activity, however their stability
upon repeated cycling showed a remarkable
relationship to crystal structure. Those with crystal
structures with predominance of face- and edgesharing connectivity of IrO6 octahedra offered
highest stability, such as hexagonal perovskites,
whereas the materials consisting of corner-shared
or isolated octahedra, such as Sr4IrO6, gave rapid
structural collapse and poor electrochemical
cyclability. Even the most stable phases showed
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Fig. 5. Three classes of materials to categorise iridates proposed by Song et al.: (a) Group A are the most
robust materials under acidic OER conditions, giving rise to iridium-rich amorphous layers; (b) Group B are
less robust and yield thin iridium-rich layers; (c) Group C are subject to rapid leaching of cations resulting in
dissolution. Republished with permission of The Royal Society of Chemistry, from (77); permission conveyed
through Copyright Clearance Center, Inc

leaching of the base metal cations and formation
of an iridium-rich surface. Song et al. classified
the structures into three types, Figure 5, to relate
their stability to crystal structure.
Separately, Yang et al. have noted that structures
consisting of face-shared IrO6 octahedra exhibit
superior catalytic activity to those that contain
corner-shared IrO6 octahedra due to the weakened
surface Ir–O bonding, which lowers the energy
barrier of the potential-determining step (39). It
has also been observed that highly distorted IrO6
octahedra tend to be more active than regular IrO6
octahedra (36), and similar observations about
local structural distortion have been made by
others, as noted above (78, 79). Taken together,
these conclusions suggest some design principles
for targeted preparation of materials that are
stable in acid solution.
Finally, it is important to consider that as well
as the inherent activity and stability of the oxide
electrocatalyst, the nature of the catalyst support
is important to consider, since this may modify the
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activity, ideally to provide further stability without
loss in activity. This has been recently explored in
the case of IrO2: for example, in the case of titanium
metal supports, if the temperature of calcination
was too high then migration of titanium into the
iridium oxide resulted in loss in electrocatalytic
performance (80), the support may allow the
oxidation state of iridium to be adjusted in the case
of amorphous IrOx (81), and the choice of support
can provide stability to IrOx nanoparticles (82).
Similar considerations are likely to apply to the
new mixed-metal oxides produced, but this is yet
to be studied.

4. Conclusions and Outlook
In the past few years, a large set of complex oxides
of ruthenium and of iridium have been prepared
for study as electrocatalysts in acid electrolytes for
the OER. Many of these materials have activities
that apparently match or surpass that of IrO2,
although as we have highlighted comparison of
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reported activity data between literature studies is
not always straightforward. The issue of long-term
stability needs also to be considered, and several
recent works have highlighted the need for proper
benchmarking of OER catalysts. We also note that
many of the emerging materials have not yet been
tested in real devices, and initial findings are based
on simple solution electrochemical measurements.
There is clearly much work to be done to prove the
value of the new materials in realistic conditions,
where stability in the presence of other device
components requires careful investigation towards
scale-up to produce working devices (83). The
synthetic route to materials is also important to
emphasise, not only in targeting new materials
in a rational way, but also when considering that
materials must be prepared by a method applicable
for manufacture at a suitable scale in a form for
processing into devices. Our review highlights
some of the diverse synthetic chemistry methods
already employed, which suggests that there is
opportunity still for discovery of new phases, and
that some of the solution-mediated synthesis may
allow control of crystal morphology and be suited
for scale-up.
Mechanistic understanding is challenging for
heterogeneous catalysis in general, but particularly
for an electrocatalyst under conditions of device
operation, and computation may play a role here,
as highlighted for the case of binary IrO2 and RuO2
materials. Some interesting structure-property
relationships are emerging now that a set of
materials is available for consideration, particulary
among the iridates that have been studied. Here,
a relationship between local atomic connectivity
and catalytic behaviour is becoming apparent, with
suggestions that certain structural motifs allow the
desired balance between activity and durability to
be reached. Leaching of the partner metal cation
in multinary phases is a common emerging theme,
and while this may lead to active iridium-rich
surfaces, the fate of the released cations in a real
electrochemical device is yet to be established. The
role of protons in this leaching is an aspect that
warrants further investigation, since this might
provide a dynamic mechanism of charge balance.
Another structural aspect that has emerged is the
role of oxide-ion vacancies and how creation of highlevels of these defects by elemental substitution
can lead to enhanced electrocatalytic activity:
there are possibilities in extending this work to
explore a much wider susbtitutional chemistry,
for example by anion replacement to give oxidesubstituted materials, as shown recently for sulfur
incorporation in SrIrO3 (84).
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Another area of research direction for consideration
is the exploitation of interfacial effects, where
judicious choice of partner materials may lead to
a cooperative enhancement of electrocatalysis (8).
For example, it has been recently been shown that
a Ru/IrO2 composite could be tuned by addition
of small amounts of manganese to moderate the
oxidation states of the pgm, and obtain high OER
activity in an MEA device, assigned to interfacial
enhancement (85). A related opportunity lies in
using conducting oxides of iridium and ruthenium,
such as pyrochlores, as supports for metallic
nanoparticles (86). The role of the substrate
and catalyst-support interactions is likely to be
of importance in optimising the activity stabilitybalance in future work.
Finally,
we
emphasise
that
quantitative
benchmarking of electrocatalyst performance must
be considered in future work. A number of different
metrics have so far been used to report activity and
stability, notwithstanding that catalysts may not
have been tested under comparative conditions.
Future work must also consider the mechanism of
degradation of the materials in order to optimise
properties. At present, although it is clear that
materials with highly desirable properties for
OER electrocatalysis have been discovered in the
past few years, the most appropriate materials
for practical application have not yet been
unambiguously identified.
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Platinum has only been known to Europe since the
16th century. This was impure platinum, found
as grains of native metal in alluvial deposits and
comprising mainly platinum alloyed with the other
five platinum group metals. They were exploited
by pre-Colombian native populations of Ecuador
and Colombia. In more recent times, the use of
platinum in jewellery dates from the late 19th or
early 20th centuries, often as a basis for diamond
(and other precious gemstone) jewellery. Early
jewellery alloys tended to be based on the
existing industrial alloys and comparatively little
development of specific jewellery alloys was
carried out. Its acceptance as a hallmarkable
jewellery metal came in 1975 when, with wider
availability of the metal, platinum was promoted
as a high-value jewellery metal. Platinum jewellery
started to grow in popularity, mainly at 950 and
900 fineness qualities. Since that time there has
been alloy development specifically for jewellery
application and tailored to the requirements
of different manufacturing technologies. This
review examines the evolution of platinum
jewellery alloys over the past century against
the challenges presented in developing improved
alloys for jewellery application. There has been a
substantial increase in alloy development over the
418

1. Introduction
Platinum has been known to Europe since the 16th
century, beginning with rumours of the existence
of a white metal, known as platina, in Central
and South America that could not be melted (1).
This impure platinum, found as grains of native
metal in alluvial deposits, is often associated with
native gold. Such grains are mainly platinum
alloyed with the other five platinum group metals
(pgms): palladium, rhodium, ruthenium, osmium
and iridium, and were exploited by pre-Colombian
native populations of Ecuador and Colombia in
north-western South America. Analysis of ancient
trinkets indicates that iron and copper were also
present as impurities (1).
Since that time, global interest in platinum
jewellery remained low until the technology
to separate the pgms was developed and its
metallurgy was researched and understood.
The interest in using platinum as a jewellery
metal developed from this time but its popularity
really grew in the mid-to-late 20th century.
This has been followed by considerable alloy
development suited to jewellery application and
the manufacturing processes in use. This paper
reviews the evolution of conventional platinum
jewellery alloys over the past 100 years or so. A
few comments on other alloys are made later in
the discussion section. Unless otherwise noted, all
compositions in this paper are in weight percent.
It is worth noting that the main interest in
platinum and its alloys over the past century (and
longer) has been for industrial applications (1).
© 2022 Johnson Matthey
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Typical uses include catalysts, dental alloys,
electrical contacts, crucibles for melting glass
and equipment for glass fibre production, spark
plug electrodes, thermocouples for temperature
measurement, biomedical devices and coatings for
glass processing and jet engines. Many of these
are well described in various articles in the archive
of Platinum Metals Review and Johnson Matthey
Technology Review. Platinum is a precious and rare
metal that is very ductile, tough, corrosion resistant
and chemically unreactive. It has a lustrous silverwhite colour, features that make it attractive for
jewellery application. It has a high density and a
high melting point, with a low thermal conductivity
and is relatively expensive.

2. Jewellery Alloys: The 1920s to the
1990s
The popular use of platinum in jewellery dates from
the late 19th to early 20th centuries, often as a basis
for diamond (and other precious gems) jewellery.
Smith, in his book published in 1933 (2), noted
its use in jewellery at 99.5% platinum purity (995
fineness) with small additions of alloying metals to
harden it, including iridium, rhodium, ruthenium,
gold, silver and copper. He also noted that the
platinum standard (in the UK) was 950 fineness
(i.e. parts per thousand) which was finding general
acceptance. The term ‘platinum’ was deemed to
include iridium. He further noted that much of the
platinum used in jewellery was alloyed with copper
to improve hardness and colour.
The use of platinum in jewellery was restricted
in the Second World War as it was considered a
strategic industrial metal with limited availability,
which led to the development of white gold
alloys as an alternative for jewellery. The early
platinum jewellery alloys tended to be based on

existing industrial alloys and comparatively little
development of specific jewellery alloys was
carried out. These tended to be 90–95% platinum
alloyed with other pgms, typically iridium. These
alloys have high melting temperatures, making
manufacturing of jewellery, particularly investment
(lost wax) casting, difficult and challenging for
the jeweller used to gold and silver. Raykhtsaum
has reviewed selected literature on platinum
alloy systems used in industry and for jewellery
(Table I) with a focus on their metallurgy and
properties (3). There is quite a range of mechanical
properties possible but he notes that the legal
requirements on minimum platinum content for
jewellery limits the alloy range and prohibits the
utilisation of enhanced mechanical properties of
many alloys outside this range.
A further issue with the use of platinum alloys in
jewellery had been the lack of accurate analysis
techniques. This meant that its acceptance as
a hallmarkable jewellery metal in the UK came
much later, in 1975 (4, 5). From this time, with
its now much wider availability, platinum was
promoted by the platinum producers as a rare,
high-value jewellery metal. Platinum jewellery
grew in popularity, mainly at 950 and 900 fineness
qualities, in Japan, Europe and the USA, although
some growth in demand began earlier in Japan in
the 1960s (for historical reasons linked to the ban
on the import of gold until 1973). Platinum Guild
International was formed by the producers in 1975
to promote platinum usage in jewellery and its
marketing, coupled with growth in usage, led to
some alloy development, including the 950 fineness
platinum-5% cobalt alloy for investment casting (6)
and the use of gallium additions to produce
heat treatable alloys with higher strength and
hardness (7), as Normandeau has reported (8, 9).
For example, one European platinum producer

Table I Platinum Alloy Systems Reviewed by Raykhtsaum (3)
Alloy System

Comments

Ternary additions

Pt-Pd

Soft alloys

Ru increases hardness

Pt-Ir

Harder and stronger than Pt-Pd.
Commonly used in jewellery at 5% and 10% Ir

Rh enhances mechanical properties

Pt-Rh

Soft, ductile alloys

Ru enhances strength but loss of
ductility

Pt-Ru

Harder and stronger. Commonly used in jewellery

–

Pt-Au

Miscibility gap and spinodal decomposition a
feature. Au is a very effective hardener but ductility
drops due to grain growth during solution treatment

Rh enhances hardness, strength and
ductility. Alloys are hardenable

Pt-W, Pt-Co

Most studied of Pt-base metal systems

–

Pt-Cu, Pt-Co,
Pt-Ni, Pt-Ga

Are all age-hardenable systems

–
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listed only four alloys for jewellery application in
their internal catalogue dating to the late 1980s,
all at 950 fineness: platinum-copper, platinumcobalt, platinum-ruthenium and platinum-galliumindium. The copper alloy was listed as a generalpurpose alloy (i.e. suitable for wrought fabrication
and casting applications) and the cobalt alloy was
listed as suitable for investment casting. Another
European producer listed only three alloys at 950
fineness: Pt-5Cu, Pt-5Co/Ni and Pt-5Ru.
The work to develop the 950-fineness platinumcobalt alloy for casting was described by Ainsley,
Bourne and Knapton (6) in 1978; they actually
developed it as a platinum-4.5% cobalt alloy. It
was aimed originally at meeting the needs of the
Japanese market, but soon became popular in
Europe too. Unlike several of the existing platinum
alloys, it has a lower melting range which puts
less thermal strain on the mould refractories and
reduces the likelihood of metal-mould reaction.
It also has a moderate hardness of about HV135,
better than most of the other 950 fineness alloys
of that era.
Huckle of Johnson Matthey, UK, reported on
the development of platinum alloys to overcome
production problems at the 1996 Santa Fe
Symposium (10, 11). He noted that platinum
and its alloys had some different characteristics
compared to gold and silver, notably weight,
hardness and thermal conductivity and that its
alloys have a high density, as well as high melting
points. Its high surface resistance leads to clogging
(galling) and high wear of saw blades, files and
machine tools. He noted that, in Japan, platinumpalladium alloys were in common use, particularly
Pt-10Pd, whereas in Europe Pt-5Cu was preferred.
It is not a good casting alloy, whereas for casting
applications Pt-5Co was finding success. In the
USA, he noted that Pt-10Ir was commonly in use
as an all-purpose alloy (i.e. suitable for wrought
fabrication and casting) and that Pt-5Ru was used
where a hard, good machining alloy is needed. He
also noted that Pt-5Co was finding growing use for
casting applications in the USA.
Maerz of Platinum Guild International, USA,
also reviewed platinum jewellery alloys at the
1999 Santa Fe Symposium (12). This built on the
information provided by Huckle. He summed up
the alloys widely available and their application in
jewellery at that time with some comment on the
new alloys being introduced.
In this context, Maerz and Huckle noted that it
is important to recognise the different marking
standards for jewellery of various countries at
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that time. Maerz noted that European countries
generally allowed only 950 fineness alloys, with
some allowing no negative tolerance (Austria,
Ireland, Sweden, Norway, Finland, the UK and
Switzerland), some allowing a small negative
tolerance (Denmark, Portugal and Italy) and others
allowing iridium content to be counted as platinum
within the 950 standard (Belgium, France, Italy,
Greece, The Netherlands and Spain). In Germany,
he noted that several fineness standards and alloys
were allowed (Table II).
In the USA, Maerz noted that the standard for
jewellery to be marked as platinum was 950
fineness. The minimum amount of platinum
allowed was 500 parts per thousand, with the rest
of the alloy being pgms, in total comprising 950
parts per thousand with a zero tolerance. He also
noted that 950, 900 and 850 fineness standards
were allowed in Japan. Regarding actual alloy
compositions, he noted that each alloy was made
for specific manufacturing functions. Some alloys
were preferred for tubing or machining and others
for casting, for example; and there were differences
in preference in different countries. Table III lists
the alloys in common (or growing) usage around
the world with their function and countries of major
use. He also listed separately a number of alloys
that are specific to Japan and these are included
in Table III.
Maerz’s list did not record the platinum-5% copper
alloy (except for its use in Japan) which has been
mentioned above as an alloy commonly used in
Europe. Maerz did note that, in the USA, the most
common alloys in use were 950 platinum with 5%
cobalt or ruthenium and 900 platinum with 10%
iridium. However, in an updated later version of his
paper (14), the Pt-5Cu alloy was included in the
general alloy list.

Table II Platinum Alloys Allowed in
Germany (12)
Fineness Standarda Alloy
999

Pt

960

Pt-Cu
Pt-Pd
Pt-In-Ga

950

Pt-W
Pt-Co
Pt-Ru

900

Pt-Ir

800

Pt-Ir

a

Fineness = parts per thousand
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Table III Platinum Jewellery Alloys Around the World in 1999 (12)
Fineness
standard

950

Alloy

Hardness,
HV

Application

Country

Pt-Ir

80

All purposea, casting; soft
alloy

Germany, Japan, USA

Pt-Co

135

Casting (slightly magnetic)

Germany, Europe, Hong
Kong, Japan, USA

Pt-Co-Cu

120

Casting, malleable
(non-magnetic)

USA

Pt-Cu

120

General purposea
(96Pt-4Cu)

Germany, Europe, Hong
Kong

Pt-Pd

60

Soft alloy; fine detailed
casting

Japan, Hong Kong, Europe

Pt-Pd-Ru

Chainmaking (4Pd-1Ru)

Japan

Pt-Au

90; agedb 300

All purpose, soft but heat
treatable

General use worldwide

Pt-Ru

130

Tubing for wedding bands

Europe, Hong Kong, USA

Pt-W

135

Spring alloy; heat treatable

Germany, Europe

Pt-Ga-In

225

Heat treatable (3Ga-1.5In);
hard alloy; machining tube,
springs

General use worldwide

‘HTA’c

175–185; aged 340360

Heat treatable
(4.8(Ga+In+Cu))

General use worldwide

Contain Ga; heat treatable

General use worldwide

170–200; aged 306

Contain Ga; heat treatable

General use worldwide

Pt-Ir

110

All purpose; widely used in
USA

USA, Japan, Germany

Pt-Co-Pd

150

Hard casting alloy
(3Co-7Pd)

Japan only

Pt-Pd

80

All purpose; greyish
colour; needs Rh plating;
chainmaking

Japan, Hong Kong

Pt-Pd-Cu

110

3–5% Cu improves
hardness and workability

Asia

Pt-Au

135

All purpose

Europe, Japan, South Africa

Similar but softer than
900 Pt-Au

–

S + 1d
S+2

900

135–145; aged 252

Pt-Pd-Au

850

Pt-W

350

Hard alloy, findings

UK

Pt-Pd-W

150

All purpose

Asia

Pt-Ir

160

Findings

Japan

Pt-Pd

90

Soft; chainmaking

Japan, Hong Kong

Pt-W

251

Spring alloy; heat treatable

UK

Pt-Pd-Co

150

Harder Pt-Pd alloy for Asia

Japan

Chainmaking (8Pd-7Cu or
10Pd-5Cu)

Japan

Hard alloy, mesh and
chainmaking

Germany only

Pt-Pd-Cu
800

Pt-Ir

200

a

All purpose/general purpose = suitable for wrought fabrication and casting
Aged = precipitation hardened by heat treatment
HTA = 950 platinum-4.8%(Ga-In-Cu) alloy (8)
d
S = ‘S’ alloys developed by Steven Kretchmer, USA (13)
b
c
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to better scratch and wear resistance. Its use in
as-cast 950 platinum-gold rings has not been
observed (18, 19), suggesting it is a treatment not
in common use. Platinum-cobalt (Figure 1(b))
forms an ordered intermetallic compound, Pt3Co,
that could, perhaps, just enable some hardening at
950 fineness (it is also magnetic). The use of gallium
also allows age hardening, as is evident from the
platinum-gallium phase diagram (Figure 2), as
well as lowering melting temperature ranges. Its
use forms the basis of several heat treatable alloys
as noted earlier and listed in Table III. Indium has
a similar effect in lowering the melting temperature
range and is being used in several newer alloys, as
described later.
The development of age-hardenable alloys
using gallium additions stems from the late
1970s. The work of Bourne and Knapton led
to the development of the 950 platinum-3%
gallium-1.5% indium alloy (7). In their patent,
they also referred to platinum-gallium-gold alloys
as an option, with the use of yttrium additions of
about 0.1% as a deoxidiser. The alloy Pt-3Ga-2Au
was claimed to have a high hardness of HV200.
Such gold-bearing alloys were said to cast well.
Interestingly, while platinum-gallium-gold alloys
like those in the invention were said to be suitable
for springs, there was no mention in the patent
of heat treatments to age harden the galliumcontaining alloys.
This early work subsequently led to the
development of other gallium-containing alloys that
were claimed to be heat treatable. Normandeau
and Ueno (Imperial Smelting, Canada) reported

From the list of alloys summarised in Table III,
it is evident that at 950 and 900 fineness qualities,
there is a broad range of alloys with varying
mechanical properties available to the jeweller,
each suited to various manufacturing techniques.
All have a good white colour, although some,
such as Pt-10Pd alloy, may benefit from rhodium
plating to give a brighter, whiter colour. The main
differences lie in their hardness (or strength) and
melting ranges.
Battaini examined the microstructure of several
platinum alloys (16, 17) and noted that many
alloys are single phase, as one might expect from
examination of their phase diagrams, particularly
at 950 and 900 fineness qualities. Some alloy
systems, however, show large areas of miscibility
gaps at low temperatures, for example platinumgold and platinum-copper systems, and this raises
the possibility of age-hardening alloys by heat
treatment, whereby a fine precipitate of a second
phase within the matrix grains is obtained by a lowtemperature annealing treatment. Platinum-5%
gold is an example here (Figure 1(a)) where an
aged hardness of HV300 can be attained, leading
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3. Technical Aspects of Alloys: The
1920s to the 1990s

CoPt

These reviews do not include the alloys in use in the
former Union of Soviet Socialist Republics (USSR).
In his book published in 1984, Savitskii (15) noted
only two 950 fineness alloys were in use: Pt-5Ir
in Russia and Pt-4.5Pd-0.5Ir in the former East
Germany (GDR).
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Fig. 1. Phase diagrams: (a) platinum–gold; (b) platinum–cobalt
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Fig. 2. Platinum–gallium partial phase diagram

that platinum alloyed with tungsten, gold, gallium,
indium or copper was age-hardenable by heat
treatment. They described research to develop
their ‘HTA’ alloy, which is a 950 platinum-4.8%
(gallium-indium-copper) alloy which can be agehardened to HV340–360 and up to HV420–430 if
aged in the cold-worked condition (8). Kretchmer
also developed gallium-containing alloys (20, 21)
including 950 platinum-gallium-palladium that
can be age-hardened to HV320. A further patent
described the age-hardening treatment of
platinum-gallium-palladium alloys (20, 21) that
involves solution treatment at 982°C or higher
followed by an ageing treatment at 593–649°C.
This work stemmed from research reported in
1998 (13).
Clearly, some alloys are quite soft (hardness
lies in range HV50–100), some have a moderate
hardness (HV100–150) and others are quite hard
(HV 150–350). The higher values are usually when
in the age-hardened condition. In a recent study
of customer complaints by the present author
(18, 19), it was noted that use of soft alloys is a
significant factor in platinum (and other) jewellery
becoming deformed in shape and badly scratched
when worn by consumers, particularly in as-cast
gem-set rings and wedding bands.
Work around the turn of the 21st century
and summarised in recent reviews (22, 23)
demonstrated that microalloying of pure platinum
and its alloys with very small additions of
calcium and/or rare earth metals such as cerium,
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samarium and gadolinium, typically up to about
0.3%, can increase hardness substantially but
such microalloys do not appear to have been
significantly commercialised by the jewellery
industry, probably because they are not easily cast
or recyclable (melting causes the alloying additions
to oxidise away).
The melting point of pure platinum is 1769°C,
considerably higher than gold (1064°C) and
silver (961°C). Its alloys tend to have similarly
high melting temperature ranges, as shown in
Table IV, although the gallium-containing alloys
do have a significantly lower melting temperature
range. Thus, melting and casting platinum alloys
requires good furnace equipment capable of
attaining melt temperatures some 100°C above
the liquidus temperature of the alloy for investment
casting. Induction melting is preferred. Melting by
gas torch is not easy, although a propane-oxygen
or hydrogen-oxygen torch can be used by bench
jewellers. However, in general, working of platinum
alloys is not a problem, although polishing requires
skill and effort to obtain a good quality polish.
Machining of platinum also requires skill to obtain a
good smooth finish, requiring special tool materials
and different tool geometries (25), as platinum
tends to gall (adhere) on the tool. The low thermal
diffusivity of platinum alloys makes welding easier,
particularly laser welding (26, 27) compared to
gold and silver alloys.
The major manufacturing problem has been with
investment casting. The high melting and casting
temperatures require use of special phosphatebonded investment mould materials (28) and the
poor melt fluidity requires use of centrifugal casting
machines (29) to obtain good mould fill rather than
the modern gravity machines commonly used for
gold and silver. The new generation of tilt casting
machines are also suitable. The chief problem with
platinum casting is getting defect-free castings (10,
29–31). There have been several investigations on
the relative merits of different alloys (6, 31–37),
looking particularly at surface quality, form-filling
and gas and shrinkage porosity. An evaluation of
platinum-5% cobalt alloy was reported by Todd
et al. at Stuller Settings Inc, USA, in 1998 (31),
comparing its casting behaviour with platinum-5%
ruthenium and platinum-10% iridium alloys. They
found that the cobalt alloy was superior with
reduced porosity and smoother surfaces. The
general findings from all these studies show the
Pt-5Co alloy to be the best of current alloys but
still not ideal.
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Table IV Physical Properties of Platinum Alloysa
Fineness standard

950

900

850
800

Alloy

Liquidus–solidus temperature, °C

Density, g cm–3

Pt-Ir

1790–1780

21.5

Pt-Co

1765–1750

20.8

Pt-Co-Cu

1760–1750

20.1

Pt-Cu

1745–1725

20.8

Pt-Pd

1765–1755

21.0

Pt-Au

1740–1770

21.4

Pt-Ru

1795–1780

21.0

Pt-W

1845–1830

21.3

Pt-Ga-In

1650–1550

19.3

HTA (Ga+In+Cu)

1550–1650

–

S + 2 (Ga)

1600–1640

19.5

Pt-Ir

1800–1780

21.5

Pt-3Co-7Pd

–

20.4

Pt-Pd

1755–1740

20.5

Pt-Pd-Cu

ca. 1740

–

Pt-Au

1755–1710

21.3

Pt-Pd-Au

–

–

Pt-W

ca. 1900–1860

20.3

Pt-5Pd-5W

1860

20.9

Pt-Ir

1820–1800

21.5

Pt-Pd

1750–1730

20.0

Pt-W

ca. 1980–1940

19.5

Pt-Ir

ca. 1845–1800

21.5

a

Data taken from Maerz (12), Corti (23, 24) and elsewhere

4. Jewellery Alloys: 2000 to the
Present
There have been several studies to develop
improved platinum jewellery alloys in the past
two decades. These have focused on either
stronger (harder) alloys or improved investment
casting alloys, although alloys suitable for additive
manufacturing (‘3D printing’) technology have also
been of interest.

