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Gas diffusion electrodes, reactor designs and key
metrics of low-temperature CO, electrolysers
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CO, emissions can be recycled via low-temperature CO, electrolysis to generate products such as carbon monoxide, ethanol,
ethylene, acetic acid, formic acid and propanol. In recent years, progress has been made towards an industrially relevant perfor-
mance by leveraging the development of gas diffusion electrodes (GDEs), which enhance the mass transport of reactant gases
(for example, CO,) to the active electrocatalyst. Innovations in GDE design have thus set new benchmarks for CO, conversion
activity. In this Review, we discuss GDE-based CO, electrolysers, in terms of reactor designs, GDE composition and failure
modes, to identify the key advances and remaining shortfalls of the technology. This is combined with an overview of the partial
current densities, efficiencies and stabilities currently achieved and an outlook on how phenomena such as carbonate formation
could influence the future direction of the field. Our aim is to capture insights that can accelerate the development of industri-

ally relevant CO, electrolysers.

fuels is projected to increase global temperatures by 1.5°C
between 2030 and 2052', which must be mitigated to protect
Earth’s existing biomes. Decreasing CO, emissions may, in part, be
achieved through the continued introduction of renewable energy
and electrification of the heating and transportation sectors, yet
there remain key sectors that cannot easily be decarbonized. This
is particularly true for air transportation, for which no electrified
alternative is commercially available, or industries such as steel and
cement, which require carbon oxidation in their operation. The car-
bon footprint of these sectors must instead be decreased through
the implementation of renewable fuels and the conversion of CO,
emissions, both of which may be addressed with CO, electrolysis.
A CO, electrolyser converts CO, into chemicals through the
electrochemical reduction of its C—O bonds. Currently, electrolys-
ers are split between two technologies: high-temperature (>600°C)
solid oxide electrolysers’ and low-temperature (25-80°C) elec-
trolysers. CO, electrolysis to CO with solid oxide electrolysers has
seen substantial progress at high temperatures, which is described
elsewhere’. This review focuses on low-temperature electrolysers,
a rapidly evolving field that continues to implement new reac-
tor designs and catalyst types. Low-temperature CO, electrolysis
is able to generate a diverse range of products, such as CO, ethyl-
ene, formic acid or ethanol, depending on the number of electrons
transferred and the number of CO, molecules that are coupled
together (Fig. 1a). Technoeconomic and life-cycle analyses have
offered targets to achieve an economically compelling implementa-
tion of low-temperature CO, electrolysis, and suggest technologi-
cal advances are necessary to compete with the cost of chemicals

!! nthropogenic CO, emission from the combustion of fossil

derived from fossil sources’~. Nevertheless, continued innovation
and investment in renewable power is beginning to lessen this gap, as
is progress towards selective, stable and efficient CO, electrolysers.
Studies of low-temperature CO, electrolysis that used solubilized
CO, in water as the reactant provided fundamental knowledge that
served as the foundation of this field®. However, achieving high rates
of reaction in these conditions is limited given the low concentration
(33mM) (ref. 7) and slow diffusion of aqueous CO, (diffusion coef-
ficient tco,=0.00176 mm?s~" at 20°C) (ref. ¥). This has motivated
research into gas diffusion electrodes (GDEs), that use gaseous CO,
as a substrate. A schematic of a GDE is presented in Fig. 1b, which
illustrates how gaseous CO, is fed directly to an interface between
the catalyst and electrolyte. This facilitates the rapid mass transport
of CO, to the catalyst surface, where it is bound and subjected to
the proton and electron transfers necessary to form a given prod-
uct. Adoption of GDEs in the field of CO, reduction has provided
new design concepts and operating principles for this research, and
such vapour-fed reactors are now approaching performances, in
some aspects, commensurate with the expectations for commercial
technology, as covered in numerous contemporary reviews’''. As
of 2021, record ethylene- and carbon-monoxide-production partial
current densities surpass 1 Acm™ (refs. '>'?), similar to that of com-
mercial H,O electrolysers. Still, most reported energy efficiencies
and reactor stabilities are currently inadequate for commercialization
and the low CO, single-pass conversion, carbon efficiency and prod-
uct selectivity introduce downstream separation costs to the reaction.
This review presents the current status of and future outlook
for low-temperature CO, electrolysers. We tie together advances
in the configurations of low-temperature CO, electrolysis reactors,
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Fig. 1| CO, electrolysis on a GDE. a, Common products of low-temperature CO, electrolysis, their thermodynamic redox potential against the RHE and
the number of electron transfers necessary to form them. b, Schematic of a GDE in the operation of CO, electrolysis showing a section of the centre that
illustrates the interface between the gas diffusion layer and catalyst layer. C, grey; O, red; H, white.

catalyst designs and failure modes with an analysis of the currently
reported catalyst activity and stability. The ultimate goal is to estab-
lish the state of the field and highlight challenges that remain for the
industrialization of this technology.

Component integration and reactor design

Component overview. The key components of the CO, electrolyser
are presented in Fig. 2, which breaks down the structure of the gas
diffusion layer, catalyst layer and membrane.

The gas diffusion layer is the gas-permeable support on which
the catalyst layer is deposited (Figs. 1b and 2a). The layer controls
the mass transfer of water, reactants and products to and from the
catalyst layer and plays a role in determining the local environment
around the catalyst. Most gas diffusion layers predominantly com-
prise a macroporous layer that permits diffusion of gaseous CO,
from the reactant gas stream to the catalyst surface, as well as diffu-
sion of gaseous products (for example, H,, CO, CH, and C,H,) away
from the catalyst surface to the gas stream. On top of the macropo-
rous layer is often a microporous layer, which comprises carbon that
has been treated with polymers, such as polytetrafluoroethylene
(PTFE), to create a finely structured hydrophobic layer. Without the
hydrophobic layer, electrolyte or water may flood the pores of the
support (see the discussion in Failure modes and their solutions).
Porous PTFE membranes are also viable gas diffusion layers'* and
contain a single layer: an insulating microporous sheet of hydropho-
bic PTFE fibres (Fig. 2b).

A catalyst layer is deposited on the gas diffusion layer, which pro-
vides the active sites on which CO, is bound and reduced. Catalyst
designs include heterogeneous metals, molecular complexes and
single-metal-atom-doped carbons. Heterogeneous metal cata-
lysts comprise metal films, nanostructures and nanoparticles, the
composition of which determines the products of CO, reduction:
catalyst layers that comprise Ag (ref. °) and Au (ref. '°) are predomi-
nantly used for CO production, Sn (ref. '”) and Bi (ref. ') for formic
acid production and Cu as a standalone catalyst'>** or in combina-
tion with other metals®' for multicarbon products. Molecular cata-
lysts are discrete transition metal complexes and include aromatic

N-containing ligands (for example, porphyrins, phthalocyanines
and/or bipyridine)*. Single-metal-atom-doped carbons use a metal
ion bound within a carbonaceous host structure. These may be
metal- and N-doped carbons (M-N-Cs), in which multiple nitro-
gen sites facilitate the ligation of a central single metal atom* or
single atoms doped directly into graphitic carbon™.

The anode in a CO, electrolyser is most commonly IrO, (ref. **),
Pt (ref. *°), Ni (ref. *) or NiFe (refs. ?*) based. IrO, nanoparticles
on GDEs are used most consistently in high-energy-efficiency
systems'®. The anode carries out a complementary oxidation reac-
tion to CO, reduction, which is most commonly water oxidation.
Water oxidation in combination with CO, reduction is precisely the
opposite of fossil fuel