4.1 Stronger, Harder Alloys
The resistance of jewellery to abrasion and knocks
(wear and scratch resistance) depends to a large
extent on the hardness of the alloy. As noted earlier,
a study of customer complaints showed platinum
rings and wedding bands to be particularly prone to
deformation of shape (misshapen) and to heavy wear
(scratches and dents) during customer service (i.e.
whilst being worn), when made in soft to moderately
hard alloys. Hard alloys tend to be difficult to work
in manufacture, especially to set gems in mounts,
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and so it is advantageous if an alloy is relatively soft
whilst being manufactured into a piece of jewellery
but can be subsequently hardened to improve its
durability whilst being worn by the customer. This can
be achieved by age hardening of suitable alloys after
manufacture, a treatment involving the precipitation
of a dense dispersion of fine particles of a second
phase within the matrix grains.
For platinum, it has been noted that some current
alloys are age-hardenable and alloys containing
gallium have been developed specifically for this
purpose. The first was the Pt-3Ga-1.5In alloy
developed by Johnson Matthey (7) and others have
also followed such as the HTA alloy (8) developed
by Imperial Smelting and the ‘S’ alloys developed
by Steven Kretchmer, USA (13) and discussed
by Maerz (12). Weisner, in a paper presented
in 1999 (38), discussed heat-treatable alloys
and noted earlier work at Degussa, Germany;
C. Hafner, Germany; Johnson Matthey (platinumgallium-indium) and Steven Kretchmer (platinumgallium-palladium) to develop heat-treatable 950
platinum alloys. He noted that all were ternary
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alloys, many with melting ranges much lower than
the conventional binary alloys, suggesting they all
contain gallium or indium additions. Such alloys
are useful for their spring properties in springs and
clasps, for example.
Research by Biggs et al. carried out at Mintek,
South Africa, in 2005 examined potential platinum
alloy systems with additions of 7% or less for
harder jewellery alloys to identify suitable binary
alloy systems that can be substantially agehardened (39). Over 20 alloying metals were studied
in the preliminary trials at levels of addition of 2%
and 4%. Those showing promise were also studied
at the 3% addition level. From this work, alloys
with additions of titanium, zirconium, tin, gallium,
germanium, magnesium, indium and vanadium
were studied in more depth. From this, along with
consideration of other aspects, it was concluded
that the best alloy was a Pt-2Ti alloy which had ascast and annealed hardnesses sufficiently low to be
easily worked and formed, while subsequent heat
treatment could increase the hardness value by
about HV90. Interestingly, there are parallels here
with the development of 990 gold (Au-1Ti) alloy
(40, 41). The Mintek work does not appear to have
been further developed into a commercial alloy,
possibly because it does not show much advantage
over the existing commercial gallium-containing
alloys. Titanium tends to oxidise away when the
alloy is remelted, so it is not easily recyclable. Also,
at 98% purity, it does not fit the fineness standards
of platinum jewellery, i.e. it is not pure platinum
nor 950 or 900 fineness.
More recently, a harder, general-purpose alloy,
TruPlatTM (42), has been introduced to the market
in the USA by Hoover & Strong. It is a 950
platinum-ruthenium-gallium alloy that is not agehardenable. It has a higher work hardening rate
compared to 950 platinum-ruthenium, with an
annealed hardness of HV180.

4.2 Improved Casting Alloys
The motivation here is to develop alloys less prone
to casting defects, particularly casting porosity.
Use of alloys with lower melting temperature
ranges to inhibit mould reaction is desirable too.
Work carried out by Fryé at Techform, USA, and
Klotz and coworkers at FEM, Germany, (33–37,
43–48) on platinum cast in shell and conventional
phosphate-bonded moulds focussed on which alloys
are best in terms of casting porosity formation,
form-filling and surface quality and establishing
the mechanical properties of cast alloys. The use
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of computer simulation of the casting process has
also assisted in optimising process parameters in
casting. Fryé has also shown the benefits of a hot
isostatic pressing (HIP) treatment post-casting
to remove porosity from castings and improve
mechanical properties. The growing number of new
platinum casting alloys that feature in these studies
is particularly noticeable. This alloy development
started a little earlier, in 1997.
In a paper presented at the 1997 Platinum Day
symposium in New York (49), Lanam, Pozarnik
and Volpe reported on a new investment casting
alloy, 950 platinum-copper-cobalt, developed
at Engelhard, USA, that combined the good
properties of Pt-5Co and Pt-5Cu and reduced the
issue of magnetism in platinum-cobalt alloy. Its ascast hardness was about HV119, somewhat lower
than Pt-5Co. Porosity was still present and it had a
tendency to form a surface oxide on heating.
Another alloy development was presented by
Normandeau in 2000 (50). He reported on a
new 950 platinum hard casting alloy (HCA) with
an as-cast hardness of HV160–170, much higher
than Pt‑5Co alloy. Little detail was given on the
composition but the discussion in the paper pointed
to it being a 950 platinum-gallium-iridium alloy,
since he provided data on the gallium-to-iridium
ratio and its effect on hardness.
A further alloy development was presented by
Grice and Cart in 2002 (51). The development of a
950 platinum-gold-X alloy, PlatOroTM, was reported
as an alternative to Pt-5Co. This had an as-cast
hardness of HV125, a little softer than Pt-5Co alloy,
but was non-magnetic and had a lower melting
temperature range of 1590–1629°C. This did
not appear to be the platinum-gold-indium alloy
examined by Fryé and Klotz (47) and Maerz and
Laag (52) (Table V) since the melting temperature
ranges and hardness values were different. This
latter platinum-gold-indium alloy was developed at
C. Hafner GmbH (53). Grice has since reported (42)
that the PlatOroTM alloy was actually a platinumgold-copper alloy but is no longer commercially
produced.
Fryé and Fischer-Buehner, in their study reported
in 2011 (35), recognised the inadequacies of the
existing commercial casting alloys and widened
their search to include three newer versions
that contained undisclosed elements, which they
designated as hard alloys (HV175 or greater). These
are included in Table V. The platinum-cobalt-X hard
alloy with unknown additions appeared to show
some promise. The platinum-ruthenium-X alloy is
now known to be the platinum-ruthenium-gallium
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Table V The Range of Alloys Studied in Casting Trials Since 2000
Alloy

Melting range, °C

Hardness, as cast, HV

95Pt-5Co

1655–1680

135

95Pt-R5u

1780–1795

130

90Pt-10Ir

1780–1790

110

95Pt-Pd-Xa

1620–1685

130 soft, 220 hard

95Pt-Ru-X

1710–1750

180

95Pt-Co-X

1640–1670

175

90-Pt-10Ir

1780–1800

~125

95Pt-Au-In

1640–1680

~160

95Pt-5Co

1765–1750

~135

95Pt-Cu-Ga

1655–1700

~168

95Pt-5Ir

1780–1790

~83

95Pt-5Ru

1780–1795

~150

95Pt-5Ir

–

Soft (<120)

90Pt-10Rh

–

Soft

95Pt-Cu-Co

–

Soft

95Pt-5Cu

–

Soft

90Pt-10Ir

–

Soft

95Pt-5Co

–

Medium–hard (120–150)

95Pt-5Ru

–

Medium–hard

95Pt-Au-In

–

Hard (>150)

95Pt-Ru-Ga

–

Hard

95Pt-Cu-Ga

–

Hard

95Pt-Co-In

–

Hard

95Pt-Ru-Ga-X

–

Hard

Study (Reference)

Fryé and FischerBühner (35)

Maerz and Laag (52)

Fryé and Klotz (47)

a

X = additional elements unknown at time of publication of referenced paper

(a)

(b)

(c)

Fig. 3. Porosity in cast platinum alloys: (a) 950 platinum-cobalt; (b) 950 platinum-ruthenium;
(c) 950 platinum-ruthenium-indium (35)
alloy from Hoover & Strong (51). The platinumcobalt-X alloy is a platinum-cobalt-indium alloy
from Legor (54) and is harder and non-magnetic
compared to platinum-cobalt. Figure 3 shows
porosity in some of the alloys studied in this work.
In 2014, Klotz et al. at FEM utilised computer
simulation
of
casting
and
thermodynamic
calculations to optimise the process parameters
of casting Pt-5Ru and Pt-5Co alloys (44). It was
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significant in that ternary alloys of 950 platinumcobalt-ruthenium were explored. Improved formfilling and surface quality resulted from additions of
cobalt to platinum-ruthenium alloys, the optimum
amount depending on casting technique used:
centrifugal or tilt casting.
Maerz and Laag (52) studied six alloys in their
2016 study (Table V) which used tilt casting (as
opposed to centrifugal casting) in their trials.
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(a)

Fig. 4. Porosity in cast
950 platinum-ruthenium:
(a) as-cast; (b) after HIP
(47)

(b)

Table VI Alloys Documented in the Mechanical Properties Database (48)
Alloy

Hardness, as
cast, HV

Hardness, as cast
and HIPed, HV

Category

95Pt-5Ir

79

81

Soft (<120 HV)

90Pt-10Rh

89

89

Soft

95Pt-Cu-Co

111

110

Soft

95Pt-5Cu

112

114

Soft

90Pt-10Ir

113

117

Soft

95Pt-5Co

129±12

122

Medium–hard (120–150 HV)

95Pt-5Ru

129±8

125

Medium–hard

95Pt-1.8Au-2.7In-0.5Ru

165

163

Hard

95Pt-3.5Ru-1.5Ga

166

156

Hard

95Pt-2Cu-3Ga

166

156

Hard

95Pt-4Co-1In

167

164

Hard

95Pt-2Ru-3Ga

207

190

Hard

95.5Pt-2.5Ru-2Co

133

121

Medium–hard

95.5Pt-3.5Ru-1Co

129

128

Medium–hard

95.5Pt-3Pd-1.5Co

91

82

Soft

Two contained gallium or indium and these
alloys showed higher as-cast hardness and were
rated high in terms of castability. Each alloy
had different strengths and weaknesses and the
authors concluded that no alloy was perfect but
that progress was being made. It was noted that
C. Hafner patented an alloy in 2013, 950 platinumgold-indium, with the use of iridium or ruthenium
as grain refiners (53), which was probably the
alloy referred to in Table V. This alloy has a
lower melting temperature which was claimed to
facilitate good casting and to have less porosity. It
also had a good hardness, HV 160–170 depending
on the grain refiner used.
The largest range of alloys was studied by Fryé
and Klotz (Table V) who also measured mechanical
properties and wear resistance of castings (47).
They warned against use of soft alloys in cast
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jewellery and noted pronounced microsegregation
in gallium- and indium-containing alloys which
increased microshrinkage porosity. HIP treatment
(‘HIPing’) after casting eliminated porosity and
restored ductility, Figure 4. They also noted wear
was related to hardness, with harder alloys wearing
less.
It is clear from the foregoing that no new alloy
completely met the desired casting requirements,
although a database of mechanical properties of
many of the casting alloys was established by
Klotz and Fryé for alloys in the as-cast and in the
HIPed condition (48). This database has data on
13 compositions at 950 fineness and two at 900
fineness. As well as the conventional compositions
described in Tables III and V, it also includes
some newer ternary and quaternary compositions,
as shown in Table VI, which only lists the hardness
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values; perhaps it also clarifies some of the
unknown compositions documented in Table V.
A more fundamental approach to improved casting
alloy design was undertaken recently by Professor
Glatzel and his coworkers at the University of
Bayreuth, Germany, and Richemont International
SA, Switzerland (55). They looked to develop an
improved casting alloy of 950 fineness with the
following requirements:
•
•
•

Low casting temperature
Small melting range
Microstructure that is homogenous, finegrained (100–150 µm) and with low porosity
Hardness in range HV 155–170 for wear
resistance and good ductility (>30%)
Good reflectance with a bright surface
Alloying elements that are biocompatible and
recyclable.

•
•
•

Their benchmark alloy was 95Pt-1.8Cu-2.9Ga
which was a recent alloy development (see
Tables V and VI). Excluding allergenic, radioactive
and toxic elements, 25 possible alloying elements
were selected and ranked according to a suitability
index which comprised four characteristics:
maximum solubility in platinum (Cmax); hardness
index (Hi); melting interval index (Mii) and liquidus
temperature change index (Tlci). From these, a first
iteration of five alloys were selected for testing
and following this, a second set of five alloys were
selected for testing. Casting was performed in a tilt
casting machine. These alloys contained up to five
alloying elements from a list including aluminium,
gold, copper, chromium, iron, iridium, manganese,
palladium, rhodium and vanadium. From these 10
alloys, two in the second iteration were found to be
the most promising (Table VII).
It is very evident that these compositions are
radically different from those listed in Tables V
and VI. They have hardnesses of HV164 (A2) and
HV165 (B2) respectively compared to HV225 for
the benchmark platinum-copper-gallium alloy. It
will be interesting to see if these or similar alloys
are developed to commercial status and find a niche
among the current alloys. With the base metal
alloying elements including iron and manganese,
it is possible there may be tarnishing issues with

such alloys, if we compare the experiences in
developing alternative white gold compositions
with manganese and iron additions.

4.3 Alloys for Additive Manufacturing
The development of additive manufacturing
of jewellery has attracted much interest in
the industry in recent years and considerable
research and development has been carried out
on machine technology, build techniques and
suitable alloys. The technology involves selective
laser melting (SLM) of successive layers of alloy
powders, and it has become evident that such
powders need to be tailored in composition to
suit the process. Alloying additions of high
vapour pressure metals are not desirable, for
example. In the field of carat golds, it is also
important to reduce reflectivity and thermal
conductivity or diffusivity to better absorb energy
and inhibit heat loss through the metal, thus
enhancing consolidation of the powders during
laser melting. Examples of modifying carat gold
alloy compositions have been discussed by Klotz
et al. (56). Regarding platinum alloys, these tend
to have considerably lower thermal conductivities
as has been discussed by Wright in terms of
laser welding (26) and Zito in terms of additive
manufacturing of jewellery (57). Zito also noted
that reflectivities are lower than gold and silver.
Work at Progold SpA, Italy, on SLM of 950 fineness
platinum jewellery has been reported by Zito and
his coworkers (57–60). In his 2014 paper (57),
Zito used an unspecified 950 platinum alloy
powder while in his 2015 paper (59), Zito used a
950 platinum alloy powder “with alloying additions
slightly different from the cobalt-containing
alloy used in the preceding work” but gives no
further details other than to say it was not doped
with semiconductor elements to reduce thermal
conductivity (as was done with the carat gold
alloys in his work). In the 2018 paper, in which
jewellery made by SLM was compared to the
same pieces made by investment casting (60),
Zito noted the items produced by casting and
by SLM were made in the same 950 platinumcopper-gallium-indium alloy but gave no details
on actual composition. This was different from

Table VII The Compositions of the Two Most Promising Alloys (55)
Alloy

Pt, wt%

Cu, wt%

Fe, wt%

Pd, wt%

Mn, wt% Cr, wt%

V, wt%

Y, wt%

A2

95

1.3

1.2

–

1.1

1.1

–

–

B2

95

0.3

1.0

1.5

–

–

1.8

0.1
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the casting alloys discussed in the earlier section,
in that it contained indium as well as copper and
gallium.
More recently, Klotz and König (61) have reported
research on additive manufacturing by the laser
powder bed fusion (LPBF) process of platinum
jewellery items. LPBF is an alternative description
for the SLM process. In this research, they were
concerned with optimising process parameters and
used the commercial 950 platinum-gold-indium
alloy made by C. Hafner (52). They showed parts
could be made successfully with a residual porosity
of below 0.1%.
Thus, it appears that there is little need to develop
special alloy compositions suited to additive
manufacturing technology; the conventional alloys
are acceptable and do not appear to pose any
major problems.

4.4 Other Alloys
To conclude this paper, we note other recent alloy
developments in the patent and other literature
that do not fit into the three preceding categories.
For example, European Patent applications from
Heimerle + Meule GmbH, Germany (62) describe
alloys that have optimised processing properties
at 950 and lower finenesses based on platinumtungsten-copper–(ruthenium/rhodium/iridium)
and described as having high hardness and
abrasion resistance. The ruthenium/rhodium/
iridium additions act as grain refiners.
Another patent from the watchmaker, Omega
SA, Switzerland (63), concerns 950 platinum
alloys that are cobalt- and nickel-free, based on
platinum-iridium-gold-germanium-(ruthenium/
rhodium/palladium/tin/gallium/rhenium)
that
have mechanical properties that meet the criteria
for watchmaking whilst having the colour and
luminosity of platinum-iridium alloys.
As many platinum alloys are alloyed with other
pgms and precious metals which are inherently
expensive, there is a concern in the jewellery
industry about cost. This begs the question of
developing lower cost alloys as discussed by
Williams in terms of platinum alloys over a range of
finenesses, aimed at the US market (64). He cited
examples of such alloys (such as platinum-10%
copper which work hardens too rapidly) and noted
that they often have properties that are not suitable
for jewellery manufacture. He noted current alloys
such as 950 Pt-5Co, Pt-5Cu and Pt-5W that do
meet the lower cost criterion but cautioned that
processing costs may increase. He concluded that
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lower fineness alloys are often not feasible due to
technical and commercial constraints.

5. General Discussion
As has been noted earlier, the platinum alloys
used for jewellery in the early 20th century were
based on industrial alloy compositions, typically
alloyed with other pgms. Platinum-iridium alloys
were particularly popular. The real growth in
popularity of platinum jewellery began in Japan in
the 1960s and then worldwide in the 1970s, when
platinum became more widely available and the
producers set up their marketing arm, Platinum
Guild International. This led to the realisation
that these current alloys did not fulfil all the
needs of the jewellery industry in terms of the
technical properties needed for the manufacturing
technologies in use and for the performance of
the jewellery in service. Examples of such needs
include investment (lost wax) casting, mechanical
machining processes and harder alloys for better
wear and scratch resistance and to retain a polished
surface.
This led to the development of new alloys to
meet these needs such as the platinum-5% cobalt
alloy for investment casting and the use of gallium
additions to produce age-hardenable alloys (as well
as improved processing technologies). As discussed
by Huckle (10) and Maerz (12) in their reviews, the
available alloys provided a wide range of properties
to suit the various manufacturing processes in use
and complied with the various fineness standards
of countries around the world. They also noted that
different alloys for manufacturing processes were
preferred in the various countries. An example was
the adoption of Pt-5Co as the preferred casting
alloy in Europe, while the USA preferred Pt-10Ir,
although Pt-5Co was making some inroads. Japan
had its own preferred alloy compositions. It is worth
noting here that the jewellery industry is typically
very conservative in adopting new manufacturing
technologies, including alloys.
More recently, Raykhtsaum has reviewed
platinum alloys in terms of their phase diagrams
and properties to explore some industrial alloys
that could potentially be used for jewellery
manufacture (65). He found that some ternary alloy
systems including platinum-palladium-ruthenium,
platinum-iridium-rhodium,
platinum-rhodiumruthenium
and
platinum-gold-rhodium
had
potential in terms of good mechanical properties,
corrosion resistance and colour. He also considered
that Pt-5Ni and Pt-10Ni alloys could be suitable as
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they are non-magnetic and have good mechanical
properties (Pt-10Ni is potentially age-hardenable
as there is an order-disorder transformation at
this composition). However, he did not take into
consideration the nickel release characteristics
which could inhibit its use under the European Union
(EU) Nickel Directive regulations. Interestingly, the
ternary alloy systems do not appear to have been
developed into commercial alloys, possibly due to
cost considerations.
Investment casting has developed as a major
manufacturing process in the jewellery industry
since the 1950s, but investment casting of platinum
jewellery has been particularly challenging. Major
reasons for this are the much higher melting
temperature ranges of platinum alloys (compared
to gold and silver) that necessitates use of
phosphate-bonded refractories for moulds, coupled
with the inferior flowability (viscosity) of molten
platinum alloys that requires centrifugal casting
technology to get good mould filling and limits
casting tree size. Surface quality and porosity
are also significant problems in the production of
good quality castings, the former being an aspect
of metal-mould reaction during casting. It is,
therefore, not surprising that improved investment
casting alloys have been the focus of much research
over the past 20–30 years. A major aspect has
been the need to reduce the melting temperature
range to minimise these problems and thus the use
of gallium and indium additions to reduce melting
temperatures has been a strong feature in new
alloy development.
A more fundamental alloy design approach
to casting alloys, undertaken by Glatzel and
coworkers (55), led to alloy compositions at 950
fineness that are markedly different, as reported in
Table VII. These are possibly aimed more at watch
applications rather than jewellery but may point to
another direction in jewellery alloy development.
Many conventional platinum alloys tend to
be soft in the annealed and as-cast conditions
and this leads to premature wear and scratch
damage during service as well as deformation of
shape. Harder, stronger alloys result in improved
wear and scratch resistance, as well as an ability
to better retain a polished surface and enable
thinner cross-sections in more elegant designs.
Some alloy developments to produce harder
alloys has been seen. The ability to manufacture
a jewellery piece when in a soft condition and
subsequently age-harden it to produce better service
performance is attractive to jewellery manufacturers
and this has led to the development of several
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gallium-containing alloys that are age-hardenable.
Again, a more fundamental approach to harder and
stronger alloys was undertaken at Mintek in South
Africa and resulted in a platinum-2% titanium alloy
as the most promising. This development does not
appear to have been taken further commercially
to an alloy that complies with the 950 fineness
standard for jewellery application.
It was noted earlier in this section that the jewellery
industry tends to be very conservative in adopting
new technology. Swann reviewed progress in the
industry in 2002 (66) to mark the 10th Platinum
Day symposium, the first having been held in New
York, USA, in 1995. As well as reviewing the market
growth in various countries, he focused particularly
on the US market. He remarked that the Platinum
Day symposia had helped promote technical
aspects: new equipment, processes and alloys.
For example, he noted the progress in investment
casting from vertical spin casting machines to
modern vacuum centrifugal casters with increased
melt charge size up to 500 g using induction
melting; also, the progress in computer numerical
control (CNC) machining and use of extruded
tube. Swann also noted that in the Platinum Day
symposia, only 18% of presentations had been
on platinum alloys compared to 67% on process
developments. He interpreted this as indicating
that the range of alloys available in 2002 offered
a good compromise of workability and economic
use. He further noted that in the USA platinumruthenium was the preferred alloy for machining
platinum wedding bands while platinum-iridium
or platinum-cobalt was preferred for casting and
platinum-iridium for hand manufacture. He noted
the difference with European preferences and that
in Asia platinum-palladium was preferred, but as
the palladium price increased it was thrifted with
copper or cobalt, echoing the reviews of Huckle
and Maerz a few years earlier. He discussed the
advantages of the preferred US alloys in technical
and economic terms. However, he noted a switch
from Pt-10Ir to Pt-4.8Ru for general purpose
alloys as the industry, led by Tiffany & Co, USA,
decided to focus on 950 fineness alloys. He was
somewhat tepid on new alloy introductions but, as
this review has demonstrated, since the time of
his presentation, considerable alloy development
has been undertaken. It remains to be seen how
successfully they endure in commercial practice!
To conclude this discussion, it is appropriate to
note some non-conventional platinum alloys that
are of potential interest for jewellery application.
Bulk metallic glasses (BMGs), also known as
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amorphous metals, are of interest for jewellery
application because of their inherent high ductility
and the ability to process material using polymer
processing technology such as blow or vacuum
moulding. Work on gold and platinum-based
BMGs has been reported by Lohwongwatana and
Schroers (67) in which the development of an
850 fineness platinum alloy was described. More
recently, Houghton and Greer at the University of
Cambridge, UK, reviewed the research in this field
carried out to date (68, 69). Developing platinum
BMG alloys that meet the fineness standards for
jewellery is a significant problem and, technically,
tarnishing appears to be an issue that inhibits its
application.

6. Conclusions
There has been an evolution of, and growth in,
platinum alloy compositions for jewellery application
since the 1920s, with a focus on developing
alloys suited to the manufacturing technologies in
current use. Until the advent of the 21st century,
most platinum alloys for jewellery were based on
existing industrial alloys, with platinum-iridium
alloys favoured during the early part of the 20th
century. There have been some significant alloy
developments over the past 25–30 years aimed at
improving strength and hardness and improving
investment casting quality. There is now a wide
range of alloys available at 950 and 900 fineness
standards with a spectrum of properties. Of note
has been the development of heat treatable alloys
containing gallium.
The investment casting of platinum alloys remains
a major issue in terms of surface quality and defect
formation, particularly gas and shrinkage porosity.
The use of HIP post-casting removes porosity
and improves mechanical properties. To date, no
perfect casting alloy has been identified to replace
the universally accepted Pt-5Co alloy.
There has been a major evolution in platinum
alloys, particularly for investment (lost wax)
casting application, in the first two decades of
the 21st century. A recent substantial, structured
alloy development approach has produced some
significantly different casting alloys containing up
to five alloying metals. It remains to be seen if
these prove to be superior. The new manufacturing
technology of additive manufacturing (‘3D
printing’) does not appear to require special alloy
compositions in contrast to carat golds.
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In recent years, the potential for ‘green’ ammonia
produced from renewable energy has renewed
the pursuit of a low-pressure, low-temperature
ammonia synthesis process using novel catalysts
capable of operating under these conditions.
In past decades, the trend of decreasing the
pressure in the existing Haber-Bosch process
to the de facto limit of condensation at 80 bar
has been achieved through catalysts such as
Johnson Matthey’s (formally ICI, UK) iron-based
KATALCOTM 74-1. By replacing the separation of
ammonia via condensation by absorption, the
process loop can be integrated into a single vessel
at constant temperature, and the operating region
drastically shifts to lower pressures (<30 bar) and
temperatures (<380°C) unknown to commercial
catalysts. Herein, the low-temperature and lowpressure activity of KATALCO 74-1 and KATALCO
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35-8A catalysts is studied and compared to a
ruthenium and caesium on ceria catalyst known to
have low-temperature activity through resistance
to hydrogen inhibition. Due to its low temperature
and high conversion activity, KATALCO 74-1
can be deployed in an integrated reaction and
absorptive-separation
using
MnCl2/SiO2
as
absorbent. Although further catalyst development
is needed to increase compatibility with the
absorbent in a feasible reactor design, this study
clearly demonstrates the need to re-evaluate
the viability of commercial ammonia synthesis
catalysts, especially iron-based ones, for their
deployment on novel green ammonia synthesis
processes driven exclusively by renewable energy.

Introduction
Since the early 20th century, the Haber-Bosch
process for ammonia synthesis has been at the
core of the chemical industry due to its role
sustaining population growth through synthetic
fertiliser
(1).
Conventionally,
the
overall
process is split into two highly integrated steps:
(a) hydrogen production; and (b) ammonia loop.
First, hydrogen is produced through the reforming
of fossil fuels (such as methane), generating
excess energy stored in the form of steam. The
hydrogen is then fed with nitrogen to the ammonia
loop, as shown in Figure 1(a), to catalytically
synthesise ammonia at high temperatures
and pressures. Due to the low single pass
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(b)

Absorb.

Charging
NH3

conversion (~15–25%), ammonia is separated at
low temperatures using condensation such that
unreacted gases can be recycled. The predominant
energy consumption for the ammonia synthesis
loop is associated to the feed compression, which
has led to a thorough optimisation for integrating
excess energy from methane reforming to drive
feed compressors, in addition to recycle and
refrigeration compressors (2).
When shifting ammonia production away from
fossil fuels using exclusively renewable electricity
(i.e. green ammonia), a new optimisation is
required (3). Hydrogen produced using electrolysis
is less efficient, more expensive and does not
generate excess energy to be used to drive the
compressors for the high-pressure ammonia
loop. Renewable electricity sourced from solar
and wind energy is also inherently distributed
and intermittent, thus the economic feasibility
of green ammonia requires a process that is
low capital cost and agile to replace the capital
intensive and continuously operated Haber-Bosch
process. The current high operating pressures
of the Haber-Bosch reactor not only increase
the capital requirements but are also unsuitable
to dynamic operation. Adjusting the production
to follow the renewable energy production
pattern can potentially overheat the reactor
due to the exothermicity of the reaction (under
steady state operation, the heat of reaction is
partially transferred to the reactor inlet stream).
Additionally, the heat exchange required for the
drastic swing in temperature from the reactor to
condenser requires additional capital and is not
conducive to operating in a non-steady state.
The concept of electrically driven ammonia
synthesis has been previously considered,
particularly from hydroelectricity early in the 20th
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Fig. 1. Schematic of
conventional HaberBosch and novel
single-vessel process:
(a) conventional HaberBosch process operating
at high temperatures
and pressure with a
temperature swing to
remove ammonia by
condensation; (b) novel
single-vessel process
operating at moderate
temperatures and
pressure without a
recycle or heat exchange

century, but it never gained widespread adoption
over coal- or methane-fed processes due to the lack
of competitiveness of renewable energy and the
advent of abundant and cheap natural gas. Now,
stimulated by the current environmental, social
and political pressures, and enabled by the steady
drop in the cost of solar and wind electricity, green
ammonia is being reconsidered for commercial
feasibility. As a result, there is renewed impetus
to design an ammonia synthesis process driven
exclusively by renewable energy and thus, able
to operate at low pressures with minimal gas
compression, fast production response and reduced
heat integration in the process loop.
Ammonia synthesis catalysts (conventionally ironbased) facilitate fast kinetics to break the nitrogen
triple bond at 400–500°C, but high pressures
(150–250 bar) are necessary to increase the
conversion through increased equilibrium. Improved
catalysts (both iron- and ruthenium-based)
can decrease the operating reactor pressure to
~80 bar, but further reduction causes the process
to become separation limited. While operating at
80 bar offers benefits through decreased capital and
increased agility, it is generally accepted that it is a
‘flat’ optimum with respect to energy consumption
because the decrease in feed compression is
balanced by an increase in refrigeration compression
to drive ammonia condensation (4). As total reactor
pressure decreases, the reaction equilibrium
pressure of ammonia decreases and achieving the
same level of separation in the condenser requires
the vapour pressure of ammonia to be decreased
through colder temperatures. Indeed, at very low
pressures, separation by condensation becomes
impossible as the ammonia equilibrium pressure
drops below the limit of practical vapour pressures
(1.2 bar at –30°C) (5).
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In response, the replacement of ammonia
condensation by absorption has been developed
to remove ammonia at lower partial pressures
and ambient temperatures, facilitating a lower
pressure process (6). Absorption of ammonia by
a metal halide is a chemical reaction in the crystal
lattice rather than adsorption onto the surface of
a sorbent, thereby displaying a strong interaction
for near complete ammonia removal (<0.01 bar
equilibrium pressure), but also requiring substantial
heat (60–80 kJ mol–1) for desorption of ammonia
at increased temperatures or decreased pressures
before final liquefaction (7, 8). By utilising hightemperature absorption and low-temperature
catalysis, we have further advanced this process by
integrating the absorption separation and catalytic
synthesis in a single vessel to remove the need for
recycle and heat integration of gas flows between
synthesis and separation, as shown schematically
in Figure 1(b). The integrated process is rooted
in aligning the operating conditions of catalysis,
which favours high temperatures and low ammonia
pressures, with absorption, which favours low
temperatures and high ammonia pressures.
A proof-of-concept has been achieved using
MnCl2/SiO2 absorbent and a ruthenium and caesium
on ceria catalyst to exceed single pass equilibrium
conversion (9).
In order to achieve low-temperature and lowpressure ammonia synthesis, catalytic research has
focused over recent decades on the development
of ruthenium-based catalysts which have superior
activity compared to conventional iron catalysts.
In particular, ruthenium has been proven to have
low-pressure and high-conversion activity (10),
and we have recently demonstrated the activity
of ruthenium on ceria at low temperature by
removing hydrogen inhibition (9). In 1980, bp
and Kellogg Corporation developed the Kellogg
advanced ammonia process (KAAP) operating at
90 bar using a ruthenium catalyst downstream of
the primary iron catalyst to achieve higher singlepass conversions unattainable with ammonia
inhibited iron catalysts (11, 12). In parallel during
the 1980s, ICI (now Johnson Matthey) developed
the KATALCO 74-1 iron catalyst promoted with
cobalt for deployment in the ICI AMV and leading
concept ammonia (LCA) processes operating at
similarly low pressures (~80 bar) without the high
cost and fragility of a ruthenium catalyst (4, 13).
This catalyst has been proven to have a favourable
combination of low-temperature reduction (to
avoid sintering), high conversion activity and
exceptional stability (14–16). While recent
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research has focused on developing increasingly
complex ruthenium hydride (17) and electride (18)
catalysts, it is crucial to re-examine conventional
and commercially available catalysts for suitability
in unconventional low pressures and temperatures
that arise from novel process designs such as
the abovementioned single-vessel system. As a
result, we herein describe the low-temperature
(300°C) and low-pressure (20 bar) activity of the
KATALCO 74-1 and KATALCO 35-8A catalysts and
their application in an integrated process using
absorption separation.

Methodology
The catalysts used in this study were ruthenium
impregnated onto ceria nanorods and promoted
with caesium (5%Ru/10%Cs/CeO2), as described
previously (9) and commercial KATALCO 74-1 and
KATALCO 35-8A provided by Johnson Matthey
crushed to a powder. Catalyst beds utilised inert
SiC to generate even flow in the packed bed and
keep the total volume constant. The absorbent
used for the integrated system was manganese
chloride impregnated onto silica gel (MnCl2/SiO2).
We have recently demonstrated that MnCl2 resists
decomposition at high temperatures after exposure
to air. In addition, supported MnCl2 remain stable
over several cycles compared to bulk MnCl2 (9).
The experimental rig and procedure used for
analysis has been described in detail previously (9).
Briefly, nitrogen and hydrogen at 20 barg were
fed to primary and secondary reaction vessels
(Figure 2) whose configuration depended on the
operating mode of the system, before exiting the
system through a mass flow meter. During catalytic
tests, the activity of a catalyst in the primary
reaction vessel was analysed by the change in
flow after completely removing ammonia using
MnCl2/SiO2 as absorbent in the second vessel
at ambient temperature. For some tests, the
second reaction vessel was bypassed in order to
measure the concentration of ammonia directly
using gas chromatography. During the analysis
of the integrated reaction and separation system,
the secondary reaction vessel was packed with a
specified amount of absorbent (~1.5 g) and an
additional catalyst bed (~1.5 g) pre-reduced in
the primary reaction vessel and transferred in a
glovebox. Both vessels were operated under the
same temperature. To evaluate the effect of the
presence of the absorbent, the system was initially
pressurised with hydrogen before switching to a
stoichiometric reaction mixture at the beginning
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Fig. 2. Schematic of the reactor system. Nitrogen and hydrogen enter the system at a controlled rate with
mass flow controllers (MFCs). The gases pass through the first vessel containing catalyst only, and a second
vessel containing either excess absorbent or controlled absorbent and catalyst for a catalyst or integrated
system test, respectively. The system is pressurised using a back pressure regulator (BPR) and a mass flow
meter (MFM) measures the change of flow through the system

of the reaction. Conversion in the primary reaction
vessel was measured through the molar flowrate
change of ammonia synthesis, while bypassing
the secondary reaction vessel. Once the primary
reaction bed reached steady state, its outlet flow
was switched to pass through the secondary
reaction vessel. The flow at the outlet of the
secondary vessel was measured to quantify the
combined effect of the absorbent and secondary
catalyst bed, with conversion being approximated
by isolating the absorption component through
kinetic models. After several hours when the data
was no longer transient, the system was reset by
regenerating the absorbent at ~380°C and ambient
pressure under nitrogen flow for at least 1 h.

Results and Discussion
The ideal properties of a catalyst for the integrated
reaction and absorption separation system
are: (a) low-temperature activity; and (b) high
conversion activity because absorption is more
favourable at lower temperatures and higher
pressures of ammonia. Thus, KATALCO 74-1
and KATALCO 35-8A catalysts were tested for
ammonia synthesis at 20 barg, at temperatures
between 220°C and 400°C (using stoichiometric
ratios of hydrogen to nitrogen). Prior to catalytic
testing, the catalysts were reduced under a high
flow rate (40 cm3 min–1) of hydrogen. In order to
keep water vapour levels low during reduction to
avoid sintering (14), the catalyst was crushed to
decrease internal mass transfer. In addition, the
temperature was gradually increased to 500°C
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over 18 h, then held for increments of 3 h with
activity tested in between. The activity increased
with time during reduction at 500°C until ~12 h,
after which it remained constant (Figure S1 in
the Supplementary Information), indicating the
importance of completely reducing the catalyst
in order to properly assess the low-temperature
and low-pressure activity. To examine the effect
of cobalt promotion on low-temperature and lowpressure activity, KATALCO 35-8A was also treated
with the same reduction procedure.
As shown in Figure 3(a), both KATALCO 74-1
and KATALCO 35-8A exhibit low-temperature
activity at 20 barg comparable to 5%Ru/10%Cs/
CeO2, but do not approach equilibrium as quickly
as the ruthenium catalyst due to increased
ammonia inhibition for an iron-based catalyst.
However, cobalt promotion causes KATALCO 74-1
to be less inhibited by ammonia, facilitating higher
conversions, as has been indicated in previous
studies under industrial conditions (4, 15). While
KATALCO 35-8A is not significantly less active within
experimental error compared to KATALCO 74-1 at
low conversion (<350°C, 200 mg catalyst), there is
greater differentiation in activity at high conversion
(1.5 g catalyst) due to a more precipitous drop
in activity with increased ammonia pressure for
KATALCO 35-8A, until both catalysts begin to
converge toward equilibrium (400°C). Since cobalt
in solid solution in the magnetite phase is believed
to restructure iron crystallites rather than forming
new active sites (14), promotion with cobalt does
not decrease the temperature at which activity
starts. Still, while both catalysts are stable at
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Fig. 3. Catalytic activity of KATALCO 74-1 and ruthenium and caesium on ceria at 20 barg and 1:3 nitrogento-hydrogen ratio: (a) activity as a function of temperature and mass of catalyst; (b) selected lowtemperature activities as measured by gas chromatograph under reduced space velocity and normalised
by the total catalyst mass; (c) selected low-temperature activities normalised by mass of active metal
approximating KATALCO 74-1 >92% iron and cobalt

300°C and 350°C for several hours, it is possible
that cobalt promotion will also make the catalyst
resilient to degradation over months or years (4).
The low-temperature activity was confirmed with
gas chromatograph measurements, as shown in
Figure 3(b), which indicate superior activity of
the KATALCO 74-1 catalyst <300°C with respect to
ruthenium and caesium on ceria when compared on
a mass basis. Still, when compared on the basis of
active metal (Figure 3(c)), the ruthenium catalyst
is more active because it contains a much smaller
amount of active metal, as would be expected from
conventional wisdom regarding the relative activity
of ruthenium compared to iron.
Nevertheless, the intrinsic activity of a catalyst is
significantly less important for overall process design
than catalyst cost and reactor volume. It is well
known that ruthenium-based catalysts are hampered
by high costs compounded by faster degradation
(especially if carbon is used as support) which shift
the paradigm of catalyst typically constituting <1% of
total process cost (11). Further, supported ruthenium
catalysts are often of lower bulk density than
conventional iron-based catalysts, leading to overall
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larger reactor sizing. This is particularly critical when
designing small modular processes for distributed
ammonia synthesis using renewable electricity.
Consequently, a larger mass of KATALCO 74-1
(1.5 g) was tested to compare activity in terms
of volume with ruthenium and caesium on ceria.
As shown in Figure 3(a), similar volumes of
both catalysts show comparable activities at high
temperatures. Even more interesting is the higher
activity of the commercial iron-based catalyst
KATALCO 74-1 at low temperatures (<340°C). While
conversion does not increase proportionally to the
mass of catalyst, likely due to ammonia inhibition
inducing decreased returns, it indicates the potential
to achieve conversions at low temperatures
competitive with ruthenium for a given volume, with
cost likely to be lower even with far more catalyst
mass.
Given the low temperature, high conversion
activity of KATALCO 74-1, the commercial catalyst
was then tested in an integrated system where
catalyst and absorbent are in the same vessel
operating at the same conditions. This system
was analysed using a layered configuration in two
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reaction vessels in which the primary reaction vessel
contains the first layer of catalyst (1.5 g KATALCO
74-1) and the second reaction vessel contains a
layer of absorbent (1.5 g MnCl2/SiO2) followed by
another layer of catalyst (1.5 g KATALCO 74-1). The
conversion from the first vessel is approximately
the highest reasonably possible even though it is
short of equilibrium due to the diminished returns
for added catalyst as a result of ammonia inhibition
at higher conversions, as shown in Figure 3(a).
When the steady-state effluent of the first reaction
vessel is passed through the second reaction vessel,
the flow decreases as a result of both ammonia
absorption and additional conversion of nitrogen
and hydrogen to ammonia. Therefore, decoupling
these effects requires a model to predict the
absorption component, which has been developed
previously using kinetic data of ammonia absorption
in MgCl2/SiO2 (9). Any decrease in flow beyond
that predicted for the absorption component can
be ascribed to additional ammonia production from
the second catalyst bed. It should be noted that
this experimental framework of layered catalyst
and absorbent serves as a proof-of-concept to show
overlap in activity between catalyst and absorbent
and is not intended to be the targeted process
design, which requires further optimisation.
As shown in Figure 4 for three different
combinations of reaction vessel temperatures,
there is a notable change in flow when passing
through the second reaction vessel, and once the
absorption component is isolated (represented by
the dash black line in the figure), the additional
conversion from the second catalyst bed ranges
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from approximately 3.5–5% at its maximum. Over
time, as the absorbent layer gets saturated, it causes
the flow to decrease. The lower than expected
measurement at long times in Figure 4(c) is likely
due to the absorbent not being fully regenerated
before the test. Although it may be expected that
the second catalyst bed should increase conversion
at steady-state if the first catalyst bed is below
equilibrium, increased catalyst mass has severely
diminished returns at high conversion due to
ammonia inhibition, as indicated in Figure 2(a).
Therefore, a return of flow to approximately the
original value at long times is reasonable, and any
transient increase in conversion must be due to
partial removal of ammonia.
The
integrated
system
analysis
clearly
demonstrates that the absorbent and catalyst are
operating under the same conditions. However,
several factors should be considered for further
optimisation and development when deploying
commercial KATALCO 74-1 catalyst (or similar) in
an integrated ammonia synthesis and separation
system. First, as the high reduction temperatures
of KATALCO 74-1 will likely sinter and decompose
the absorbent, the second catalyst bed was reduced
separately before being transferred into the second
reaction vessel in a glovebox. In this process,
there is the possibility of partially deactivating the
catalyst either from slight air exposure, potential
contamination within the glovebox or extended
time at low temperatures. Second, it is possible that
the absorbent decomposes and releases chlorides
which poison the catalyst, but this possibility was
mitigated by: (a) using MnCl2 absorbent, which is

Flow measurement

0.6

Absorbent model
Possible 2nd
catalyst activity

0.4
0.2

0

25

50 75 100 125 150
Time, min

Fig. 4. Transient performance of integrated system at 20 barg with KATALCO 74-1 and MnCl2/SiO2: (a) first
reaction vessel at 370°C, second reaction vessel at 360°C; (b) first reaction vessel at 320°C, second
reaction vessel at 330°C; (c) first reaction vessel at 310°C, second reaction vessel at 310°C. At time zero,
the steady-state effluent from the first reaction vessel containing ~1.5 g KATALCO 74-1 is switched from
bypassing to flow through the second reaction vessel with ~1.5 MnCl2/SiO2 and ~1.5 g KATALCO 74-1 in
series. The temperatures were varied to investigate the behaviour of the system within the approximate
range where catalyst and absorbent overlap
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resistant to decomposition (9); and (b) preheating
the absorbent to allow any potential decomposition
to occur before combining with catalyst. It
should also be noted that for complete process
implementation, ammonia must be desorbed
from the absorbent at higher temperatures and
lower pressures with the input of heat. The redecomposition of ammonia over the catalyst during
regeneration is anticipated to affect overall process
feasibility, thereby requiring novel reactor design.
Still, it is also expected that conventional ironbased catalysts will re-decompose less ammonia
than a ruthenium-based catalyst (19).

Conclusions
As interest grows in producing ammonia from
renewable electricity as both green fertiliser and
carbon-free renewable energy vector, a redefinition
of the Haber-Bosch process is needed to enhance
its ability to follow the energy profile of solar and
wind. Integration of ammonia synthesis and its
separation via absorption in a single vessel will
provide the agility required using low pressures
(~20 barg) and no recycle. Such single-vessel
ammonia production requires a catalyst with low
temperature and high conversion activity such
that reaction occurs under the same conditions
as absorption separation. In developing this
process, this paper demonstrates the importance
of re-examining existing commercial catalysts
at low temperature (<350°C) to determine their
applicability for this integrated and future processes
to learn from their beneficial aspects in developing the
next generation of commercial iron-based catalysts.
Consequently, the KATALCO 74-1 and KATALCO 358A commercial catalysts have herein been shown
to have low temperature (300°C) and pressure (20
barg) activity competitive with recently developed
ruthenium and caesium on ceria catalyst on a
total mass and volume basis, with KATALCO 74-1
attaining higher conversions compared to KATALCO
35-8A due to cobalt promotion reducing ammonia
inhibition. When utilised for the integrated reaction
and absorption separation with MnCl2/SiO2,
KATALCO 74-1 indicates overlap in activity with the
absorbent operating under the same conditions.
While further analyses with respect to reduction
temperature and structure sensitivity are necessary
for future development, initial results indicate
positive prospects. Using available commercial
catalysts rather than novel catalysts for integrated
ammonia production can potentially reduce the cost
and accelerate the deployment of green ammonia
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production using the novel integrated, low-cost and
agile single-vessel process.
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Traditional microbial synthesis of chemicals and
fuels often rely on energy-rich feedstocks such
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as glucose, raising ethical concerns as they are
directly competing with the food supply. Therefore,
it is imperative to develop novel processes
that rely on cheap, sustainable and abundant
resources whilst providing carbon circularity.
Microbial electrochemical technologies (MET) offer
unique opportunities to facilitate the conversion
of chemicals to electrical energy or vice versa, by
harnessing the metabolic processes of bacteria
to valorise a range of waste products, including
greenhouse gases (GHGs). However, the strict
growth and nutrient requirements of industrially
relevant bacteria, combined with low efficiencies
of native extracellular electron transfer (EET)
mechanisms, reduce the potential for industrial
scalability. In this two-part work, we review the
most significant advancements in techniques
aimed at improving and modulating the efficiency
of microbial EET, giving an objective and balanced
view of current controversies surrounding the
physiology of microbial electron transfer, alongside
the methods used to wire microbial redox centres
with the electrodes of bioelectrochemical systems
via conductive nanomaterials.

Introduction
Bioelectrochemistry is concerned with electrical
current generated through chemical reactions
in biology and is intrinsic for life’s processes.
Electron flow provides biology with the free
energy conversion mechanisms essential for
survival, allowing the assimilation, storage and
utilisation of energy from the environment via a
set of oxidation and reduction reactions (1). The
availability of oxygen in many ecosystems enables
© 2022 Johnson Matthey
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aerobic respiration, employing gaseous oxygen
as the terminal electron acceptor (TEA) of the
respiratory transport chain. However, in oxygendepleted environments, an alternate strategy must
be employed. Instead of importing the TEA for
intracellular respiratory processes, some microbial
species have evolved systems to import or export
electrons from their respiratory transport chain via
a variety of EET mechanisms. By electrochemically
communicating with their external surroundings,
electroactive bacteria (EAB, a term disputed by
the scientific community as most bacteria have
some form of electron transfer mechanism) widen
the pool of potential TEAs, enabling survival in
environments where the optimal TEA, oxygen, is
unavailable. First observed over 100 years ago (2),
recent developments in the study of microbial EET
mechanisms offer unique possibilities to several
research areas including energy conversion and
storage (3, 4), environmental remediation (5–7)
and bioelectronics (8, 9).
A range of bacterial EET mechanisms have
been identified, including redox-active ‘mediator’
molecules
(10–13),
membrane-bound
or
extracellularly-projected cytochromes (14–18) and
conductive filamentous proteins termed ‘nanowires’
(19–21). In addition, there has also been reported
hypothesis, and now some experimental evidence
that electron transfer through the cell wall of Grampositive bacteria and yeast can occur (22–24).
The exact mechanisms for the latter are yet to be
elucidated. A significant body of work has examined
the use of EAB as chassis for a range of energy
conversion processes such as microbial fuel cells
(MFCs) and microbial electrosynthesis systems
(MES) within the wider category of MET (25–30).
MFCs operate in an outward or anodic direction,
generating electricity via bacterial liberation of
electrons from reduced energy sources such as
municipal wastewater or agricultural biomass
(31, 32). MFCs offer opportunities to decarbonise
society’s electrical generation capacity, providing
an alternate source of renewable electricity
while reducing the energy expenditure of costly
and
environmentally
damaging
processes
such as sewage treatment or environmental
detoxification. Indeed, MFC reactors have been
constructed running on energy sources as diverse
as urine (33), car-wash wastewater (34) and
lead-contaminated soil (35). They have also been
studied as valuable mineral recovery processes,
with a 2019 study achieving the recovery of cobalt
from spent lithium ion batteries (36), an ongoing
environmental issue that will only expand as
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electric vehicle production and renewable energy
storage capacity increases.
MFCs also offer intriguing environmental and
medical biosensing applications (37, 38) due to
their long service life and self-powering nature.
In one example, researchers constructed a
MFC-biosensor capable of detecting sewage
contamination of groundwater over a five month
period, running autonomously (39). Although they
promise such a wide array of environmentally
beneficial applications, and research into MFCs
has been conducted for almost 100 years (40),
fundamental limitations have restricted their
application to laboratory-scale, and occasionally
pilot-scale, systems. This is due to low power
generation, largely attributable to poor electron
transfer efficiency at the interface of microbial cell
and electrode.
The reverse of MFC, microbial electrosynthesis
generates reduced chemical products from oxidised
carbon in an inward or cathodic electron transfer
direction, employing bacterial uptake of electrons to
assimilate into valuable reduced chemical products
such as biofuels or platform chemicals (31). These
processes are suggested to provide solutions
to a range of environmental issues, such as
excess atmospheric carbon, and offer a route to
the production of carbon neutral biofuels with
no demand on arable land. Their attractiveness
derives from the disparity between organic
photosynthetic process and photovoltaic electricity
generation: commercially available solar panels
now exceed 20% solar conversion efficiencies,
while the maximum theoretical efficiency for
biological photosynthesis is approximately 12%
and, realistically, agricultural crops only achieve
1–4% (41). However, renewable electricity
generation creates issues surrounding intermittent
production, to which MES may offer a solution by
storing excess electrical energy in C–C bonds of
reduced chemical fuels. In an recent example,
researchers modified the metabolism of the
photoautotrophic organism Rhodopseudomonas
palustris TIE-1 to allow fixation of atmospheric
carbon dioxide to produce the biofuel n-butanol
directly from solar-panel generated electricity (42).
Compared to nearly 100 years of MFC research (40),
MES processes are in their infancy, with the term
only coined in 2010 (43, 44). While MES processes
offer significant promise in achieving a circular
carbon economy, the outputs of chemical fuels are
still below the limit for industrial feasibility and
significant research and investment is required to
realise the potential. While there are numerous

© 2022 Johnson Matthey
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bottlenecks affecting the low production rates, a
fundamental cause of this is the low efficiency of
biological EET mechanisms (45, 46), limiting the
rate of cathodic electron uptake.
Current
MFC
reactors
typically
generate
maximum power densities between 3800 mW m–2
to 4400 mW m–2 (47), with the maximum reported
being >10,000 mW m–2 (48). For MES, the
highest reported biofuel yield is 12.5 lCH4 l–1 day–1,
representing a conversion efficiency of 30% (49).
However,
poor
cost-effectiveness
and
low
efficiency of native EET mechanisms have resulted
in the limited commercial applications of MET
(50–53). This is partly because exoelectrogenic
bacteria often reside in specific environmental
niches which are difficult to replicate in laboratory
settings or within bioreactors (54) and limited
metabolic optimisation means the biochemical
processes underpinning MET are still reliant on
the bacteria’s cellular processes operating as they
do in nature (55). Moreover, there is mismatch
in abiotic/biotic material properties (56) which
prevents seamless integration of the cells with
the electrodes. This increases cell impedance,
resulting in lower charge transfer. Furthermore,
a fundamental limitation of current MET affecting
both MFC and MES is the quantity of individual
microbial cells that can physically contact with the
electrode and participate in EET (57). Generating
strategies to improve the EET rates of native
mechanisms, as well as recombination of EET
mechanisms in industrially important bacterial
strains, are vital in advancing the application of MET
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research. While MET reactor setup and operational
optimisation is a major route to improve the output
efficiencies of both processes, this review aims to
outline the approaches researchers have used to
increase the underlying EET rates between cell and
electrode, and increase the pool of potential EAB
chassis available for use in MET system design.
Two contrasting routes to modulate microbial
EET, via synthetic biology and ‘bio-hybridisation’
with conductive nanostructured materials will be
explored in subsequent sections of this review and
are summarised in Figure 1. First, the current
state-of-the-art of native EET mechanisms are
summarised, followed in Part II (58) by a review
of biological and biohybrid approaches used to
modulate EET for MET applications.

Bacterial Extracellular Electron
Transfer Pathways
Exoelectrogenic bacteria utilise one or a combination
of several EET mechanisms to electrochemically
communicate with their environment, either by
direct or indirect electron transfer mechanisms
(Figure 2). Direct EET mechanisms involve
intimate physical contact between the organism
and the electrode and our current understanding
of this interaction is largely based on the study of
two model systems: Shewanella onedesis MTR-1
(60, 61) and Geobacter sulfurreducens (53, 62,
63). S. onedesis MTR-1 is considered a model
organism to study EET via outer-membrane-bound
cytochromes (OMC), while G. sulfurreducens is

© 2022 Johnson Matthey
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known for its conductive protein appendages, often
referred to as ‘nanowires’. While other Shewanella
and Geobacter are capable of external charge
transfer, and in some cases such as Geobacter
metallireducens possibly exceed in its ability to
transfer electrical charge when compared to the
model organisms (64), the former strains were the
first in which these mechanisms were described and
to date, they form the most extensive knowledge
base for EET. Direct EET can be further divided
into long- and short-range mechanisms (65–67)
(explained in more detail below) and organisms
frequently express multiple EET pathways in
response to environmental changes (68, 69).
Indirect EET mechanisms rely on soluble, redoxactive ‘mediator’ compounds to transfer electrons
when the organism is not in direct physical
contact with the oxidising or reducing source
(13, 70–73). Although exceptions exist, many
bacterial cell membranes are comprised of nonconductive peptidoglycans and phospholipids,
electrochemically insulating intracellular redoxactive species with the external environment, and
not yet shown to be capable of significant membrane
faradaic electron transfer (74). To overcome
this shortfall, a large number of bacterial strains
utilise electron-carrying mediator compounds
which allow the shuttling of electrons between
metabolic machinery and external oxidation or
reduction sources (75). Some of these compounds
are synthesised by the organism, while other
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organisms rely on inorganic redox-active minerals.
Additionally, some mediator compounds such
as pyocyanin are membrane-diffusible, allowing
microbial uptake and interaction with intracellular
redox centres, while others are not and perform EET
with membrane-bound redox machinery such as
cytochromes.
Many electron mediators possess reversible
redox states, enabling the cycling of oxidation and
reduction reactions, meaning relatively low mediator
concentrations can facilitate the indirect EET of
a system (70). First studied in the 1930s (40), a
large range of mediator compounds were identified
throughout the 20th century including phenazines,
phenoxazines, phenothiazines and quinones (1, 76).
Furthermore, the addition of exogenous mediator
compounds to MET was a technique used in early
studies to artificially boost the rate of bacterial
EET. However, they generate relatively low current
densities compared to direct EET mechanisms
(10–100 mA cm–2) and introduce added cost and
complexity to EET bioreactor design (77). For these
reasons, modern MET research has largely moved
on to engineering solutions for enhanced EET
mechanisms (78).

Outer-Membrane-Bound
Cytochromes
Shewanella spp. are Gram-negative, rod-shaped
facultative anaerobes, of which many have found

© 2022 Johnson Matthey

Johnson Matthey Technol. Rev., 2022, 66, (4)

https://doi.org/10.1595/205651322X16548607638938

(a)

(b)

e–

Cytoplasmic membrane
Microbial redox machinery
CymA

CymA

FccA
e–

MtrA

e–

e–

e–

Fumarate

e–
e–

Succinate

Outer membrane

Red

Ox
e–

e–
e–

e–

e–

MtrB
MtrC

e–

e–
e–

e–

e–
e–

Electrode

Reduced
electron
shuttle
e–
e–

e–

e–

Mtr
cytochrome
complex
e–

e–

e–

Electrode

e–

Fig. 3. Proposed reversible EET pathway of S. onedesis MTR-1: (a) MtrC is bound to the outer membrane,
accepting electrons, and transferring to MtrB and MtrA where it crosses the periplasmic space via CymA,
the menaquinone pool and CymA-FccA interaction. 15% of electron flux travels from MtrA directly to FccA;
(b) proposed structure of S. onedesis MTR-1 membrane protrusions with embedded Mtr redox machinery,
allowing EET to occur at extended distances. Adapted from (82) under a Creative Commons Attribution
License

an ecological niche at redox interfaces (74). The
Shewanella model of direct EET is based on a
series of multi-enzyme complexes embedded in
the bacterial cell membrane, forming a conductive
bridge across the periplasmic space (79) with
indirect methods also contributing substantially
to electron flow. S. onedesis MTR-1 is the model
electroactive strain, from which much of the
understanding of this genus is derived. In S.
onedesis MTR-1 the Mtr pathway (encoded by the
mtrCAB operon) enables the electrons to move
between living cells and inorganic materials. It
is proposed that MtrC, a multiheme-containing
cytochrome is bound to the outer membrane,
accepting or donating electrons to the cell’s
surroundings with MtrB and MtrA spanning the
periplasmic space (79–81) (Figure 3(a)).
The pathway is redox-reversible, making S.
onedesis MTR-1 capable of both inward and outward
EET (82, 83). However, this is dependent on the
outermost enzyme, MtrC, directly contacting the
anode or cathode. To allow this to occur at greater
distances, Shewanella spp can form extensions of its
outer membrane, with embedded MTR machinery
in response to oxygen limitation (69, 79, 80, 84).
By forming these cellular protrusions, S. onedesis
MTR-1 has evolved a strategy to extend the spatial
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range of Mtr-facilitated EET (80), enabling longrange direct EET (Figure 3(b)).
However, the EET mechanism of these protrusions
(‘nanowires’) in S. onedesis MTR-1 is less clearly
understood. A seminal 2014 study used gene
expression analysis, combined with directly labelling
cellular components and immunofluorescence
imaging to capture the structure of S. onedesis
MTR-1 nanowires and suggested a series of outer
membrane vesicles enabling EET over micrometre
distances (80). This could explain the difficulties
previous studies experienced in isolating S. onedesis
MTR-1 nanowires, as they are indistinguishable
from the rest of the cellular membrane, making
the extraction and analysis of individual filaments
a significant challenge. Building on this work,
Subramanian et al. proposed that EET occurs via
a combination of ‘electron-hopping’, and diffusion
between redox-active proteins located on dynamic,
outer-membrane-vesicles conjoined to form
conductive ‘nanowire’ extensions (79).
While it has been suggested that S. onedesis
MTR-1 is capable of lower current generation than
other currently known exoelectrogenic strains
(59, 85–87), it remains one of the most studied
organisms in bioelectrochemical systems. The
bidirectional EET nature of the Mtr pathway means

© 2022 Johnson Matthey
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it can be used in both MFC and MES (82, 88–90), in
contrast to other long-range direct EET mechanisms
for which the ability to operate bidirectionally is
unclear. Significant gains in expanding the synthetic
biology toolkit of S. onedesis MTR-1 have been
achieved, including the use of inducible expression
and repression systems (91–93), and production
of electrocompetent cells (94), important tools to
study the underlying biology of EET and allowing
precise, high-throughput genetic modification.
Expression of the Mtr pathway in Escherichia coli
has been undertaken by several research groups
(17, 95–98), allowing the leverage of advanced
genetic modification tools. Reactor setup is also
highly influential on the rate of S. onedesis MTR‑1
EET, with a highly cited study achieving 100%
increases in power generation using oxygenlimiting conditions and high electrode surface area
to reactor volume in a miniature 1.2 cm3 MFC (99).
These findings suggest further optimisation of
reactor setup may allow higher current generation
gains.

Conductive Protein Nanowires
Geobacter are obligately anaerobic, Gram-negative
bacteria (100), commonly used as the biocatalyst
in anodic MET processes. G. sulfurreducens, the
most well-characterised strain, has generated
the highest maximum current produced to date
in MFC reactions (48). While the current scientific
consensus is unclear whether the conductive
nanowires of Geobacter spp are capable of
bidirectional EET, G. sulfurreducens cathodic
electron transfer has been demonstrated in MES
(101–103). Although Geobacter spp are arguably
the most well-studied genus of EAB, the complex
array of EET mechanisms shown to contribute
to its respiratory metabolism mean the precise
nature of how Geobacter spp electrochemically
communicates is still an enigma.
In contrast to Shewanella membrane extensions,
Geobacter has been shown to produce conductive
proteinaceous filaments. Originally, these filaments
were thought to be a form of type-4 pili, termed
‘nanowires’, providing Geobacter spp with a long
range, direct electron transfer mechanism (104).
The original model suggests Geobacter pilin
nanowires are secreted by the type-4 apparatus
shared with many Gram-negative, PilA-expressing
organisms (21). They are thought to consist of
repeating subunits of a single PilA monomer (105)
with homology to other Gram-negative PilA proteins
(Figure 4).
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The PilA monomers are constructed into pili
complexes by the T4aP assembly system, encoded
by the pilMNOPQ genes. These genes are present
in a wide range of Gram-negative organisms,
including pathogens (106, 107) with typical
functions including twitching motility and adherence
to host cells, making type-4 pili an important
virulence factor (108, 109). The PilA of Geobacter
spp however is much shorter than other T4aP
PilA monomers, with a highly truncated carboxyl
terminal end (51). This is thought to prevent
the neutralisation of electrons travelling along
the PilA before moving the next subunit (110).
Interestingly, electroactive pili are not exclusive
to Geobacter spp. Recent analysis has suggested
that
Flexistipes
sinusarabici,
Calditerrivibrio
nitroreducens and Desulfurivibrio alkaliphilus may
express filaments of comparable conductivity to G.
sulfurreducens (111), and electroactive filaments
have been identified in archaea (112). This
widespread diversity provides further evidence of
the effectiveness of conductive nanowires as an
EET option, as the mechanism may have evolved
independently across phylogenetic kingdoms.
A substantial body of evidence has suggested a
relationship between conductivity and aromatic
amino acid content of PilA monomers (63, 110, 111,
113–115). The actual mechanism of how electrons
transverse the filaments, however, is less clearly
understood and is subject to much debate. Two
contrasting models have been proposed, including
metallic-like conductivity via aromatic amino acid
residues along the pili monomer sequence, along
with multistep electron-hopping via a network of
type-c cytochromes distributed throughout the
pili and biofilm (116, 117). Several studies have
described pilus conductivity to be in a manner similar
to metallic wires, suggesting a form of conductivity
termed ‘metallic-type’ via π-π stacking of aromatic
amino acid orbitals within the inner core of the pili
structure (64, 113, 116, 118). However, others
counter that the geometry of phenyl ring stacking is
not sufficient to bring aromatic residues within the
correct spatial distances to allow delocalised charge
transfer and instead suggests an axial, multistep
electron-hopping conductivity model (119). The
PilA monomer of G. sulfurreducens contain higher
proportions of aromatic amino acids than other type-4
pili (111) and are congregated at the c-terminal
end (120). Experiments reducing the aromatic
amino acid composition of G. sulfurreducens PilA
have been shown to produce strains capable of
under 10% electron transport rates compared to
wild-type strain (113), indicating the correlation
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Fig. 4. Geobacter conductive protein nanowires: (a) predictive model of G. sulfurreducens PilA conductive
nanowire; (b) the closely related type-4 pili of Cupriavidius necator, displaying differences in aromatic
amino acid (red side chains) composition and secondary protein structure. Both models produced by Pymol.
Contrasting models of electron flow: (c) electron-hopping/tunnelling model, where electrons move between
aromatic amino acid residues along the PilA filament; and (d) metallic-like conduction, where delocalised
charges are distributed throughout aromatic amino acid residues within the inner core of the filament.
Reprinted from (51), Copyright (2014), with permission from Elsevier; (e) comparison of type-4 pili protein
sequences from: GS (G. sulfurreducens), CN (Cupriavidius necator), PA (Pseudomonas aeruginosa), NG
(Neisseria gonorrhoeae). Produced via BioEdit

between aromatic amino acid content and electron
transport rates. Recent analysis has also suggested
that microbial nanowires are in fact not PilA at all, but
polymerised OmcS cytochromes with the stacking
of heme rings within the inner core providing
conductivity (14, 16). Further analysis then observed
a second form of cytochrome-based nanowire, with
1000-fold conductivity increases over OmcS (121).
However, direct atomic force microscopy analysis
of G. sulfurreducens cells suggested that 90% of
surface-expressed filaments were comprised of
PilA proteins (122). This disparity has stimulated
heated debate (21, 123) with others discussing
at length the limitations of this electron transfer
model. Recently, researchers suggested that the
pili of G. sulfurreducens did not have a conductive
function and were associated with structural
roles of supporting biofilm growth on electrode
surfaces (124). Contradicting this hypothesis and
further blurring the scientific consensus, another
2022 study achieved a conductive pilus-based
nanowire on the type-1 architecture of E. coli by
modifying the aromatic amino acid content of the
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chassis’ native monomer sequence (125), the first
example of a conductive pilus not based on type-4
construction systems. Although these findings
are contradictory regarding the structural identity
of G. sulfurreducens conductive nanowires, they
strongly indicate there may be multiple pathways
contributing to EET for this organism (111). Given
the myriad of EET mechanisms already shown to
be present in Geobacter spp (100, 126–130), it
is possible that both pili- and cytochrome-based
conductive nanowires perform EET functions in
Geobacter spp.

Limitations of Native EET for MET
Applications
Despite the growing interest and literature on MET,
their application beyond laboratory scale is still
limited, mostly due to poor charge transfer efficiency
at the interface of cell and electrode (50, 116, 131).
In MFCs, the highest reported power densities are in
the order of a few watts per square metre of electrode
surface area, significantly lower than current
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densities produced in chemical fuel cells (53). While
the complexity of factors influences the poor power
and current generation of MET, a key factor that
this review aims to address is the degree of biofilm
formation on the electrode. The number of cells in
direct contact with the electrode limits the amount of
EET that can occur, therefore restricting the amount
of microbial respiration and subsequent current
generation. Electroactive nanowires such as those
expressed by Geobacter spp allow longer-range EET
providing a connection between cell and electrode
(21, 132, 133) and as such are a critical target to
overcome this limitation, either by optimising the
native mechanism, expressing in heterologous hosts
or replicating using conductive nanomaterials.
To address the limitations posed by the native
low EETs, engineering biology and biohybrid
approaches have been explored as strategies to
boost efficiency. Investigating these approaches
both independently and in tandem could provide
novel strategies in advancing MET past the
laboratory stage and allowing society to benefit
from their application. A wide range of biological
approaches and nanomaterials have been studied
to boost microbial EET mechanisms and will be
outlined in Part II (58) of this review.
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It is imperative to develop novel processes that
rely on cheap, sustainable and abundant resources
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whilst providing carbon circularity. Microbial
electrochemical technologies (MET) offer unique
opportunities to facilitate the conversion of chemicals
to electrical energy or vice versa by harnessing the
metabolic processes of bacteria to valorise a range
of waste products including greenhouse gases
(GHGs). Part I (1) introduced the EET pathways,
their limitations and applications. Here in Part II,
we outline the strategies researchers have used
to modulate microbial electron transfer, through
synthetic biology and biohybrid approaches and
present the conclusions and future directions.

Engineering Biology Approaches
for Extracellular Electron Transfer
Modulation
Increasing the conductivity of pilin-based
bacterial nanowires via aromatic amino acid
content modification of protein monomer
sequences has been an interesting target for
the modulation of extracellular electron transfer
(EET) mechanisms. Tan and colleagues (2) found
that replacing the tyrosine and phenylalanine
residues at the carboxyl terminus of the Geobacter
sulfurreducens PilA monomer with tryptophan
yielded a strain expressing pili with conductivities
over 500-fold greater than G. sulfurreducens
wild-type. In another study (3), the authors found
that expression of the aromatic-amino acid rich,
highly conductive Geobacter metallireducens PilA
monomer in G. sulfurreducens produced currents
over 5000-fold greater than G. sulfurreducens
wild-type. These findings strengthen the
correlation between aromatic amino acid content
and pili conductivity, offering opportunities to
© 2022 Johnson Matthey
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improve pili conductivity via amino acid sequence
modification of the pilus monomer.
The presence of the T4aP assembly systems in many
other bacterial species offers a great opportunity
to confer EET abilities to non- or poorly conductive
organisms. Pseudomonas aeruginosa has been
subjected to two different biological engineering
approaches by Liu and colleagues (4) to enhance
the EET ability of this organism by heterologous
expression of G. sulfurreducens PilA, alongside the
modification of its native PilA with the elements of G.
sulfurreducens PilA thought to impart conductivity.
These modifications included the truncation at the
C-terminus to 61 amino acids in length (from 143) and
increasing aromatic amino acid content, producing
the strains P. aeruginosa GsPilA and PaPilA (5).
The recombinant pili of both strains could interact
with the native assembly machinery, forming pili
complexes with increased charge transfer than wildtype P. aeruginosa. P. aeruginosa GsPilA displayed
conductivity comparable to G. sulfurreducens PilA,
and P. aeruginosa PaPilA was 140 times more
conductive than native PilA. Remarkably, the modified
P. aeruginosa PaPilA displayed conductivity with a
seven-fold increase over the G. sulfurreducens PilA.
This suggests modifying the monomer sequence of
other T4aP-producing organisms may improve native
EET capabilities.
In another study, heterologous expression of
the G. sulfurreducens PilA in the model organism
Escherichia coli enabled conductive nanowire
expression under aerobic conditions (6). The use
of E. coli enables the leverage of a much greater
genetic toolkit, including the possibility of synthetic
amino acid inclusion into the monomer sequence to
confer additional functionality. This was achieved by
expressing the native T4aP from enterohemorrhagic
E. coli in a non-pathogenic strain while replacing
the native PpdD pilin gene for G. sulfurreducens
PilA conductive pili monomer producing the strain
E. coli GPN (6, 7). While the recombinant pili
were shown to have similar conductivity to G.
sulfurreducens PilA ex vivo, it is unclear whether
the recombinant strain E. coli GPN can utilise the
EET mechanism to achieve the same levels of
EET as the wild type in microbial electrochemical
technologies (MET) applications. Conducting
microbial fuel cells (MFCs) studies using the E. coli
GPN chassis would be a vital continuation of this
research to assess the capabilities of recombinant
nanowire exoelectrogenic potential in vivo.
Furthermore, researchers have recently designed a
conductive type-1 pilus from E. coli, using synthetic
amino acids to increase electron transfer potential,
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alongside conjugation with gold nanoparticles to
further boost filament conductivity (8), producing
an organic biohybrid conductive nanowire. PilA
sequence modification also provides opportunities
to add peptide tags to conductive nanowires,
allowing novel environmental sensing applications
and increasing affinity to other molecules (6, 9).
To date, several research groups have successfully
expressed the Shewanella onedesis MTR-1 direct
EET pathway in E. coli (10–12). First achieved in
2010, Jensena et al. demonstrated that expression
of MtrCAB could allow electrochemical connections
(or ‘wiring up’ (13)) between bacteria incapable
of metal reduction and the solid mineral α-Fe2O3.
Specifically, in E. coli expression of MtrCAB allowed
the reduction of insoluble Fe(III) four times
faster than the wild type strain, demonstrating
that MtrCAB recombination is a potential route
to produce synthetic exoelectrogenic bacterial
chassis.
Other studies have demonstrated that MtrCAB
expression can shift the metabolism of engineered
E. coli strains towards reduced products (14).
Researchers in 2020 achieved 90% increases
in succinate production (from fumarate) via an
E. coli strain engineered with the MtrCAB membrane
proteins from S. onedesis, using the soluble
mediator neutral red as an intermediate (14).
Furthermore, the study’s authors achieved a
shift towards reduced fermentation products
in a microbial electrosynthesis systems (MES)
bioreactor using glucose as a carbon source. With
electrical stimulation of 69.6 ± 5.5°C charges
to the anode, an engineered E. coli T110 strain
expressing the MtrCAB complex produced 64.7%
more succinate and 34.1% less acetate than a
control non-electroactive E. coli T110 strain (14)
indicating an increased rate of electron assimilation
and utilisation. While these studies demonstrate
that S. onesesis EET pathways can be used to
produce microbial chassis capable of reducing
oxidised carbon sources to valuable chemicals and
fuels, the technology is not yet at a state where the
EET rate of recombinant strains can be increased
over that of the native exoelectrogenic bacteria.
Furthermore, S. onedesis is capable of direct ET
(although short-range) however this ability has not
yet been achieved in engineered E. coli strains by
MtrCAB expression alone. This point highlights the
complexity of native EET mechanisms and indicates
the expression of EET pathways may be under
some form of post-translational control. Recent
advancements have achieved both anodic (15)
and cathodic (16) EET in E. coli strains expressing

© 2022 Johnson Matthey
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the Mtr1 pathway, by modifying the ccm genes
regulating cytochrome maturation. These findings
suggest that simply expressing the Mtr pathway
alone is not sufficient to enable direct EET, control
of protein synthesis and maturation is required
to express Mtr1 cytochromes in the correct ratios
and locate to the required intracellular positions to
enable increased electron flux (17).
An interesting development in the engineering and
design of recombinant electroactive bacteria (EAB)
is the finding that redox-active shuttle molecules
can interact directly with genetic regulation systems
(18–21). A 2017 study demonstrated that the
redox-active, membrane-permeable electron shuttle
molecule pyocyanin could be used to intracellularly
activate the SoxRS regulon in E. coli, stimulating the
expression of a range of genes under its control (18)
via modifying the voltage applied to an electrode. This
work offers broad opportunities in controlling gene
expression via electrical stimulation, of particular
interest to MES reactions where modulating the
production of a range of valuable reduced chemical
commodities is a longstanding goal (22).

which have been extensively reviewed (23–29).
Advancements in nanoscale material engineering
and synthesis have enabled the possibility of
replicating biological EET mechanisms with conductive
nanoscale structured materials. Properties such as
high conductivity, large specific surface areas and
biocompatibility make conductive nanomaterials highly
attractive to enhance the EET rate of EAB, by bridging
the gap between the microbial redox machinery
and electrodes (27, 29, 30) as seen summarised in
Figure 1 and described in more detail below.
Nanoscale materials, such as carbon nanotubes
(CNT), graphene oxide (GO), metal nanoparticles
and a range of synthetic conductive polymers
have been employed based on their remarkable
conductive properties and nanometre size,
enabling electrochemical interactions with cellular
systems (32). Termed ‘biohybrid’ systems,
nanomaterial-based EET technologies have been
employed to form a connection between microbial
redox centres and electrodes of MET at several
locations: inside-membrane; at the interface;
inside biofilm; and interspecies (29).

Biohybrid Approaches for
Extracellular Electron Transfer
Modulation

Biohybrid Modifications by Location
Inside-membrane modifications (Figure 1(a))
are those where nanomaterials probe the cellular
interior and bridge the gap between internal redox
machinery and electrode (31). Cell-electrode
interface modifications (Figure 1(b)) rely on

An alternative approach to bridge the gap between
cellular redox machinery and MET circuitry can be
achieved via the use of conductive nanomaterials,
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Fig. 1. Locations of nanomaterial modification to increase bacterial EET: (a) inside-membrane, with
nanomaterials bridging the gap between intracellular microbial redox machinery and electrode; (b) cellelectrode interface, where highly structured nanomaterials increase electrode surface area and offer
increased sites for biofilm attachment; (c) biofilm modification, providing a conductive scaffold throughout
the biofilm via the addition of conductive nanomaterials or redox-active particles to extend the spatial range
of EET; and (d) interspecies modifications, where nanomaterials provide an electron transfer conduit between
a mixed microbial culture. Reprinted from (31), Copyright (2018), with permission from Elsevier
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highly structured nanomaterials to increase
electrode surface areas and redox site availability
or to provide a framework for increased biofilm
attachment (28, 29). Inside-biofilm modifications
(Figure 1(c)) use nanomaterials to provide a
conductive scaffold throughout a biofilm, increasing
the spatial range of EET (33). Nanomaterials
were also employed to provide an electron
transfer conduit between a multispecies microbial
community (34) (Figure 1(d)); however, these
modifications are outside the remit of this review.

Inside-Membrane Modifications
Early studies focused on fabrication of electrodes
from single walled CNT (SWCNTs) functionalised
with an osmium(II) bipyridine complex (Osbpy).
These were successfully used to convert biologically
generated currents from Proteus vulgaris and will
be discussed below. While focused on eukaryotic
cells, researchers have devised strategies enabling
electrochemical communication with the cellular
interior. CNTs are particularly suited to this
application, as their high aspect ratio enables
penetration of membranes to access the cellular
interior without affecting viability. A 2012 study
successfully interfaced DNA-wrapped CNTs with the
RAW 264.7 mouse macrophage cell line (35). DNAfunctionalised CNTs were deposited on an indiumtin-oxide glass chip in a vertical alignment, forming
a ‘nanoelectrode array’ capable of self-insertion in
the membrane and detecting the reduction of the
methylene blue redox probe after electrochemical
stimulation. These findings demonstrate that
CNTs can span biological membranes to access
the intracellular environment without causing cell
death, alongside the potential to modify CNTs with
biomolecules to confer additional functionality.
Building on this approach, multiple studies have
demonstrated that CNT-cell interfacing could
also be achieved via centrifugation, eliminating
the need to modify the CNT nanoelectrode with
DNA (36–38). Applying similar methodologies
to poor EAB may offer potential in enabling EET
abilities. However, differences in prokaryotic and
eukaryotic cell wall physiology are a barrier. While
eukaryotic cells have single-layer membranes,
allowing relatively straightforward CNT insertion,
bacterial cell membranes, especially the Gramnegative family in which many of the EAB reside,
have multi-layered protective membranes (39). A
nanoelectrode array would need to be of sufficient
length to penetrate the bacterial envelope to
connect with internal redox centres, with no loss of
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conductivity or increases in resistance or toxicity.
Furthermore, the increased centrifugal forces
required to penetrate thicker bacterial envelopes
may reduce viability.
An alternative membrane insertion methodology
involves functionalising CNTs with species-specific
lipids, allowing natural compatibility and insertion
within
phospholipid
membranes
(40–42).
These synthetic ‘CNT-porins’ replicate biological
membrane channels and with lumen diameters of
approximately 1 nm have been demonstrated to
facilitate transport of biomolecules to the cellular
interior (41, 43). Furthermore, as their length
is determined by a sonication step (44) it may
be possible to produce CNT-porins of a length
sufficient to penetrate the bacterial envelope.
CNT-porins have been successfully used as a
synthetic drug membrane conduit in eukaryotic
cells (43) and may offer a novel route to allow EET
in microbial species without efficient native EET
mechanisms. However, materials such as CNTs
can have antimicrobial properties (45), causing
loss of membrane function and structure (46).
Any system complexing CNTs with bacterial
membranes must be carefully designed to not
affect the cell membrane viability.

At-Interface Modifications
All MET include an electrode acting as the electron
acceptor or donor. MFCs were the first form of MET
to be developed, largely designed with carbonbased electrodes such as glassy carbon, graphite,
carbon paper and carbon cloth (32). Early designs
used the addition of exogenous electron mediators
to shuttle the charge between the cell and electrode.
However, the mediator compounds required
constant replenishment, adding cost, complexity
and environmental issues surrounding their
disposal (47). The discovery of direct EET methods
removed some of this complexity, leading to an
increase of charge and power densities produced.
However, the overall charge transfer efficiency of
direct EET mechanisms is fundamentally limited
by the number of cells in physical contact with the
electrode (48, 49). G. sulfurreducens nanowires
are an example of a naturally-evolved strategy
to increase the biofilm loading capacity of an
electron donor or acceptor (50). In a synthetic
approach to the same goal, three-dimensional
(3D)
conductive
nanomaterial-functionalised
electrodes have been extensively studied (51–55).
By decorating electrode surfaces with highly
structured nanomaterials, specific surface areas
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are vastly increased providing more locations for
biofilm attachment and EET to occur in an example
of ‘at interface’ biohybrid MES.
CNTs and GO, are some of the most well-studied
nanomaterials in MET applications, having shown
successes in enabling increased microbial EET rates
through a combination of increased surface areas and
high conductivity. Peng et al. found that S. onedesis
MTR-1 current generation in an electrochemical
cell was increased 82-fold with a CNT-modified
electrode, from 0.117 μA cm–2 to 9.70 μA cm–2. The
study’s authors theorised that heterogenous Mtr
cytochromes exhibit a ‘sluggish’ form of electron
transfer, and the favourable electron kinetics of
CNTs, rather than increase of electrode surface
area solely, contributed to the increase in current
generation (56). In contrast, Zhao and colleagues
designed a highly structured nanoelectrode
‘net’ from GO and CNTs, vastly increasing the
electrode surface area and number of cells in
direct contact. This resulted in a 60-fold increase
in current density generation (from 20 μA cm–2
to 120 μA cm–2), as compared to a naturally grown
anodic biofilm (57). Similarly, a research group
achieved 25-fold increases in anodic, and 74-fold
increases in cathodic current density over that of
the naturally occurring biofilms via the use of a GO
mesh electrode with embedded S. onedesis MTR-1
biofilm (58).
Coating electrode surfaces in conductive polymers,
such as osmium redox polymers have also been
employed to increase bacterial EET rates, by
improving biocompatibility and biofilm adhesion
(59–61) and allowing direct EET, in organisms
previously considered incapable of this form of electron
transfer (62, 63). For future nanostructured electrode
design, looking outside of the CNT-GO paradigm, it
may be beneficial to take advantage of the additional
properties and functionalities offered by alternative
materials.

Inside-Biofilm Modification
Tuning the conductivity of biofilms via the addition
of conductive nanoparticles is an alternative
strategy to increase the rate of bacterial EET. Not
all EAB can generate an extracellular conductive
matrix, and research suggests thick biofilm
growth can suppress EET in strains incapable
of long-range DET (64). Furthermore, while
native G. sulfurreducens nanowires are highly
conductive (65), there is still potential for further
improvement. Another approach to increase the
spatial range of EET in EAB is to ‘dope’ the system
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with conductive particles, generating a ‘biohybrid’
synthetic extracellular conductive matrix, or
strengthening an existing one. A range of metal
and carbon-based materials have been studied
(33, 66–69). Zhang and colleagues (33) designed
a hybrid system, wiring naturally occurring anodic
biofilms with a conductive scaffold of CNTs,
forming ‘synthetic nanowires’ of the same principle
as G. sulfurreducens conductive filaments. This
system displayed 40% increases in current
generation over a naturally formed biofilm, with
53% decrease in start-up time before current
generation occurred. Chen et al. (70) developed
a similar system incorporating gold nanoparticles
into G. sulfurreducens biofilms, reducing charge
transfer resistance of the native biofilm and
achieving anodic current density increase of 40%
over the native biofilm, indicating the potential of
this strategy.
An advantage of biohybrid-biofilm modification
is the relative simplicity of material integration
compared to strategies involving synthetic biology
or nanoparticle incorporation within bacterial
membranes; the systems involve either simple
addition of nanoparticles to an anodic MFC
chamber (70) or an absorption and filtration
process (33). In addition, the antimicrobial
potential of puncturing bacterial membranes
with CNTs is eliminated as biofilm modifications
are applied extracellularly. Furthermore, Kato
et al. (68) found that doping MFC biofilms with
iron-oxide minerals increased the charge densities
produced by Geobacter spp without conductive
nanowire expression systems, while reducing
current density in the nanowire-producing G.
sulfurreducens, indicating that iron-oxide-mineral
addition produced a microbe-mineral network,
rather than a conductive mineral-doped biofilm.
The study’s authors argued this microbe-mineral
network is metabolically favourable as an EET
pathway, due to the large energy expenditure
of nanowire expression and that expressing
conductive filaments is the EET pathway of last
resort for G. sulfurreducens (68). Comparing
current densities produced via doping the biofilm
of a EAB strain with conductive particles with a
naturally formed biofilm would be a promising
experiment to test this hypothesis, potentially
allowing a straightforward method to tune biofilm
conductivity. However, as this strategy is based on
extending the spatial range of EET; it must employ
a bacterium capable of high-rate EET, rather than
conferring exoelectrogenic abilities to a non- or
poorly electroactive organism.
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Additional Extracellular Electron
Transfer Modulation Strategies
Redox-active and conductive polymers have also
been applied as ET conduits at the microbeelectrode interface (71–73). While bacteria
outlined previously have the capability of directly
connecting with electrodes, many organisms
cannot. Thus, large classes of microbial species
require indirect, ‘mediator’ based systems to
perform EET. ‘Mediator based’ EET is classified as
an indirect mechanism, as the shuttle compounds
are solubilised and charge transported throughout
the liquid media. However, a novel approach is
blurring the classifications of EET by immobilising
redox mediator compounds onto electrode surfaces
(74–76). By creating synthetic or ‘biohybrid’ redox
centres on the electrodes of MET, exoelectrogenic
microbial EET can be ‘boosted’ and allow EET
capabilities in organisms traditionally considered
as ‘non-exoelectrogenic’. Immobilised mediator
compounds differ in their mechanism of electron
transfer; redox active materials contain residues
that are oxidised and reduced in cyclical manners,
accepting and donating electrons between the
microbial catalyst and electrode and acting as
intermediate electron ‘batteries’ or ‘capacitors’.
In contrast, conductive polymers act as ‘wiring’,
transporting electrons through a conductive inner
core formed by the stacking of pi:pi orbitals within
the internal structure. Conductive polymers are
generally capable of higher ET rates, although
redox active polymers can be tuned to a greater
degree. As ET occurs on redox-active residues
located on sidechains of the polymer structure,
the potential to modify redox active polymers is
greater than the inner-core located residues of
conductive polymers. While both can be applied to
boost the EET capabilities of MET, the properties
must be matched to the desired application. For
example, conductive polymers display optimum
ET rates in acidic conditions, while redox-active
polymers can be manipulated for a pH optimum of
choice. Two example families of redox-active and
conductive polymers are based on osmium, and
quinone respectively.
Osmium-based polymers (OBP) have shown
success in enabling direct EET in otherwise
incapable organisms, through the decoration of
electrode surfaces and electrons travelling via
electron hopping along redox-active osmium units
within the polymer structure. Both prokaryotic
and eukaryotic osmium-facilitated EET has been
observed, including both Gram-negative dual
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membraned (~15 nm) and Gram-positive single
membrane (~35 nm) cell envelopes (75) suggesting
OBP enabled the exchange of electrons from the
cell surface, rather than penetrating the cell to
access intracellular redox centres. Indeed, the
observation that direct EET was possible through
the thick peptidoglycan cell wall of Gram-positive
bacteria through OBP-electrode functionalisation
suggested an electrochemical interaction between
surface-bound cell wall components and OBP
facilitated EET. To demonstrate this effect,
Pankratova et al. coated gold disk electrodes with
an osmium redox polymer (Os(2,2′-bipyridine)2poly(N-vinylimidazole) 10Cl]2+/+) and tested the
electrochemical response in the presence and
absence of Gram-positive Enterococcus faecalis
cells. While no current generation was observed
in the absence of cells or osmium polymer,
the inclusion of bacterial cells led to a current
response of 18 ± 1 μA cm–2. Considering the thick
peptidoglycan cell wall of E. faecalis, it is unlikely
that the osmium polymer directly communicated
with internal redox centres indicating the ability of
osmium polymers to mediate electron flow across
cellular envelopes (73). The fact that E. faecalis,
and other Enterococci are frequently found as
part of the natural microbial consortia of MFC
inocula complicate the situation, indicating another
member of the consortium may produce a mediator
compound that can be utilised by Enterococci
to facilitate EET. In eukaryotic yeast cells,
researchers observed electrochemical interactions
between cells and electrodes modified with an
osmium bipyridine polymer. Again, the surface
topography of the modified electrode, with peaks
smaller than the cell wall indicated ET did not occur
as a result of membrane penetration. However,
control experiments removing the OBP led to no
electrochemical peak upon cyclic voltammetry
scanning, indicating the OBP was facilitating
charge transfer from the cellular exterior. While
these findings challenge previous assertions about
cell wall conductivity and electron transfer, the
authors could not explain the phenomenon. Current
understandings of cell wall physiology may need
to be re-evaluated to gain a deeper understanding
of the travel of electrons through the cell walls of
eukaryotic microorganisms (77).
The use of more than one functional nanomaterial
in combination can overcome the shortcomings
of any individual material (78–80). For example,
GO is a highly conductive, one-dimensional
carbon network capable of forming 3D structures
with high specific surface areas, however these

© 2022 Johnson Matthey

https://doi.org/10.1595/205651322X16621070592195

are prone to cross-linkage and aggregation.
Modification with multi-walled CNTs (MWCNTs)
can provide a supportive scaffold, reducing
agglomeration between graphene sheets and
producing a macroporous electrode surface for
increased bacterial adherence. To demonstrate
this system, Zou et al. (81) constructed a
S.
putrefaciens-inoculated
MFC
using
a
hybrid
MWCNT-reduced
GO
(rGO)
anode.
The system achieved current density outputs
of 44%, 22% and 182% increase over
MWCNT, rGO and bare carbon cloth anodes
respectively (rGO:MWCNT = 2.09 ± 0.05 A m–2;
MWCNT = 1.45 ± 0.04 A m–2; rGO = 1.71 ± 0.05 A m–2;
bare carbon cloth = 0.74 ± 0.01 A m–2). In addition,
the rGO:MWCNT anode achieved power density
increases of 86% and 57% over MWCNT and rGO
anodes respectively (rGO:MWCNT = 789 mW m–2;
MWCNT = 423 mW m–2; rGO = 500 mW m–2) and
much lower Rct of 24 Ω for the hybrid anode, from
75 Ω and 86 Ω for rGO and MWCNT respectively.
The dramatic increases were attributed to the
reduction in rGO cross linkage from MWCNT internal
stabilisation, providing a 3D nanostructure for the
attachment of a greater number of bacterial cells.
However, ‘at-interface’ biohybridisation based
on nanostructured electrodes require bacterial
strains with some form of direct electron transfer
ability. Other strategies, using nanomaterials to
enable direct EET in non- or poorly electroactive
organisms have been suggested. An early example
of this is Rawson’s 2011 study mentioned earlier,
using osmium-bipyridine functionalised SWCNTs
as ‘nanoelectrodes’ capable of accepting electron
flow from the surface-redox centres of Proteus
vulgaris (82). In this case, ET from P. vulgaris
was previously unreported in the literature.
These findings are encouraging, inferring that
nanomaterial biohybridisation can offer potential
in conferring direct ET abilities in organisms
previously considered incapable of this form of ET.

Conclusions and Future Directions
MET were first imagined over a century ago, yet
their application in real-world systems is rare
with only a handful of systems progressing past
the laboratory scale. This is due to low power
generation, partly attributable to the low efficiency
of native EET mechanisms to connect cellular redox
processes and the electrode of MET.
Engineering biology offers novel methods to
increase the rate of bacterial EET: recombination of
native EET pathways into more industrially relevant,
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well-characterised organisms offers potential to
produce highly exoelectrogenic strains aligned
with the requirements of larger-scale systems.
Furthermore, the larger genetic toolkits allow the
manipulation of such chassis, offering opportunities
to add additional functionality to native EET
pathways. Exploitation of G. sulfurreducens
conductive nanowires, a major route of microbial
EET, has already been demonstrated in several
industrially relevant organisms. Modification of
the pili monomer protein structure, via aromatic
amino acid composition increases and inclusion of
synthetic amino acids may offer a complementary
route to the generation of a bacterial strain capable
of high-rate EET. Examples using this methodology
exist in the literature, with EET rates surpassing
native mechanisms. While recent analysis has
suggested the presence of polymerised OmcS
and OmcZ cytochrome-based nanowires (83),
and their structure has been confirmed via cryoelectron microscopy (84), their recombination to
organisms more amenable to synthetic biology and
metabolic engineering tools is yet to be achieved.
This work is vital to allow the exploitation of these
EET pathways in MET, as the growth requirements
of their native Geobacter spp hosts limit their
potential in industrial-scale processes.
In contrast the recombination strategies outlined,
conductive
nanomaterials
offer
alternative
methodologies to bridge the gap between microbial
redox machinery and the circuitry of MET. A wide
range of studies are present in the literature both
enhancing native EET pathways and conferring
increased exoelectrogenic abilities to poorly
electroactive organisms. Increasing surface area
to volume of electrode surfaces is a major area
of interest. Production of highly macroporous
electrodes via nanomaterial functionalisation has
been shown to be effective at increasing the rate
of microbial EET. Alongside this approach, the
conductivity of a natively produced bacterial biofilm
can be increased via doping reactor systems with
conductive nanoparticles to produce a conductive
scaffold throughout the system. These techniques
offer the potential to optimise the EET capabilities
of an industrially relevant exoelectrogenic strain. In
contrast, a range of nanomaterial-cell integration
systems have been suggested. By integrating
conductive
materials
within
the
bacterial
membrane, intracellular redox processes can be
‘wired’ to electrodes without affecting cell viability
and potentially allowing the development of novel
‘biohybrid’ EET mechanisms. Comparison of the
electron transfer efficiencies achieved via native
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and imported methods would be highly valuable in
advancing research in MET, by generating a greater
range of EET-capable bacterial chassis available to
system architects.
Our hypothesis is that combining engineering
biology and biohybrid approaches to industrially
relevant organisms that can grow on cheap and
renewable resources can enable the seamless
design of electronic-cellular interfaces to maximise
charge transfer, aiding the translational pathway of
developing commercially viable MET.
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As the chemicals industry transitions towards
a net zero future, rapid assessment of the
sustainability metrics of different process
results will be essential to support investment
decisions in innovation and deployment. Life
cycle analysis (LCA) offers the gold standard for
process assessment, but LCA can take weeks or
months to complete, with incomplete databases
and inflexibility in comparing different chemical
pathways. In this study, we demonstrate an
alternative and complementary methodology.
By simplifying the metrics used to describe
chemical processes, each process may be linked
to another by its feedstocks and products. This
generates a network of the chemical industry,
466

which may be investigated using graph theory
principles. A case study of the plastics industry
is provided, using publicly available information
to quantitatively compare with a more formalised
and detailed LCA approach. This methodology
proves useful for quickly estimating the carbon
intensity and water footprint of thousands of
routes. Further development, such as including
Scope 3 emissions and additional industrial data,
may further improve the methodology.

Introduction
In its “Climate Change 2021: The Physical Science
Basis” report, the Intergovernmental Panel on
Climate Change (IPCC) laid out a clear and grim
prediction of the future climate (1). In even the lowest
greenhouse gas emissions scenario considered, it is
more likely than not that a 1.5°C global warming
level will be exceeded in the mid-21st century. And
only in the lowest emissions scenario does that level
fall back under 1.5°C by the century’s end.
Meeting this lowest emissions requirement, in
line with the Paris Agreement pledge (2), requires
unprecedented transformation across all facets of
society. The chemicals industry has a vital role
to play in enabling this transition, by reducing
emissions of processes currently using fossil
feedstocks, and transitioning to emerging carbon
feedstocks such as waste, biomass and carbon
dioxide.
Several major industrial players have made
net zero pledges (3) and the magnitude of this
task should not be overlooked. Based on the
International Energy Agency’s recent roadmap
© 2022 Johnson Matthey
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Net zero scenario
Announced pledges scenario

process solutions available, and quick enough to
adapt to the fast-changing industry.
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Fig. 1. Estimated annual CO2 emissions of the
chemical industry in an announced pledges
and a net zero scenario. Based on data from
International Energy Agency, 2021 (4) as modified
by Johnson Matthey

to net zero by 2050 (4, 5), the CO2 emissions of
the chemical industry must fall by an approximate
average of 9.1% year-on-year between 2020 and
2050 to reach net zero targets, a substantial stepup from the 1.4% year-on-year decrease under
current announced pledges (5). These data are
summarised in Figure 1.
Many chemical companies are unsure how to
meet their net zero pledges, highlighted by a
recent survey from Black & Veatch, USA (6). This
survey showed that while 80% of companies with
revenues over US$250 million set greenhouse gas
reduction targets, 25% of them set goals at such
a level that they were unsure how to meet them.
While this task is daunting, it is not impossible.
In fact, there are many possible decarbonisation
pathways proposed by the chemicals industry, such
as the use of bio-based feedstocks, carbon capture
and utilisation (CCUS), electrification of processes
using renewable electricity, incorporation of low
carbon hydrogen and more (7). The optimum
solution varies for different chemical processes,
different regions and different infrastructure, so
selecting which technologies to invest and innovate
in at an early stage is a challenge in of itself. This
is also a key consideration when considering what
incentives, credits or funding schemes are applicable
to support development and implementation.
To address this challenge, the chemicals industry
requires data-driven analysis approaches to
help inform early-stage decision making. These
approaches should be accessible to a diverse group
of stakeholders (technologists, project developers,
financiers), flexible to the wide array of different
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“All models are wrong, but some are useful” is an
appropriate aphorism when discussing sustainability
assessments (8). The most common form of
process and product environmental sustainability
assessment is LCA. Considerable effort has been
made to standardise LCA methodologies and these
offer the most accurate estimates for carbon
intensity of products. They are of course still only
models, so many assumptions must still be made.
The main issues with the LCA approach for this
work are its site and process specificity and its
labour-intensity.
While LCA databases like ecoinventTM (9) provide
equivalent CO2 figures for various chemical products
such as plastics, this data lacks granularity. The
specific process steps used are often unclear and it
is non-trivial to alter specific steps. Finding sources
of data points takes considerable time (with full
LCAs taking weeks or months to complete) and
interacting with the data through programs such
as SimaProTM (10) can be non-intuitive.
The authors would like to be clear that the timeconsuming nature of LCA processes is necessary
to allow for adequate quality control and the
involvement of external practitioners, both of
which are critical to prevent methodology misuse
and deception. However, to meet these necessary
standards the full LCA process must be repeated
for every path from raw material to final product,
which is unfeasible for early-stage, high-level
investigations. And so, a complementary and
alternative tool to guide early pathway thinking
and innovation decisions is highly desirable.

The Chemical Networks Approach
A novel approach, as discussed here, involves
invoking the principles of graph theory to model
chemical processes. Graph theory is a complex
field of mathematics and will not be covered in
detail here. However, a brief introduction of terms
is presented in the Supplementary Information
accompanying the online version of this article.
The abstract concept of graph theory underpins
networks that are essential to our day-to-day lives,
from the internet to satellite navigation. Networks
have previously been used to describe chemical
reaction phenomena, notably for the dynamic
behaviour of biochemical systems (11–13).
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Graph theory may also be used to explore
chemical processes, where chemical feedstocks and
products are nodes, linked by chemical reactions
or processes. In doing so, process data (and the
associated sustainability metrics) may be linked,
allowing a ‘big picture’ view of complex, multi-step
process routes. Chemists and chemical engineers
intuitively link the feedstocks and products of these
routes, so it makes sense to link the data in the
same way.
A concept of chemical networks was taken from
conception through to commercialisation by
Grzybowski et al., who created a vast chemical
network of organic chemistry from the Beilstein
Database (14, 15). Investigating the topology of
this network elucidated some interesting insights
into its structure, but the data lacked sufficient
detail for more interesting questions, such as where
to find novel and more efficient retrosynthetic
pathways, to be answered.
Subsequent research (16) plus considerably
more data and complex algorithms allowed the
team to demonstrate the concept’s real-world
application with predicted and validated one-pot
reactions (17), optimised synthesis pathways (18)
and management of chemical threats (19).
The resulting ‘chemical internet’ allowed for
considerable synthetic insight, with the associated
Chematica program used to autonomously design
synthetic pathways to medicinally relevant targets
(20, 21). This software was subsequently purchased
by Merck, where it exists as the purchasable
SYNTHIATM software package (22).
While this is an impressive body of work,
SYNTHIATM’s prime use is for the complex
synthetic organic chemistry of the pharmaceutical
industry. The same conceptual framework may
also be used for evaluating large-scale industrial
chemical processes in the commodities space.
The methodology described herein was developed
independently but shares the same base premise
and philosophy.
In this work, industrial chemical feedstocks
and products are represented as nodes in the
chemical network, with the edges between the
nodes containing industrial chemical process
data provided from various literature, market or
commercial sources. This concept is illustrated
in Figure 2. These edges may be weighted by
industrially relevant data such as CO2 equivalence
(CO2e), water usage or feedstock consumption.
Similar methodologies for evaluating sustainability
metrics have been employed in the past, using
linear programming and ‘superstructure’ network
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Fig. 2. Illustration of methodology with the
example of formaldehyde production from
methanol, with various industrial process available

analysis to evaluate the chemical industry (23–29).
The work herein differs in its approach, in designing
an explorable network of every possible route and
an interactive user interface to allow users to
explore all possible routes to all products in real
time, as well as crude approximations of the effects
of different geographies.
The analysis carried out aims to apply the
principles of graph theory to industrial chemical
process data in order to rapidly assess the
environmental metrics of different pathways
from raw material to final chemical product.
These methods are then compared with existing
assessment methods. In this research, the plastics
production value chain was chosen as a case study.
This was chosen because emissions from the plastic
industry are sizeable (potentially reaching 15% of
the global carbon budget by 2050 (30)), with a
large proportion of industrially relevant processes
involved from raw material to final product.

Materials and Methods
The first step required to represent the sustainability
metrics of chemical process data as edge weights
in a network is to define the simplified parameters
used to represent the metrics. The goal here is to
apply universal and quick-to-compute rules to all
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processes. Such simplification admittedly reduces
the accuracy of the data provided and therefore
should only be used for preliminary screening and
comparison of different process routes, rather than
for detailed sustainability data for an individual
process or process routes.

Defining Equivalent Carbon Dioxide
This methodology defines CO2e of a chemical process
using three parameters, namely ‘direct process’,
‘direct utilities’ and ‘indirect utilities’ which are
defined in detail in the following section and shown
in Equation (i). These definitions are similar to those
presented by IHS Markit in its chemical footprint
methodology (31). A fourth parameter, relating to
the CO2 equivalence of sourcing the feedstock, is
presented for discussion and further work.
CO2e
CO2edirect process + CO2edirect utilities + CO2eindirect utilities
=
mtarget product
mtarget product

(i)

where mtarget product > 0.
The first parameter discussed is ‘direct process’.
Direct process represents any CO2 that originates
from the feedstocks. It is calculated from the sum
of the net equivalent mass of CO2 formed per mass
of all carbon containing useful products, subtracted
from the net equivalent mass of CO2 formed per
mass of all carbon containing feedstocks, assuming
complete oxidation to CO2. This is represented in
Equation (ii):
CO2edirect process
mtarget product

=

CO2ecomponent × mcomponent
mtarget product

(ii)

where mtarget product > 0, if component = feedstock,
mfeedstock > 0, if component = useful product,
museful product < 0.
For a defined chemical component, with a defined
molar mass, calculating the CO2e is trivial, as
shown in Equation (iii):
CO2ecomponent =

mcomponent
Mcomponent

×

C stoicheometrycomponent × MCO2
mcomponent

(iii)

For more ill-defined chemical feedstocks, which
consist of mixtures of chemicals, CO2e may be
estimated by approximating as one component (for
example, pyrolysis gasoline may be reasonably
approximated as benzene due to its high aromatic
content); a mixture of defined components (for
example, BTX may have a known percentage of
benzene, toluene and xylenes, from which CO2e
can be estimated); or from literature (for example,
coal’s carbon content will vary, so literature values
can be used to give an approximation).
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Exceptions may be made for bio-based feedstocks.
As the CO2 used to form these feedstocks is directly
removed from the atmosphere via photosynthesis,
CO2ebio-feedstock = 0. The same approach is taken
with direct air capture CO2. Further complexity may
be introduced by including the CO2 contribution of
sourcing the raw materials, which is particularly
important for bio-feedstocks. This will be discussed
in a later section.
All useful products, defined as products which
have sufficient value as to be taken as a negative
cost in the process economics, are factored in, even
if they are used in the process. As an example,
fuel gas is produced in several petrochemical
processes and then burned to cover the process
heat requirements. The museful product value here is
still negative, as the direct utilities CO2e is a gross
value, so will cancel this out.
The second variable is ‘direct utilities’. Direct
utilities represents any CO2 that originates from
onsite combustion of fuels to generate heat,
or conversely any heat energy exported from
exothermic processes. Value represented in
process data must be converted to a useable CO2e.
Typically, the values are split into two variables:
‘fuel consumption’ and ‘steam consumption’. Fuel
consumption is defined in units of energy per
mass of target product, so the CO2e value can be
calculated by multiplying this energy by the CO2e
value for the regional energy source (Table I),
which is estimated from the US Environmental
Protection Agency. Steam consumption is defined
in units of mass per mass of target product. The
energy required to generate this steam is calculated
from the latent heat of saturated steam at the given
pressure, multiplied by the mass of steam consumed.
The CO2e is then calculated (Equation (iv))
from the energy according to the regional values
supplied in Table I.
CO2edirect utilities
mtarget product

=

Hnatural gas + (Lsteam(T, P)× msteam)
mtarget product

CO2edirect utilities, region

×

Hfuel, region

(iv)
where mtarget product > 0.
Table I Assumed Regional Direct Utilities
CO2 Equivalents (32)
Region

Direct
utilities
fuel

Direct utilities
CO2 coefficient,
tonneCO2e MWh–1

USGC

Natural gas

0.181

Germany

Natural gas

0.181

China

Coal

0.326
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Table II Assumed Regional Indirect
Utilities CO2 Coefficients (33–37)
Region

Indirect utilities CO2
coefficient, tonneCO2e MWh–1

USGC

0.388

Germany

0.414

China

0.670

The third value is ‘indirect utilities’, where CO2e
is calculated in a similar way as direct utilities
(Equation (v)), except here the utilities energy
(for electricity and refrigeration in the process) is
supplied from offsite power. Again, this is regionspecific, depending on the energy mix in the
regions. This is taken into account by employing
the CO2 coefficients shown in Table II. These
coefficients account for differences in regional
power mixes.
CO2eindirect utilities
mtarget product

=

Eelectricity + Erefrigeration
mtarget product

×

CO2eindirect utilities, region
Eindirect utilities, region

(v)
where mtarget product > 0.
As mentioned earlier, adding a fourth variable
representing the CO2 equivalent of sourcing the
feedstock would improve the accuracy of the
estimated total CO2e. This variable is tentatively
titled ‘indirect process’ or ‘indirect material
sourcing’. For example, chlorine (which has no
direct process equivalent CO2) would have a
value of ~1 tonneCO2e tonne–1 due to the energy
requirements of the chloralkali process (38). The
addition of this variable would be especially helpful
when assessing bio-based processes, where the
carbon footprint associated with land use for
growing the biomass plays an important role. Data
can be found by consulting the databases available
for LCA assessment (9).
The largest degree of uncertainty in these data,
assuming that the process data input is accurate,
is in assigning a CO2e value to ill-defined chemical
feedstock compositions, such as coal. Literature
searches reveal highly variable values for the
carbon density of coal, naphtha, crude oil and
other raw materials. More accurate data, tabulated
in a database and perhaps regionally specific,
would help in defining the direct process carbon
equivalence. It is helpful to use a small number of
values for the carbon intensity of these feedstocks
(rather than making them process specific), as this
allows for easier comparison between processes
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and simplifies the chemical networks. The accuracy
of this data is sufficient for preliminary screening
and comparison of several routes based on the
same feedstock.
As an example of a reasonable compromise,
in this study synthesis gas (syngas) has been
simplified into ‘Syngas 1:1’, ‘Syngas 2:1’ and
‘Syngas 3:1’, representing the different ratios
of hydrogen and carbon monoxide. Though
different processes will produce different
compositions of gas, grouping in this way allows
for easier comparison in chemical networks.
These approximate ratios are cited in process
report data, so the assumption is unlikely to add
significant uncertainty to results. It should be
noted that other gas products produced, such as
methane, are explicitly accounted for.

Defining Other Variables
Other variables, such as the E-factor, energy
and water consumption, are defined in the
Supplementary Information.

Building the Network
The data for individual process steps can be built
into network graphs and the chemical pathways
created are used to estimate CO2e for a particular
chemical pathway. Details on how the network is
built, and the rules applied, can be found in the
Supplementary Information.
In order to assess the large amount of industrial
chemical processes required, IHS Markit Process
Economics Program (PEP) reports were primarily
used for process data (39). A table of processes
cited, with their associated primary feedstock,
primary product and reference, are available in the
Supplementary Information.
By applying these rules to a database of process
data, linking each process by its chemical feedstocks
and products, every possible chemical pathway from
a feedstock to product may be found, and the CO2e
for this pathway can be calculated. The workflow
is summarised in Figure 3, with the process data
transferred to a database, the chemical network
formed from the data and the individual pathway
data extracted from the network.
Expanding the network is trivial as new process
data may be entered into the database and the
network expanded by the algorithm of linking
processes by feedstocks and products.

© 2022 Johnson Matthey

https://doi.org/10.1595/205651322X16594453018855

Johnson Matthey Technol. Rev., 2022, 66, (4)

Process A report
Process B report

------------------Process C report
------------------------------------Process D report
--------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

------------------------------------------------- -

Fig. 3. Illustration of chemical networks workflow

Results and Discussion
Visualising the Network
An
illustration
of
the
chemical
network
corresponding to the plastics production value
chain is provided in Figure 4. In this graph, each
node is a chemical feedstock or product and the
edges between each node are weighted by the
equivalent CO2 of the lowest carbon route from
that feedstock to 1 tonne of the next product.
Equivalent CO2 from other sources such as
materials sourcing, transport and leaks are not
included. The selected region is the US Gulf Coast
(USGC), with direct utilities supplied via natural
gas and indirect utilities sourced from the regional
energy mix. No special accounts of renewable
energy use are used. The graph is constructed from
over 200 processes, creating over 23,000 possible
routes to the final polymers. The process data are
sourced from literature articles, internal analysis
and IHS Markit PEP reports. See Supplementary
Information for full list of external reports. Some
process data includes integrated steps, leading to
intermediate nodes being excluded, for example
lignite to propylene. The final products selected are
the polymers: low density polyethylene (LDPE),
linear low-density polyethylene (LLDPE), bimodal
high-density polyethylene (HDPE), polypropylene
(PP), polyethylene terephthalate (PET), polyvinyl
chloride (PVC), polybutylene terephthalate (PBT)
and polyacrylic acid (PAA). Plotting a chemical
network in this way allows for quick insights,
crucially on where the most carbon intensive steps
lie in the plastics value chain. Typically, these are
the first or second chemical transformations, with
the final polymerisation steps being less carbon
intensive. Therefore, more investment and scientific
effort should be placed on reducing the carbon
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intensity of the initial key chemical feedstocks such
as ethylene and methanol.
This graph is limited in its use, however, as it does
not account for the feedstock consumption of each
step toward the targeted products. Furthermore, the
above visualisation does not show every possible
route (of which there are over 23,000 to the
polymer end products from the over 200 processes
included), instead only showing the least carbon
intensive step between each feedstock and product.

Interacting with the Network
Further complexity (and more information) may be
introduced by selecting specific chemical pathways
via an interactive user interface, such as the one
shown in Figure 5. This user interface allows the
user to select a region, a target product from the
network, a starting feedstock, any intermediate
products to include in the pathway and any specific
processes to include as well. The output is a
breakdown of the metrics of every possible route
in the network that fulfils the user restrictions. This
can be used to quickly overview different process
routes and see where the most carbon intensive
steps are. Searching for process routes to a specific
product, with the option to select starting feedstocks,
intermediate products and specific processes, takes
less than one minute. Data entry for a new process,
assuming the data is available, takes less than five
minutes. This compares favourably with much more
detailed LCA approaches, which can take weeks or
months to complete.
An example of using this network for highlevel, early-stage process assessment is shown
in Figure 6. Here, the effect of changing the
raw material when making PP via methanol is
investigated. For each process step, the lowest
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CO2
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Equivalent CO2, tonneCO2e tonneproduct–1

Fig. 4. A representative chemical network for the plastics industry, with the targeted polymers LDPE,
LLDPE, bimodal HDPE, PP, PET, PVC, PBT and PAA for the USGC region. The colour and thickness of the
edges represent the edge weighting, the colour and size of each node represent the average shortest
path length and the out degree of the nodes respectively. Analysis by the authors using the Python library
NetworkX (40). The graph is plotted using Cytoscape (41, 42) and arranged using the yFiles hierarchic layout

equivalent CO2 process was selected, with Steps 2
and 3 identical for Figure 6(a), 6(b) and 6(c). All
equivalent CO2 values were calculated according
to the methodology described. Equivalent CO2
from other sources, such as materials sourcing,
transport and leaks, are not included. The selected
region is the USGC, with direct utilities supplied via
natural gas, and indirect utilities sourced from the
regional energy mix, except for Figure 6(c) where
indirect utilities is approximated as 0 tonneCO2e
kWh–1. Direct air capture CO2 is assumed to have a
component CO2e of 0 tonneCO2e tonneCO2–1.
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From this analysis, some initial conclusions may
be drawn. Firstly, the final polymerisation step has
a lower net CO2e than the propylene formation step
and the methanol formation step in Figure 6(a)
and 6(b). In addition, the vast majority of the
polymerisation net CO2e stems from the indirect
utilities used. By using renewable electricity, this
value could be drastically reduced. This is also shown
in full LCA analysis of PP production, with cradleto-propylene production accounting for 82% of the
CO2e of PP production and the majority of utilities in
a PP resin plant used for electricity generation (43).
© 2022 Johnson Matthey
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Fig. 5. The interactive chemical networks user interface, allowing user to interact with and explore the
network in real time. In this example, the user is investigating different routes to PVC from ethane in China

Secondly, the dramatic effect of changing the
feedstock used can be seen, with the use of coal over
natural gas leading to an over six-times increase
in the overall carbon intensity. On the other hand,
using direct air capture CO2, green hydrogen and
renewable electricity to make methanol leads to a
significantly carbon negative process.
Finally, the chemical networks approach allows
the user to view the ‘big picture’ effect of their
first process step choices. By choosing to use a
green methanol process, the carbon intensity of
the propylene formation and polymerisation steps
may be cancelled out, leading to overall carbonnegative PP. What’s more, captured CO2 produced
from the natural gas utilities could then be reused
in the first step in an integrated plant, reducing the
electricity requirements.
These conclusions could help direct resourcing
efforts to the most impactful changes to reduce the
CO2e of PP and therefore reach the industry’s net
zero goals.

Comparison with Literature
While a comparison with literature for every process
analysed using this methodology is not feasible,
Figure 7 presents a comparison for a variety of
processes used to make ethylene. As shown in
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Figure 7, the chemical networks methodology
presented in this paper provides comparable
results with other data available in the literature
for the ethylene production processes.
A weakness of the current methodology is
highlighted in Figure 8. Applying the chemical
networks methodology to estimate the CO2 per
tonne for the production of PVC from ethane in
the USGC results in a substantially lower CO2e
value compared to the values estimated by LCA
using data from ecoinventTM (1.35 tonnesCO2e
tonnePVC–1 vs. 2.59 tonnesCO2e tonnePVC–1
respectively). However, if the indirect material
sourcing equivalent CO2 for the chlorine is
included (1.09 tonnesCO2e tonnePVC–1), then
the results produced by the two methods are
comparable (2.44 tonnesCO2e tonnePVC–1 vs.
2.59 tonnesCO2e tonnePVC–1). It is expected that
the chemical networks result would be lower
than LCA, as variables such as transport are
not factored in. This indicates the importance of
including this variable in further work.

Advantages of the Chemical
Networks Methodology
The Chemical Networks methodology was designed
to quickly assess the sustainability metrics of
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Fig. 6. Graphs showing outputs from the chemical networks tool for different routes to PP from: (a) natural
gas; (b) coal; and (c) CO2 captured from the air. The process data are sourced from literature articles,
internal analysis and IHS Markit PEP reports. See Supplementary Information for full list of external reports

process routes from raw material to final product
and it is successful in rapidly assessing the
environmental impact of tens of thousands of
pathways in minutes. Such speed is valuable for
early-stage decision making for investment or
policy decisions and where reliable LCA data is
scarce. The ease of use of the tool also encourages
users to consider the sustainability consequences
of their decisions at the start of new project cycles,
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as timely initial assessments are no longer a barrier
to do so.
What’s more, if the process data is available
(or can be reasonably estimated), adding new
processes and expanding the network is trivial.
This is essential as new, sustainable processes
(such as bio-based or electrochemical processes)
are commercialised and require quick comparison
with existing routes.
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Fig. 7. Comparison of the CO2e per tonne of high
value products for varying industrial ethylene
production processes in the USGC. The results
of this methodology (with error bars associated
with different process routes), are compared with
literature results (with error bars associated with
the range of results) (44–46)
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Chemical Networks (this
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Direct process equivalent CO2
Direct utilities equivalent CO2
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Fig. 8. Comparison of the CO2e per tonne of
PVC in the USGC between a route selected
using the chemical networks tool and LCA from
ecoinventTM (9). Indirect material sourcing
equivalent CO2, attributed to sourcing the
1.7 tonne of chlorine required, is estimated from
the electricity requirement of the chloralkali
process (38). The route has been selected to as
closely match the LCA route as possible (ethane
steam cracking; ethylene dichloride using a fix-bed
reactor; VCM from ethylene dichloride; and PVC via
emulsion polymerisation)

Further Work
While this work serves as an initial proof of
concept for the methodology, further development
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Fig. 9. An example of a binodal, multidirected
graph, where u, v, w, x, y and z represent chemical
feedstocks or products, and i, ii, iii and iv represent
industrial chemical processes

will enhance the utility and accuracy of the tool
developed. A notable weakness of the current
network is its inability to meaningfully handle
multiple feedstocks and products as branching
paths. By creating a binodal graph, where feedstocks
and products act as one node and processes as
another, this could be overcome. This is illustrated
in Figure 9, where factoring in multiple products
is greatly simplified through the binodal approach.
By containing all the process data in nodes, rather
than in both nodes and edges, branching path
computation is greatly simplified. This approach
was undertaken by Grzybowski et al. in their
research on retrosynthesis of organic reactions
using a chemical networks approach (14–21). The
user could interact with the network in the same
manner as the current implementation but limit
the length of paths unrelated to the target product
to prevent the computation reaching unfeasibly
expensive levels.
Another addition, discussed earlier, is the
inclusion of indirect material sourcing metrics to
generate more realistic CO2e levels for different
chemical feedstocks. Additional process metrics,
such as cost, may be added to provide even more
meaningful comparison between different chemical
pathways. Adding additional variables to the
network is trivial as it simply requires the addition
of information to the starting database.
In their current state, the methodology and
results do not meet the LCA standards of ISO
14044:2006 (47). This was out of scope for this
initial proof of concept. Instead, this work is designed
to complement LCA studies by providing an initial,
high-level view for early-stage investigations.
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While meeting the LCA International Organization
for Standardization (ISO) standard steps (goal and
scope definition, life cycle inventory analysis, life
cycle impact assessment and interpretation) for
each pathway is not feasible, the methodology
could be adapted and used with established LCA
software, data and methodologies to meet these
standards while maintaining the intuitive design.
Finally, the chemical network may be vastly
expanded to include a further range of chemical
industries. While this work has focused on the
plastics industry, through the simple methodology
provided and with the process data available,
adding additional processes and routes to other
chemicals is trivial. As the number of processes
used in large-scale industrial chemical synthesis
is rather more limited than, for example, the
pharmaceutical industry, providing a meaningful
picture of this industry is not implausible.

Conclusion
To meet the Paris Agreement pledge and net zero
targets, the chemical industry requires data-driven
analysis methods for early-stage decision making,
to better target resources and accelerate delivery
on sustainability commitments. Current LCA
methods, though acting as the gold-standard for
data accuracy and transparency, are limited for this
application by their necessary high labour intensity
(taking weeks or months to complete) and their
site or process specificity.
In this work, the sustainability metrics (equivalent
CO2, water consumption, feedstock consumption,
E-factor) of over 23,000 chemical pathways in the
plastics industry were investigated using graph
theory principles. The resulting chemical network
allows for rapid (~1 min) insights for early-stage
sustainability assessments, saving considerable
time compared to more in-depth LCA methods and
indicating promising low-carbon routes or areas
where more investment and innovation into low
carbon solutions is needed.
The analysis produced reasonable results when
compared to literature, but further work on including
indirect, or Scope 3, emissions and adapting to LCA
ISO standards is required to improve the accuracy
and quality. The interactive tool, while accessible to
a wide range of users, would benefit from branching
paths for multi-product processes, which could be
achieved via a binodal graph structure. Further
data such as costs may also be added in future
development.
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The chemical networks tool has great future
potential, with the design allowing new processes
to be quickly and easily added. The scope could
therefore feasibly be expanded to include nearly all
large-scale industrial chemical processes, allowing
for a high-level overview of the entire industry.
As the need for drastic reductions in emissions to
reach net zero targets grows, such insight may
prove invaluable.
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Ammonia will be utilised as a key energy vector
for storage and long-distance transport in the
developing hydrogen economy. Direct ammonia
fuel cells (DAFCs) have the potential to decrease the
process complexity of current fuel cell technology
and therefore increase overall efficiency and
unit footprint where implemented. In this paper,
current DAFC technologies are explored, such
as solid oxide, alkaline and ammonia borane
fuel cells. From this, it is shown that solid oxide
fuel cells with oxygen conducting electrolyte
(SOFC-O) have high experimental power outputs
of 1100 mW cm–2 but have disadvantages of
high nitrogen oxides (NOx) production, lower
fuel utilisation and low efficiency. Alkaline and
ammonia borane fuel cells are of lesser interest
due to complex ammonia pretreatment, high
NOx production and lower power outputs of
450 mW cm–2 and 110 mW cm–2, respectively.
Solid oxide fuel cells with proton conducting
electrolyte (SOFC-H) seem to have the most
potential due to high theoretical power outputs,
high efficiency, increased fuel utilisation and low
NOx production. DAFC technology has yet to
479

reach full commercialisation, but as the hydrogen
economy develops the potential benefits of DAFCs
in complexity and footprint reduction will drive
further investment and development, particularly
in the shipping sector.

1. Introduction
The drive for a greener and more sustainable
world has now been adopted into all industry
areas.
Large
multinational
energy
and
technology companies have adopted ambitious
environmental, social and governance (ESG)
goals and set targets for achieving net-zero
emissions. Industries are moving towards cleaner
processes for their commercial products and the
source of their energy and chemical raw materials
has come into focus. The ammonia industry is
making efforts to be more sustainable and be
a key enabler in a future hydrogen economy.
Large ammonia producers are looking at ‘green’
and ‘blue’ avenues for ammonia generation as
well as the potential downstream market and
applications for its low carbon (‘blue’) or no
carbon (‘green’) ammonia. Currently, ammonia
is typically produced by using a natural gas
or fossil fuel feedstock that is converted into
hydrogen and combined with nitrogen in a 3:1
ratio. Using a colour-coding scheme similarly to
hydrogen production, the common method of
ammonia synthesis described above is known as
‘grey’ or ‘brown’ ammonia. This process, however,
generates a lot of carbon dioxide emissions which
are estimated to be between 1.6–3.8 tonnes per
tonne of ammonia produced (1).
To mitigate the carbon emissions, alternatives
for ammonia generation have been explored. The
following are just some of the possible methods
for more sustainable ammonia production. Blue
ammonia is produced by the same process as
© 2022 Johnson Matthey
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Fig. 1. Cost estimates for transport of energy as hydrogen or ammonia by ship and pipeline (1)

grey or brown ammonia, but there are additional
carbon capture and storage steps. ‘Turquoise’
ammonia uses pyrolysis to convert natural gas
into carbon and hydrogen. Finally, green ammonia
is a production route that uses only renewable
energy, water and air to produce ammonia and is
completely carbon-free.
Ammonia is already used in several industries,
such as the production of chemicals, fertilisers,
nitric acid, explosives and synthetic fibres. In
terms of sustainability, ammonia can potentially
help replace more carbon emitting technologies
that use fossil fuels. For example, ammonia has
the potential to be used as a fuel in vehicles
and shipping (2). Furthermore, it can be used
as a transport and storage vector for hydrogen
that can later be reconverted for hydrogen using
applications.
A technology of particular interest is DAFCs. This
technology can convert ammonia directly into
useable electricity without the need for complex
preconditioning or reconversion back into hydrogen.
This review will discuss the current and future
development of DAFCs as well as competition with
other ammonia-based energy production.

2NH3 → 3H2 + N2(i)
As shown in Figure 1, the cost to transport
hydrogen via shipment is threefold in comparison to
ammonia. This is due to the transport and storage
conditions required for each of the components. As
ammonia liquefies at –33°C, the energy required
to keep it in phase is lower compared to hydrogen’s
required temperature of –253°C (1). This allows
ammonia to be more cost-competitive to store in
comparison to hydrogen and even to other popular
hydrocarbons. This is highlighted in Table I.

Table I Thermal Properties and
Fundamental Combustion Characteristics
of Ammonia and Hydrocarbon Fuels

2. Ammonia as a Fuel
Ammonia as a fuel source is advantageous due
to its very mild enthalpy of reformation, around
46 kJ mol–1 described in Equation (i) (3). This is
beneficial because it allows ammonia to easily act
as a hydrogen carrier. Furthermore, ammonia fuel
offers many solutions to the limitations of hydrogen
fuel, such as being less energy intensive to liquefy,
store and transport. Figure 1 demonstrates the
cost estimates for hydrogen in comparison to
ammonia.
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Fuela

NH3

H2

CH4

C3H8

Boiling
temperature at
1 atm, °C

–33.4

–253

–161

–42.1

Condensation
pressure at 25°C,
atm

9.90

n/a

n/a

9.40

Lower heating
value (LHV),
MJ kg–1

18.6

120

50.0

46.4

Flammability
0.63~
limit (equivalence
1.40
ratio)

0.10~
7.1

0.50~
1.7

0.51~
2.5

Adiabatic flame
temperature, °C

1800

2110

1950

2000

Maximum laminar
burning velocity,
0.07
m s–1

2.91

0.37

0.43

Minimum
autoignition
temperature, °C

520

630

450

650

a

Data of boiling point and condensation point are from NIST
database (4)
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Table II Fuel Comparison in Energy
Density per Litre (3)
Fuel

Base,
MJ l–1

Carbon
status

Hydrogen (5000 psia)

4.0

Carbon-free

Liquid hydrogen

9.9

Carbon-free

Liquid ammonia

15.3

Carbon-free

Methanol

17.9

CO2 Emitting

Ethanol

23.4

CO2 Emitting

Liquid propane

29.4

CO2 Emitting

Gasoline

36.2

CO2 Emitting

JP-8

40.5

CO2 Emitting

From Table I, it is shown that ammonia has
many beneficial qualities compared to hydrogen
and common fossil fuels. It can be liquid at room
temperature under 10 atm pressure; its power
density is comparable to other liquid fuels, as
shown in Table II. Finally, it is non-flammable,
vaporises easily, is not explosive and it has well
established, extensive transport and storage
infrastructure readily available. These favourable
qualities highlight the practical potential for
commercialisation as a fuel.
In operations where individuals or corporations
have committed to reduce CO2 emissions, blue or
green ammonia offers current operators a path to
reduce direct combustion emissions on a partial
and more economical basis. This is a good shortmedium term option vs. introducing full scale postcombustion CO2 removal systems to industrial
applications such as industrial scale furnace or
boiler packages. The energy density of ammonia
allows for a more efficient partial decarbonisation
of existing fuel systems and could decrease the
reliance on fossil fuel firing without full asset
overhauls.
However, there are safety concerns with ammonia
as a fuel. It is corrosive, and can potentially cause
dehydration, skin burns, frostbite, eye damage,
lung damage on inhalation and fatal respiratory
failure if inhaled at 5000 ppm concentrations (2).
These undesirable qualities necessitate strict health
and environmental regulations when practically
used.

2.1 Direct Combustion of Ammonia
Direct combustion of ammonia uses ammonia as a
primary fuel source or additive in traditional fossil
fuel combustion engines, gas turbines and furnace
applications. In practical application, Figure 2,
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Secondary and tertiary air
Pulverised coal
and primary air

Air for two-staged
combustion

Burner
Evaporator

NH3
supply

Fig. 2. Schematic of pulverised coal furnace cofired
with ammonia and combustion flame picture (4)

combustion is difficult to achieve because if
ammonia is combusted with excess air it is partially
oxidised and forms NOx and N2O as byproducts in
variable concentrations, Equation (ii) (5).
4NH3 + 5O2 → 4NO + 6H2O(ii)
N2O emissions are equivalent to approximately 300
times the greenhouse gas effect of CO2 emissions,
so must be minimised in order to achieve net
CO2 equivalent reductions. Additionally, there are
challenges with combustion such as high ignition
temperature, low flame velocity and slow chemical
kinetics (5). Due to the described challenges, direct
combustion of ammonia may not be favourable as
a long-term solution although dosing natural gas
with ammonia may be beneficial to reduce current
carbon emissions through the energy transition.

2.2 Direct Ammonia Fuel Cells
DAFCs use ammonia as the primary feed to fuel
cells. Instead of ammonia combusting immediately
as described in the above section, the ammonia
is dissociated into hydrogen and nitrogen ions,
purified and the hydrogen ion instigates the
necessary reactions. The reactions are the same
as Section 2.1 but occur within a fuel cell to
immediately produce electricity via electrochemical
reaction (6). Details of this reaction are referenced
elsewhere (7).
DAFCs have the potential to be a clean and
efficient power generation source with around
50–65% efficiency. Fuel cells can be portable and
have a lower impact on the environment due to
the reduction in NOx. Furthermore, because fuel
cells can directly convert a fuel into electricity
using internal electrochemical reactions (6), this
removes the need for turbines or other electricity
generating units which can reduce industrial plant
footprint and further simplifies overall process.

© 2022 Johnson Matthey
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3. Ammonia Fuel Cells: Structure and
Operation

fuel cells is that the technology for hydrogen fuel
cells is developed and is commercially available.
The indirect fuel cell system, however, is more
complex and costly than a direct ammonia-fed
fuel. The extra dissociation and purification step
requires additional infrastructure to handle the
nitrogen byproduct and thermal cracking units.
This step alone makes indirect ammonia fuel cells
theoretically not cost competitive, as demonstrated
by Figure 4.
Figure 4 shows the cost of transporting liquid
hydrogen that includes conversion to liquid
hydrogen, transportation and reconversion to
gaseous hydrogen. The yellow line shows the
transportation cost of the conversion of hydrogen
to ammonia and reconversion back to hydrogen.
Finally, the dotted line shows the cost of ammonia
transportation without any conversion necessary.
For hydrogen purposes, there is a critical distance
between liquid ammonia and liquid hydrogen
transport where short distances tend to favour
liquid hydrogen, but longer distances favour liquid
ammonia. However, using ammonia directly without
reconversion to hydrogen is significantly more
cost-effective than the other transport methods no
matter the distance (10).
An example of an indirect fuel cell that can
use the hydrogen from dissociated ammonia is
a proton exchange membrane (PEM) fuel cell.
Ammonia is decomposed and trace amounts are
removed before dissociated H ions can enter the
cell. Purification is required because the fuel cell’s
platinum hardware is sensitive to ammonia (11).
Ammonia degrades the PEM fuel cell membrane

A DAFC obtains hydrogen in a similar way to
a natural gas-fed fuel cell. This type of fuel cell
consists of an anode for oxidation and cathode
for reduction. There is also an electrocatalyst that
separates the anode and cathode from a porous
and electrically conductive membrane. In the
centre is an ionic membrane that is not electrically
conductive (3). Figure 3 shows the schematic
more in detail (8).
Hydrogen is dissociated from a natural gas
or ammonia fuel by using catalyst and steam
reformation. The hydrogen passes through a
membrane that is electrically insulated so that
the counter flow of electrons alternatively goes
through an electrical circuit for power generation.
The hydrogen on the other side of the membrane
then recombines with atmospheric oxygen to form
water (3, 9).

3.1 Direct vs. Indirect Ammonia Fuel
Cells
An indirect ammonia fuel cell is in essence a normal
hydrogen fuel cell, but there is the added step of
dissociating the ammonia to get access to the
hydrogen. The nitrogen is typically released into
atmosphere and the hydrogen is used as the fuel.
Indirect ammonia fuel cells require the ammonia
to be cracked into nitrogen and hydrogen and then
purified of any residual ammonia before entering
the fuel cell. The advantage of indirect ammonia

Load

2e–

Oxidant IN

Fuel IN

Electrolyte
(ion conductor)
½O2

H2
+

(H )
Positive ions
OR
Negative ions
(OH–)

H2O

H2O

Depleted fuel
and product
gases OUT

Anode

Cathode

Depleted oxidant
and product
gases OUT

Fig. 3. Fuel cell operating with hydrogen feed (8)
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0.5

0

–1
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delivered to city gate

3.0
2.5

Ammonia with reconversion to hydrogen
Ammonia without reconversion to hydrogen
Liquid hydrogen

4000

8000
Distance, km

12,000

16,000

Ammonia with reconversion to hydrogen
Ammonia without reconversion to hydrogen
Liquid hydrogen

4.1.1 SOFC-O

2.0
1.5
1.0
0.5

0

over 800°C, it supersedes ammonia’s cracking
temperature of 500°C, allowing the ammonia to
be directly used in hydrogen-based fuel cells (2).
This method removes the requirement of a
pretreatment stage, which was necessary for the
indirect ammonia fuel cell. However, the dissociated
ammonia generates both hydrogen and nitrogen
which means there is potential to form NOx. There
are currently two types of ammonia-fed SOFCs in
development: SOFC-O and SOFC-H (2). These are
defined by the electrolyte used and are expanded
on in the next sections.

4000

8000
Distance, km

12,000

16,000

Fig. 4. Effect of distance on conversion and
transport cost to supply 2500 tonnes per day of
hydrogen (10 billion cubic metres per year) or 5.3
million tonnes of ammonia per year. Ship capacity:
(a) 50,000 m3 and (b) 160,000 m–3 (10). Source:
IHS Markit. Copyright 2021 IHS Markit

conductivity, catalyst ionomer of the anode and
cathode, hydrogen oxidation reaction and oxygen
reduction reaction. Based on work done previously
on the effects of ammonia in PEM fuel cells, the
researchers saw a loss of voltage, reduced water
uptake by the catalyst ionomer and the possible
formation of hydrogen peroxide which in turn
reduces catalyst activation (11).
The sensitivity of current hydrogen fuel cells to
ammonia, paired with the complexity and inherent
efficiency losses, has led many researchers and
some companies to put considerable focus and
investment into DAFCs.

An SOFC-O denotes an oxygen conducting
electrolyte, which transports oxygen anions across
the pgm electrolyte. The ammonia is dissociated
in the cell and the resulting hydrogen produced
is oxidised at the anode. Oxygen is introduced at
the cathode-electrolyte interface and reduced to
oxygen anions. The oxygen anions are transported
across the electrolyte where they combine with
the dissociated hydrogen, forming water and
producing an electrical current (2). Equations (iii)
and (iv) represent what occurs at the anode and
cathode, respectively. Figure 5 represents an
SOFC-O process.
H2 + O2– → H2O + 2e–(iii)
1
O + 2e– → O2–(iv)
2 2

V

NH3 N2+3H2

O2–

H2

O2

H2O

O2

4. Direct Ammonia Fuel Cell Types
4.1 Solid Oxide Fuel Cells

O2–
NH3,N2, H2, H2O

SOFCs are unique in that they use ceramic
electrodes with platinum group metal (pgm)
electrolytes between the anode and cathode of the
fuel cell device (12). This type of fuel cell can have
high energy conversion efficiency and high degree
of fuel flexibility (2). Due to the high operational
temperatures of SOFCs, which are typically
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O2

H2

O2
O2–

Anode

Electrolyte Cathode

Fig. 5. Schematic illustration of ammonia-fed
SOFC-O (6)
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4.1.2 SOFC-H
An SOFC-H is a proton conducting SOFC. The
ammonia fuel breaks down to nitrogen and
hydrogen at the anode and oxygen is introduced
to the cathode, in the same arrangement as an
SOFC-O. However, in an SOFC-H it is the resulting
hydrogen ions that are transported through
the electrolyte to reach the cathode-electrolyte
interface. Then the hydrogen ions react with
oxygen to form water vapour. The water vapour
and unreacted oxygen leave on the cathode side
while unreacted ammonia, nitrogen, and hydrogen
leave on the anode side. The removal of water on
the cathode side is the key difference between
SOFC-Hs and SOFC-Os as it prevents the formation
of NOx (9). Equations (v) and (vi) show what
occurs at the anode and cathode, respectively.
Figure 6 represents an SOFC-H process. Other
potential
electrode/electrolyte
configurations
and performance for ammonia-fed SOFC-O and
SOFC-H devices, respectively, are described by
Siddiqui et al. (9).
H2 → 2H+ + 2e–

(v)

1
O + 2H+ + 2e– → H2O
2 2

(vi)

It is clear that the operating temperature has a
large impact on SOFC performance (6, 9). A study
by Afif et al. (6) shows that at 800°C, the equilibrium
potential of a SOFC-H is greater than a SOFC-O,
even with different fuel utilisation. Additionally, the
efficiency of an ammonia-fed SOFC-H is roughly
10% greater than a SOFC-O and the peak power
density of SOFC-H is about 20–30% higher than
SOFC-O due to higher concentration of hydrogen

V

NH3N2+3H2

H+

O2

O2

H2
H2O
H

H2, NH3,N2

+

H2O
H2

H

+

H+
Anode

O2, H2O

4.2 Ammonia Alkaline Fuel Cells
O2

Electrolyte Cathode

Fig. 6. Working principle of SOFC-H (6)
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at the anode (6). However, at temperatures above
800°C, the peak power density of an SOFC-O is
about 50% higher than a SOFC-H, but this is mainly
due to uncertainty in estimating the exchange
current density of the SOFC-H in comparison to the
rate expressions used for SOFC-O (6).
There is research into developing low temperature
SOFCs, where operating temperature is typically
100°C. Unfortunately, this technology has a few
application issues. Firstly, operating temperature
requires the use of ionomeric membrane like
hydroxide exchange membrane which allows higher
conductivity and better chemical stability (13).
However, the membrane is deactivated by the
ammonia itself as the ammonia is not disassociated
into ions before entering the fuel cell. Secondly,
platinum and iridium would be the only usable
metals due to their significant electrocatalytic
capability under 150°C (13), but again the metals
are deactivated by ‘surface poisoning’ by the
ammonia feed. Further information of this research
can be found elsewhere (13) but the research itself
requires further maturity to overcome this known
issue.
It is also noted that there is a large contrast
between theoretical and experimental peak
power outputs. Theory shows SOFC-H to be the
optimum technology due to the high potential
in peak power densities, 700 mW cm–2, and low
NOx production. SOFC-O only reaches 600 mW
cm–2 via the same theoretical modelling (9). This
contrasts with the experimental results, where
SOFC-O is shown to have the highest power output
of 1100 mW cm–2 at 650°C while SOFC-H only
reaches 275 mW cm–2 at 650°C. This is due to the
unexpected development of hydrogen dilution at
the cathode of the SOFC-H which reduces power
outputs. Further developments must be made to
overcome this so that SOFC-H can reach its full
theoretical potential (9).
Overall, ammonia-fed SOFCs have the advantage
of being an established technology, decomposing
ammonia in situ and not requiring platinum or
similar metals. The primary research focus is
to improve stationary applications for heat and
power, transportation and reduction of oxidation
effects (1).

Ammonia alkaline fuel cells (AAFCs) use the
exchange of anions. Air is fed into the cathode
side and oxygen from the air reacts with water
molecules to form hydroxide anions. The
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e–

O2
Anode

OH–
H2O

3/2O2 + 3/2H2O 3e–
3OH–

Cathode

NH3
NH3 + 3OH– 
1/2N2 + 3H2O 3e–

exploring its commercial viability in the automobile
industry (2).

e–

O2, H2O

Unreacted NH3, N2, H2O

Fig. 7. Schematic illustration of an ammonia-fed
alkaline fuel cell (2)

hydroxide anions transport through an anion
exchange membrane or an alkaline electrolyte,
depending on design. Ammonia is fed as a fuel on
the anode side and combines with the hydroxide
ions to form nitrogen and water. The reaction
between oxygen and water at the cathode side
consumes electrons. The reaction between
ammonia and hydroxide ions at the anode
sides produces electrons resulting in an electric
current (9). Equations (vii) and (viii) show what
occurs at the anode and cathode, respectively.
Figure 7 represents an alkaline fuel cell process.
Potential electrode/electrolyte configurations and
performance for ammonia-fed alkaline fuel cells
are demonstrated by Siddiqui et al. (9).
–

–

2NH3 + 6OH → N2 + 6H2O + 6e (vii)
3
O + 3H2O + 6e– → 6OH–(viii)
2 2
Another factor which makes AAFC desirable
is the use of air as an oxidant rather than pure
oxygen. Furthermore, if potassium hydroxidebased electrolytes are used, carbonate ions are
formed which reduce the hydroxide ions and
thus reduce the number of ions available to react
with ammonia (9). Carbonate ions also form
precipitates within the fuel cell which decrease
the overall power density. Pretreatment of air via
carbon dioxide scrubbing is required to overcome
this issue (14, 15).
Overall, ammonia-fed alkaline fuel cells have the
advantage and option of not using platinum or
similar metals and are highly tolerant of ammonia.
However, they have a low-moderate energy
density of 450 mW cm–2 at 100°C (16), limited
number of commercial suppliers and the need for
carbon dioxide scrubbing. There is research into
platinum-based membranes but the power output
is lower than potassium or sodium hydroxide
based membrane at 16 mW cm–2 at 220°C (17).
The research currently focuses on increasing
energy density and improving suitability for
stationary applications (1). Researchers are still
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4.3 Ammonia Borane Fuel Cells
Another DAFC technology uses ammonia borane
(NH3BH3) in the anode side to react with hydroxyl
anions. Ammonia borane is desirable due to its
high hydrogen density. It can be synthesised using
Equation (ix), using borane-tetrahydrofuran and
ammonia (17, 18).
BH3((CH2)4O) + NH3 → BH3NH3 + (CH2)4O(ix)
Within the fuel cell, the hydroxyl anions are
formed by the reduction of oxygen at the cathode.
The electrolyte can be either a cation or anion
exchange membrane. The hydroxyl anions diffuse
through the membrane electrolyte and on the
anode side, ammonia borane is oxidised (9).
Equations (x) and (xi) show the reactions occurring
at anode and overall. Potential electrode/electrolyte
configurations and performance for borane fuel
cells are demonstrated by Siddiqui et al. (9).
–

+

NH3BH3 + 6OH– → BO2 + NH4 + 4H2O + 6e–(x)
NH
NH
+
3BH
33 +
3BH

3
–
+
NH4+4++H2HO2O(xi)
O2 → BO
BO22- + NH
2 2

Ammonia borane is of interest as a hydrogen
carrier commercially, but due to storage issues
has not yet progressed beyond the research stage.
Ammonia borane must be regenerated outside the
hydrogen storage tank thus requiring an increase
in process complexity to include regeneration
infrastructure (19). Additionally, this fuel cell
performs best using platinum or other precious
metals (20). Zhang et al. observed that an
ammonia borane fuel cell with an anion exchange
membrane and platinum electrodes had power
densities between 40–110 mW cm–2 (9). They also
noted peak power output of 14 mW cm–2 at room
temperature (21).
Even though these results are promising, ammonia
borane’s complex process infrastructure partnered
with its high requirements of precious metal per
product can result in a low cost-efficiency product,
unless correct metal recycling routes are in place
or a simplified process is available.

4.4 Comparison of Fuel Cell
Technologies
Key information about the DAFC technologies
discussed so far is summarised in Table III. From
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Table III Direct Ammonia Fuel Cell Comparison Table
Experimental
Operating
peak power
Technology
temperature,
output,
°C
–2
mW cm

SOFC-O

SOFC-H

Ammonia
alkaline

Ammonia
borane

20–1190

15–390

16–450

14–315

Optimum
peak
Advantages
power and
temperature

Disadvantages References

1190 mW
cm–2 @ 650°C

Low pgm use;
no ammonia
pretreatment;
high
experimental
power output

No water;
ammonianitrogen mixture (2, 9)
produced; high
NOx production

450–700

390 mW cm–2
@ 750°C

Reduced NOx
production;
high fuel
utilisation;
low pgm
use; no
pretreatment
needed

Reduced power
potential due
to hydrogen
dilution

(2, 9)

100–400

450 mW cm–2
@ 100°C

Option to
use precious
metals in
hardware

Requires carbon
scrubbing

(9, 16, 17)

20–45

110 mW
cm–2 @ 45°C
(individual
cell); 315 mW
cm–2 @ 45°C
(using a 10
stack cell)

High
hydrogen
density feed

Additional
regeneration
stage for
ammonia
borane; storage
issues

(9, 21)

500–750

this, it is clear that SOFCs are the most developed
and efficient form of DAFC, whereas alkaline and
ammonia borane fuel cells have too low energy
densities or require additional process stages.

5. Future Directions
5.1 Direct Ammonia Fuel Cell
Technology
As discussed previously, DAFC still requires maturity
from its current state to ensure proper commercial
production. The primary research is to improve
experimental performance of DAFCs especially
in open-circuit voltage, peak power density and
short circuit current density. The next stages for
ammonia technology, shown in Figure 8, highlight
the evolution of ammonia with existing technology.
The final goal encompasses integrated systems
within the global power and energy infrastructure.

5.2 Commercial Viability
DAFC commercial infrastructure is currently being
developed by 22 companies worldwide (22),
such as Yara (23) Topsoe (24) and Mitsubishi
Power (25). This is to ensure a proper foundation
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Gas
turbines

Fuel
cells

Integrated
systems

Engines
Boilers
Refrigeration
systems

Fig. 8. Ammonia-based technology evolution (22)
is in place by the time DAFCs reach full product
maturity. Further commercial production of DAFC
requires heavy investment to create necessary
infrastructure to sustain large-scale production.
This includes investments in raw material
procurement, commercial process scale-up and
large-scale manufacturing facilities.
Scarcity of compatible catalysts will also be an
issue which can affect large-scale production of
DAFC. Some catalysts can have adverse effects
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2016

Kyoto University achieved 200 W in an NH3 SOFC with excess efficiency of 50% for over 1000 hours of
continuous operation (32)

2016

The University of Perugia demonstrated an ammonia-fed SOFC could be more efficient than an equivalent
hydrogen-based SOFC (35)

2017

2018

2020

2021

2022

Kyoto University has continued work on a 1 kW SOFC ammonia stack (33)
IHI Corporation, a Japanese company, announced that its 1 kW SOFC demo stack is ready to be
commercialised to residential markets (34)

University of Perugia experimented with a 100 W SOFC stack (33)
Doosan Fuel Cell, a South Korean company, partnered with Hyundai ship building to develop MW-scale
SOFCs (29)

Prototech will develop a 1.2 MW SOFC for Odfjell’s vessels (28)

2023

Prototech, a Norwegian fuel cell company, will be scaling up a 100 kW SOFC to 2 MW retrofits to
Equinor’s ships to use ammonia fuel (30)

2024

Samsung Heavy Industries is attempting to commercialise a fuel cell powered oil tanker with Bloom’s
3 MW SOFCs (27)

2025

Daewoo Shipbuilding and Marine Engineering in South Korea will try to commercialise an ammoniapowered container vessel (31)

Fig. 9. DAFC technology: current and future progress (27–35)

with ammonia and therefore there will be a limited
variety of compatible metals or metal alloys which
can be used in future DAFC products. Catalysts with
iron-based composites or alloys are sought after as
they have sufficient activity for the electrochemical
oxidation of ammonia and low susceptibility to
poisoning. These favourable qualities can result in
the dependency on such metal or metal alloy prices
and future financial fluctuations.
The pgms platinum, palladium, ruthenium and
iridium are widely used materials for fuel cell
hardware fabrication. Limited supply of these
metals must be taken into consideration, alongside
research into recycling these materials. Recycling
of pgms is already at an advanced stage of
technology with over 95% recovery possible (26).
An attractive DAFC technology which could
minimise the use of pgm would be SOFCs, since
precious metal is only used for the electrolyte of the
fuel cell while the electrodes are ceramic (12). The
combined use of ceramics and pgm could result in
a similar recycling process to that used for current
automobile catalysts, which are comprised of
ceramic substates and a precious metal washcoat.
As discussed earlier, the full potential of DAFC
performance based on open-circuit voltage,
peak power density and short-circuit current
density has not yet been achieved at laboratory
scale. Furthermore, life cycle studies need to be
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conducted to determine the life of these cells for
commercial viability (22).
Overall, the primary concerns for ammonia fuel
cells are the scarcity of highly compatible catalysts,
growth of commercial infrastructure and precious
metal management. Work is being done by several
companies and universities to make ammonia fuel
cells viable for commercial use. The timeline of
recent and future progress is shown in Figure 9.

6. Conclusion
In closing, the initial research foundation is already
in place for DAFC to be used for sustainable energy
production, but further development is needed for
commercial use. Direct combustion of ammonia or
dosing fossil fuels with ammonia may be preferred
in the short term, as it allows use of pre-existing
fossil fuel infrastructure, turbines and power
generation equipment without immediate phase
out. Direct combustion of ammonia could therefore
act as an intermediate before DAFC comes to its
full realisation and maturity within the commercial
market.
SOFCs, particularly SOFC-H, has the most
potential due to its minimised use of precious
metal, high efficiency, increased fuel utilisation,
reduced NOx production and simplified process.
This technology requires further investigation to
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overcome the hydrogen dilution at the cathode
and reach its full power potential. SOFC-O, alkaline
ammonia and ammonia borane fuel cells have

disadvantages such as low power potentials, high
process complexity and high NOx production
making them unfavourable.

Glossary
AAFC

ammonia alkaline fuel cell

DAFC

direct ammonia fuel cell

ESG

environmental, social and governance

NOx

nitrogen oxides

PEM

proton exchange membrane

pgm

platinum group metal

SOFC

solid oxide fuel cell

SOFC-H

solid oxide fuel cell with proton conducting electrolyte

SOFC-O

solid oxide fuel cell with oxygen conducting electrolyte
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Robust Continuous Synthesis and in situ Deposition
of Catalytically Active Nanoparticles on Colloidal
Support Materials in a Triphasic Flow Millireactor
W. K. Wong, J. T. Y. Chin, S. A. Khan, F. Pelletier
and E. C. Corbos, Chem. Eng. J., 2022, 430, (4),
132778
A triphasic flow millireactor for catalytic
nanoparticle synthesis and facile in situ deposition
onto colloidal support materials is presented.
Colloidal deposition was chosen because it
allows nanoparticles with complex shapes and
compositions to be deposited on the support
material. In comparison to batch-synthesised
nanoparticles, those generated by flow synthesis
demonstrated greater quality and consistency.
The method is shown to be effective when using
different support materials, including alumina,
ceria and titania. The technique’s versatility is also
demonstrated for various nanoparticle types, such
as tri-/bi-/mono-metallics.
Comparison Between the Thermal and Plasma
(NTP) Assisted Palladium Catalyzed Oxidation of
CH4 using AC or Nanopulse Power Supply

supply demonstrated more promise. When using a
nanopulsed operation, energy requirements were
reduced for both heterogenous and homogeneous
configurations.
Gas-Phase Isomerisation of m-Xylene
Isoreticular Zeolites with Tuneable Porosity

on

N. Remperová, J. Přech, M. Kubů, K. Gołąbek, J. F.
Miñambres, M.-F. Hsieh, A. Turrina and M. Mazur,
Catal. Today, 2022, 390–391, 78
The ADOR approach was used to synthesise
aluminium-containing
isoreticular
zeolites
with controllable pore sizes. The zeolites were
used to study catalytic performance in gasphase m-xylene isomerisation. The authors
investigated phase purity, the crystallinity and
interlayer distances, aluminium content, textural
properties of prepared materials and their crystals
morphology. Comparisons were made with
standard ZSM-5 zeolite. IPC-2 (10- and 12-ring
channels) exhibited the highest conversion and
p-xylene yields. A drop in selectivity was observed
in the presence of extra-large, 14-ring channels, a
consequence of xylene disproportionation.
Evaluation Of Water States in Thin
Exchange
Membrane
Manufacturing
Terahertz Time‑Domain Spectroscopy

Proton
using

F. De Rosa, C. Hardacre, W. G. Graham, G.
McCullough, P. Millington, P. Hinde and A. Goguet,
Catal. Today, 2022, 384–386, 177

D. F. Alves-Lima, X. Li, B. Coulson, E. Nesling,
G. A. H. Ludlam, R. Degl’Innocenti, R. Dawson,
M. Peruffo and H. Lin, J. Membr. Sci., 2022, 647,
120329

A palladium supported alumina catalyst was
used to investigate the combustion of methane
using three systems (thermocatalytic, plasma
and plasma-catalyst). To compare the three
systems, the authors looked for the presence of
a synergistic effect between the heterogenous
catalyst and the plasma. The specific input energy
of each system was also examined. The plasma
systems were shown to be less efficient than
the thermal process. When an AC power supply
was used, no synergistic effect was found for the
plasma systems. However, a nanopulse power

The unique structure of perfluorinated sulfonic-acid
ionomers (used as materials in proton exchange
membranes) supports their chemical/mechanical
and water properties. An understanding of these
properties is imperative for creating optimal
membranes. The authors used terahertz timedomain spectroscopy to resolve molecular water
states and retention properties inside Nafion
membranes (Figure 1). They also developed a
parametric-based algorithm for data analysis. The
technique was applied to industrially relevant thin
ionomers (13–70 μm), and results were reinforced
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Heat treatment
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by
prior
demonstrations
and
conventional
gravimetric analysis. The method showed sensitivity
to membranes prepared under different processing
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Biotechnological Synthesis of Pd-based Nanoparticle
Catalysts
C. Egan-Morriss, R. L. Kimber, N. A. Powell and J. R.
Lloyd, Nanoscale Adv., 2022, 4, (3), 654
Palladium nanoparticles supported on microbial
cells (bio-Pd) offer a more sustainable alternative to
palladium nanoparticles generated via conventional
chemical synthesis. However, the intrinsic activity
and selectivity of bio-Pd needs to be enhanced
to make it commercially viable. Bacteria, such
as dissimilatory metal-reducing bacteria, have
historically been used to produce bio-Pd. Recently,
bio-bimetallic nanoparticles have been introduced,
which can significantly enhance the catalytic
properties of bio-Pd. To further enhance these
properties, bio-Pd can be integrated into biocatalytic
processes using systems biology. In this review,
the authors examine enzymatic metal reduction
processes that can be bioengineered to control
the shape, size and cellular location of bio-Pd to
improve its catalytic properties.
Site-Selective d10/d0 Substitution in an S = ½ Spin
Ladder Ba2CuTe1–xWxO6 (0 ≤ x ≤ 0.3)
C. Pughe, O. H. J. Mustonen, A. S. Gibbs, M. Etter,
C. Liu, S. E. Dutton, A. Friskney, N. C. Hyatt, G. B.
G. Stenning, H. M. Mutch, F. C. Coomer and E. J.
Cussen, Inorg. Chem., 2022, 61, (9), 4033
The hexagonal perovskite Ba2CuTeO6 has a spin
ladder geometry of Cu2+ cations. The authors
substituted Te6+ d10 by W6+ d0 in Ba2CuTeO6
to produce a Ba2CuTe1–xWxO6 solid solution
(x = 0–0.3). The substitution of W6+ for Te6+ was
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nearly exclusively observed on the corner-sharing
site within the spin ladder rather than the facesharing site between ladders. The intraladder
interactions (Jrung and Jleg) were shown to be
directly tuned by site-selective doping. As W6+
increased, the system changed from a spin ladder
to isolated spin chains. This was demonstrated by
modelling the magnetic susceptibility data, which
also showed that the relative intraladder interaction
strength (Jrung/Jleg) was modified by the d0 orbitals.
Renewable Butadiene: A Case for Hybrid Processing
via Bio- and Chemo-Catalysis
S. Rodgers, F. Meng, S. Poulston, A. Conradie and
J. McKechnie, J. Cleaner Prod., 2022, 364, 132614
Technoeconomics and greenhouse gas emissions
of renewable butadiene production using a hybrid
biocatalytic route with black liquor were investigated
and compared to two chemocatalytic routes using
forestry residues and pulpwood. A novel aerobic gas
fermentation platform was employed. Integrated
supercritical water gasification and aerobic gas
fermentation produces acetaldehyde, followed
by chemocatalytic upgrading. One route passes
through an ethanol intermediate, the other has
propene as an intermediate. The hybrid bio/chemocatalytic route was found to be profitable using
the nominal technoeconomic inputs, producing a
net present value of US$2.8 million and minimum
selling price of US$1367 tonne−1.
Enzymatic Epoxidation of Long-Chain Terminal
Alkenes by Fungal Peroxygenases
E. D. Babot, C. Aranda, J. Kiebist, K. Scheibner,
R. Ullrich, M. Hofrichter, A. T. Martínez and A.
Gutiérrez, Antioxidants, 2022, 11, (3), 522
Unspecific peroxygenases (UPOs) were explored
to selectively epoxidise terminal alkenes. After
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optimisation of reaction parameters (cosolvent,
cosubstrate and pH), UPOs from Cyclocybe
(Agrocybe) aegerita, Marasmius rotula, Coprinopsis
cinerea, Humicola insolens and Daldinia caldariorum
were found to catalyse the epoxidation of long-chain
terminal alkenes from C12:1 to C20:1. Alkenols
and other hydroxylated derivatives of the alkenes
were also formed. Peroxygenases therefore have
potential as an interesting and green alternative to
the existing technologies for epoxidising long-chain
terminal alkenes.

may also be applied to a wide range of other solid–
gas reactions. Complimentary in situ TEM and
X-ray nanoprobe studies could be carried out under
identical conditions. The same cell can be used and
easily transferred between instruments, a major
advantage which raises the possibility of studying
the same particles under identical conditions
(gas flow, pressure, temperature) using multiple
techniques.

A Cell Design for Correlative Hard X-ray Nanoprobe
and Electron Microscopy Studies of Catalysts under
in situ Conditions

Y.-V. Phakoukaki, P. O'Shaughnessy and P. Angeli,
Sep. Purif. Technol., 2022, 282, (B), 120063

J. E. Parker, M. Gomez-Gonzalez, Y. Van Lishout, H.
Islam, D. Duran Martin, D. Ozkaya, P. D. Quinn and
M. E. Schuster, J. Synchrotron Rad., 2022, 29, 431
A specially developed system incorporating a
commercially available gas-cell chip assembly
within an X-ray nanoprobe beamline was used
to investigate the redox behaviour of platinum
nanoparticles supported on ceria under typical lean
and rich diesel-exhaust conditions. The system
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Intensified Liquid-Liquid Extraction of Biomolecules
using Ionic Liquids in Small Channels

Intensified extraction of amino acid L-tryptophan
from aqueous solution into an ionic liquid was carried
out in small channels. The study demonstrated the
possibility of replacing conventional organic solvents
with ionic liquids. A mechanism is proposed for ionic
liquid and extractant combination. Hydrodynamic
properties of the liquid-liquid plug flow in small
channels were investigated. High mass transfer
coefficients in comparison to mixer-settlers and
organic solvents, respectively, were found.
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Introduction
“Advances in Carbon Capture and Utilization” is
a multi-author book that is edited by Deepak
Pant, Ashok Kumar Nadda, Kamal Kishore Pant
and Avinash Kumar Agarwal and published by
Springer.
In recent years there have been some excellent
books that have been published in this field, so
the question was how this would compare and
what were the ‘advances’? The first thing that
was apparent from the table of contents was
that this was a book that was not in the mould
of its predecessors. There has been a general
acceptance that carbon dioxide utilisation
involves the breaking of C=O bonds and the
formation of new bonds between carbon and
other elements, such as hydrogen, nitrogen or
in the case of coupling reactions other carbon
fragments. In all cases, CO2 is the feedstock,
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but a new chemical is the product. In 2022 the
US Department of Energy clarified the situation
somewhat by referring to such chemical reactions
as chemical conversion, while those processes
using CO2 as a working fluid were moved from
utilisation to carbon capture and storage. The
Global CO2 Institute has identified aggregates,
cement, synthetic fuels, methanol and polymers
as the leading utilisation products in terms of
their high mitigation potential and potential
revenue generation. In the case of this book
the main value-added products are generally
overlooked, and some more left-field applications
are considered. Furthermore, there is a heavy
influence on the technology within a South Asian
context. This makes the book very interesting
from a new perspective. My only concern is that
while there is considerable emphasis on capture,
the actual utilisation side is limited.

Advances in Carbon Dioxide
Utilisation
Chapter 1 is a general introduction to advances
in carbon dioxide utilisation (CDU) and is the sole
chapter in Part I. The theme of the book is laid out
with an emphasis on some unusual applications
of CDU. Aspects of point source carbon capture
(PSC) and direct air capture (DAC) are introduced.
Soil remediation, a subject of great importance
in India, is highlighted as a promising mitigation
technology. The references in this section are
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limited to Indian authors which is consistent with
the approach of focusing on South Asia that is
prominent throughout the book.

Carbon Capture and Sequestration
Part II looks at carbon capture as natural
phenomenon. Chapter 2 covers ‘Carbon Capture:
Innovation for a Green Environment’. This considered
sorbents and processes for carbon capture and
follows a standard format, looking particularly at
aqueous amines and industrial capture processes.
There is a background to the theory but lacks real
world examples, or an appreciation of the extent
of technology deployment. In the case of DAC, the
emphasis is on materials: a deeper insight into the
process and especially the energy requirements of
commercial deployment would have been useful here.
Chapter 3 looks at ‘Geological Carbon Capture
and Storage as a Climate-Change Mitigation
Technology’. The areas covered are broad and look
at some geological mitigation technologies but then
takes an unexpected foray into fuel production,
enhances (sic) oil recovery (EO) and revisits
methods for carbon capture. In this chapter I would
have expected to see more detail into mechanisms
of geological storage with insights into site geology,
rock porosity and the issues surrounding long-term
site stability.
Chapter 4 considers ‘Soil Carbon Sequestration
for Soil Quality Improvement and Climate Change
Mitigation. This is a unique analysis in the area and
very important from an agricultural perspective. It
is an area that is often neglected and so a major
contribution to the field. The subject is extensively
referenced giving the reader considerable scope
for further study. It is clear from the text that
this is considered to be sequestration rather
than utilisation: the CO2 is used for example to
improve soil stability. However, from a perspective
of sequestration, there are questions surrounding
the timescale of sequestration and whether or
not it meets the criterion of a minimum 100-year
sequestration period.

Carbon Management Techniques
Part III looks at ‘Advance (sic) Carbon Management
Techniques’. Chapter 5 focuses on ‘Post-combustion
of Carbon Capture Technologies: Advancements
in Absorbents and Nanoparticles’. Much of this
chapter is a resumé of preceding chapters and
tends to consider existing absorbents rather than
advanced materials. The section on nanoparticles
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is disappointingly small at just over one page and
therefore lacks detail.
Chapter 6 is ‘Carbon Bio-capturing System for
Environment Conservation’. The chapter shows
promise, then reverts to a reanalysis of capture
technologies covered in several of the previous
chapters, including geological and ocean storage
which are physical rather than biological systems.
However, once this is covered there are some
good examples of biological processes including
photosynthetic and microbial processes and an
interesting section on electrobiological conversions.
Chapter 7 looks at ‘Simultaneous Wastewater
Treatment and Carbon Capture for Energy
Production’. There is a very interesting section on
microbial fuel cells which are currently attracting
global attention. Of course, these are based on
laboratory studies so it will be interesting to see
if these make it into a full-scale reactor. One of
the problems in the treatment of wastewater is the
very low CO2 concentrations that are encountered.
Conversions are difficult to find but where shown
tend to be in the milligram per day regime. Algae
conversions are also covered, and some examples
of precommercial applications are given. The
chemistry behind biological reactions is interesting
and not covered in detail by other general CDU
books, although there are some specialist dedicated
textbooks in the field, for example by Aresta (1)
and Centi (2).
Chapter 8 looks at ‘Carbon Dioxide Capture by
Ionic Liquids’. This is a very niche area of absorption
chemistry where alternatives to amine solvents are
being sought. There are long sections of carbon
capture technologies using different sorbents and
from different CO2 sources. This repeats sections
covered in many of the preceding chapters and
it is a while until ionic liquids are introduced. The
descriptions of ionic liquids are extensive and there
are considerable amounts of data presented on
capture capabilities. The authors quite rightly state
that ionic liquids are expensive, although there are
exceptions, but it would be useful to see this against
a base case of amine solvents, or even water itself.
There are many known issues surrounding low
diffusion coefficients in ionic liquids, but these are
not discussed. In general, many of the references
are old and are based on small scale laboratory
systems. Some of the more recent work on, for
example, ionic liquids coated on cellulose and
their effects on capture capacity and processability
are not covered. This is a good chapter for those
interested in carbon capture, but again they do
not discuss utilisation. There are examples where
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the ionic liquids act as both capture agents and
catalysts for reactions, so-called reactive capture,
but these are not covered.
Chapter 9 considers ‘The Climate Smart Agriculture
for Carbon Capture and Carbon Sequestration: The
Challenges and Opportunities’. As the title suggests,
this is sequestration and not utilisation so again
seems out of place in a utilisation context. That
said, it is a very interesting chapter and a valuable
resource for those considering mitigation in an
agricultural context. The chapter is well referenced
and will provoke some questions among readers
as to the best way forward if we are to achieve net
zero in agriculture, one of the large emitters on a
global stage.
Chapter 10 follows on from the previous chapter,
but focused more locally on ‘Quantification of the
Soil Organic Carbon and Major Nutrients Using
Geostatistical Approach for Lahaul Valley, Cold Arid
Region of Trans-Himalaya’. This chapter is less of a
review and more of a research paper so does not sit
easily within the structure. There are a reasonable
number of references so it may be useful for a
specific audience but it is unclear if the main body,
including a Results and Discussion, has been peer
reviewed or if this is new material.

Novel Techniques for Use and
Sequestration
Part IV looks at ‘Miscellaneous Techniques’.
Chapter 11 covers ‘Biochar: A Carbon Negative
Technology for Combating Climate Change’.
Biochar is an area of CDU that is often neglected
from inclusion in reviews, so it is refreshing to see
an in-depth analysis presented here. The question
arises again if this is utilisation, sequestration
or just temporary use as retention in the soil is
considered to be temporary. The chapter certainly
whets the appetite for further investigation of the
subject. The development of a circular ecosystem
in which waste material becomes an asset is well
highlighted and biochar may help to develop
sustainable food production while addressing the
challenges of climate change.
Chapter 12 ‘Carbon Sequestration Potential of
Different Land Use Sectors of Western Himalaya’.
Again, this is a niche application in a particular
geographic region. The chapter concentrates
mainly on afforestation as a means of mitigation.
Again, this is really sequestration rather than
utilisation. An analysis of the life cycle of the
technology would have been instructive as it is not
clear if the afforestation is a permanent storage
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solution or a used as a method for managed
forestry with the timber being used for sustainable
materials production. In the latter case it could
be considered to be utilisation, although current
thinking requires the CO2 to be sequestrated for
at least 100 years.
Part V covers ‘Value Addition Techniques’.
Chapter 13 is ‘Progresses in Bioenergy Generation
from CO2: Mitigating the Climate Change’ but
this does not truly reflect the contents of the
chapter. Indeed, the first part looks at renewable
methanol from waste CO2 and its production from
chemical reactions including thermal catalysis
and electrocatalysis. This is clearly not bioenergy
generation. When biological systems are addressed,
there is duplication of the earlier sections on
algae sequestration as well as brief reference to
bioethanol and biodiesel production. However,
there are no details of the chemistry, processes or
the global commercialisation of such technologies.
Here I would have expected discussions on
SkyNRG (The Netherlands) and LanzaTech (USA),
technologies which are now part of the synthetic
transport fuels supply chain.
Chapter 14 is ‘Recent Advances in Enzymatic
Conversion of Carbon Dioxide into Value-Added
Product’. This is a novel approach to CO2 utilisation
that tends not to appear in other textbooks in the
field. The chapter covers enzymatic production of
methanol, although not the LanzaTech process,
methanation and formic acid. There are some
interesting approaches to CDU presented to a
range of inorganic and organic materials, including
the catalysed carboxylation of both aliphatic and
aromatic compounds. This brings a different
perspective to the book and presents a possible
new line of investigation, using the tools of nature
to help in the conversion of CO2 into value added
products.

Summary
In summary, this is an interesting book that
focuses on carbon capture and to a large extent
sequestration. The title of the book does not
reflect the approach contained within the chapters
fully. There is limited utilisation technology
discussed, but where it is, the subject matter
differs from the usual technologies discussed in
the area. The publication reads more like a series
of monologues with many of them having very
similar introductions concentrating on capture
technologies and materials. There is therefore
considerable repetition.
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That said, the book will be particularly useful for
readers with specific interest in rural applications
and the unique ecosystem of South Asia. It is a
useful addition to the library of greenhouse gas
mitigation technologies, bringing a different
approach.
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Introduction
“Sustainable Carbon Capture – Technologies and
Applications” is a muti-author book edited by
Humbul Suleman, Philip Loldrup Fosbøl, Rizwan
Nasir and Mariam Ameen, and published in
2022 by CRC Press, part of the Taylor & Francis
Group.
The copy of the book I received to review
came as an ebook available on an app called
VitalSource BookShelf®. The default mode makes
reading difficult and it takes a while to get used
to the scrolling mode rather than discrete pages.
I personally set the font size to the second option
and the font to Humanist make it easier to read
on an iPad. On the plus side there are several
options to make accessibility easier such as the
ability to turn the page colour to sepia or cyan. I
would personally have preferred a PDF version to
make switching between different sections easier.
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Sustainable Carbon Capture
Chapter 1 introduces the concepts behind
sustainable carbon capture. It includes descriptions
of the types of technologies currently available and
touches on the concept of sustainability in such
systems. There is an extensive list of commercial
or demonstration projects in operation or in the
engineering phases of development. It is worthy
of note that while these were most likely current
at the time of writing, a number have already
ceased to operate and so due diligence is needed
to ensure that data are current. This is not a
criticism of the authors, simply a reflection of
the transient nature of technology development.
While life cycle assessment (LCA) is mentioned it is
not in detail but does highlight some of the issues
around emissions accounting in that sustainability
needs to propagate along the whole supply chain,
especially in the choice of fuel feedstocks.
The ‘Reactive Chemical Absorption of CO2
by Organic Molecules’ is covered in Chapter 2
and spans conventional organic bases through
to alternative solvent systems. The authors
point out that the reaction of water is slow
but can be accelerated using bases. There
are also examples where the water content of
the absorbent is reduced but where there is a
consequent increase in viscosity. There is also
the recognition that heat is needed to affect the
quite substantial temperature swing required to
complete the chemical absorption followed by
chemical desorption, typically between 50ºC and
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130ºC. However, the big question I wanted to see
the answer to, but which I could not find, was an
indication of the cycle time of the temperature
swing. The heat capacity of aqueous solvents is
high and so the thermal lag must be considerable.
It would be a useful addition to have a table of cycle
times for systems at scale, comparing between
different absorbent systems. That said, the chapter
is a very valuable resource for those starting off in
the field of carbon capture to gain an appreciation
of the opportunities and the benefits.

in the waste stream mix. Table 5.2 in the book
has some limited data, but it would have been
interesting to see more given that the point of
the materials is to purify CO2 from other waste.
There is a brief but interesting discussion on the
commercial use of MOFs which shows that at the
present time their application is limited with only
six companies being identified as active in their
manufacture and application.

Technology Developments

‘Novel CO2 Separation Membranes’ are discussed
in Chapter 6 which opens with definitions and
background theory, including a section on
determining performance parameters. A section
on the classification of membranes is welcome
as many are described by non-experts as simply
‘membranes’. The advantages of the technology are
presented and a useful timeline in Figure 6.3 in the
book (Figure 1) shows that the first commercial
membranes were deployed as early as the 1980s.
Despite this there are limited examples with only
Korea Electric Power Corporation (KEPCO) being
shown as an installed facility. In terms of being
‘novel’ there is only a short section on this as
most of the membranes described are based on
well-established methods. The area of polymers of
intrinsic microporosity is of particular interest but
issues of stability, fragility and long-term use still
remain a barrier to widespread application.
Chapter 7 considers ‘Cryogenic CO2 Capture’. The
general introduction to types of flue gas capture
(pre-, post- and oxyfuel-gas capture) are again
repeated. In the case of cryogenic capture of CO2
it has been established that this becomes viable
above concentrations of 70% so there is a belief
that use on low concentration flue and process
gases is impractical. Table 7.1 in the book appears
to emphasise this but it is not clear how some of the
lower limits of concentration are achieved. There
are a range of techniques available for cryogenic
separation but again there is an implication that
these suffer at lower concentrations and require
considerable energy input. The key challenges
appear to be extensive for general CO2 capture.
It would have been useful to see a comparison
of cryogenic processes against other established
methods in order to get a feel for where the
improvements could be made. Most of the
discussion centres on gas sweetening which seems
counterintuitive as this prolongs fossil carbon use
rather than mitigating against the downstream
emissions.

As someone who has worked in the field of ‘Ionic
Liquids in Carbon Capture’, I was intrigued to see
these covered separately in Chapter 3. They have
long been proposed as a mid-term technology
development in increasing CO2 selectivity but have
taken a while to enter the mainstream. While they
certainly show promise, the cost generally remains
an issue. The coverage is comprehensive with
over 350 references, however some key recent
references to polymeric and solid ionic liquids
are noticeable by their absence. There has been
considerable progress in recent years, and these
are not covered. With that caveat, the chapter
gives an excellent appraisal of their potential and
is essential reading to someone new to the field.
Chapter 4 covers ‘Gas Hydrates for CO2 Capture’
which is an unusual addition to the suite of capture
technologies. Indeed, this is the first time I have
encountered them as a potential solution to the
mitigation problem rather than as the problem
themselves. There is considerable detail about their
structure and mode of operation but a question
remains regarding their potential use in a real life
environment such as in the capture of industrial
emissions. That said, the chapter is an interesting
read that serves to broaden horizons.
‘Sustainable
Metal-Organic
Framework
Technologies for CO2 Capture’ are covered in
Chapter 5. Metal-organic frameworks (MOFs)
have been extensively studied and the structure
and content of the chapter reflects this. There is
in-depth coverage of the chemistry and physical
properties of MOFs, including an interesting
section of their fabrication into membranes. The
chemistry of these coordination polymers is well
understood, and they offer an opportunity to
tailor their synthesis to produce very task-specific
materials. While capacity, the amount of CO2
captured per unit mass of adsorbent, is of course
important, so is their selectivity to other gases
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Renewable Fuels
Advanced reforming technologies for ‘Bioenergy
and Biofuels with Carbon Capture’ is discussed in
Chapter 8. This is an interesting topic, but I was
quite surprised that the content does not reflect
the title. Biofuels are not discussed in this chapter,
which in fact discusses so-called renewable fuels
of non-biological origin (RFNBO) or e-fuels. To
be classified as biofuels the energy to produce
the materials needs to be derived from biological
energy sources and likewise so does the carbon
feedstock. In this chapter there is a discussion
of RFNBOs produced from the catalytic reduction
of CO2 using hydrogen. This is a very important
area of carbon use and one where there is huge
commercial potential. There are a number of
textbooks that cover this in detail, but this is
nevertheless a good yet basic introduction to
the basic concepts of the technology. The field is
growing at a rapid pace, so the chapter serves to
highlight the field in a general way allowing the
reader to look at more detailed reviews where new
methods are arising. Considering the wealth of
literature in this particular area of carbon capture
and utilisation (CCU) the chapter is somewhat
brief and does not cover the commercial success
of several processes including the work of Sunfire
GmbH, Germany, Oberon Fuels, USA and work from
the Ozin and Steinfeld groups. It is also surprising
not to see mention of the seminal work of George
Olah who brought the methanol economy to the
forefront of CCU (1–6).
Chapter 9 covers ‘Blue/Bio-Hydrogen and Carbon
Capture’. This is a very much debated area in terms
of whether or not it is a sustainable approach as,
unlike green hydrogen which is obtained from
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water splitting using renewable energy sources,
blue hydrogen uses fossil methane as the hydrogen
source and relies on there being sufficient carbon
capture and storage (CCS) at scale and close to
the production site for it to be viable. Indeed, a
recent paper from Howarth and Jacobson has
challenged the concept that blue hydrogen can
lead to mitigation (7). Therefore, the jury is out as
to whether blue hydrogen is in fact a sustainable
option, as it uses primarily fossil based hydrogen
sources and relies on CCS being widely available
at scale and at a reasonable cost. The recognition
that bio-hydrogen (for example blue hydrogen from
biomethane) may be a solution is a reasonable
conclusion to make. This chapter will give rise to
much debate so may be useful in the teaching of
graduate degree courses.

Process Design
An interesting approach is taken in Chapter 10
covering ‘Improvements in Process Design,
Simulation, and Control’. This considers approaches
such as improved process control systems and system
intensification. Both mathematical models and nonmodel approaches are considered, and suggestions
are made of how the different approaches can be
realised. While these are suggestions, they are not
discussed in detail and no definitive examples are
given. Process design is rightly proposed as a way
to accelerate improved efficiencies; however, most
seem to be based on redesign of existing systems
and technologies rather than the significant step
change that is perhaps required. This chapter
is a good starting point for further research as it
promotes a way to rethink systems.
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Four examples of capture processes are
discussed in Chapter 11, ‘Special Case Studies
in Sustainable Carbon Capture’. The first is a
post-combustion capture unit of an energy to
waste facility, the second is capture onboard a
liquefied natural gas transporter ship, the third
biogas upgrading and finally, the fourth considers
capture in the cement and metal industries. Each
is presented as a template for analysis which
is sensible and aligns well with the harmonised
guidelines
for
LCA
and
technoeconomic
assessment published by the Global CO2
Initiative over a number of years (8) although
these are not cited in the text. With the exception
of biogas upgrade, which includes an analysis of
the Sabatier reaction to reduce CO2 to methane,
the capture case studies stand alone in that they
produce purified CO2 but assume that this will go
to a sequestration site. All the examples assume
that an amine solution will be the method of
choice, however the lack of sequestration sites
for many countries or political opposition means
that these cannot be simply assumed. That said,
this is a very useful chapter for researchers as it
instils a need for process in the way that analyses
are carried out. The production of methane from
CO2 poses a conundrum in terms of mitigation
and sustainability. Methane has a global warming
potential 24 times that of CO2 so the product is
more environmentally harmful. There is therefore
a need to ensure the containment of the product
as fugitive methane emissions must be avoided.
Chapter 12 reports some aspects of ‘Modelling
the Socio-Economic Impacts of Carbon Capture
and Storage Deployment – Current Practices
and Pathways Forward’. This is a good general
introduction that focuses on sequestration
potential of carbon capture but not the added
benefits of revenue generation through utilisation
of the captured CO2. The latter can add to social
development through the generation of clean
energy, alternative fuels and construction materials
so can have a profound impact on regional
economic growth, particularly where sequestration
is not possible or where public opposition precludes
sequestration. The chapter gives a good overview
and a starting point, however the reference section
is brief and omits important contributions from
the Institute For Advanced Sustainability Studies
(IASS) Group in Potsdam, Germany, and the work
of McCord et al. over the last five years (9, 10).
It would be useful when applying such analysis
approaches to compare the results against the
counterfactuals of a business-as-usual approach
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and alternative mitigation technologies which may
create additional social impact.

Emerging Technologies
Chapter 13 concludes the book and discusses
‘Emerging Technologies for Sustainable Carbon
Capture’. A range of areas are covered and while
some might be considered as emerging, many are
already in the arsenal of available methods. For
example, the Royal Society of Chemistry (RSC)
Faraday Discussions on CCU and CCS in 2015
and 2016 respectively covered metal-looping,
serpentine carbonation and electromicrobial
methods while direct air capture (DAC) has
been around for a decade or so (11, 12). It is
surprising that the commercial DAC applications
from Climeworks AG, Switzerland and Carbon
Engineering Ltd, Canada, were not discussed nor
the fuel cell work of Sunfire. Many of the techniques
are now established rather than emerging so
this is a difficult chapter for the authors to keep
up to date as there are so many new emerging
technologies that could produce a paradigm shift
in the way that carbon capture can be achieved at
scale and in a sustainable manner. While the book
was published in 2022, it is likely that many of the
newer technologies were not captured before the
publication deadline.
In conclusion this is an excellent introduction to
CO2 capture technologies that will be of interest to
those new to this field of research and to students
studying energy related programmes.
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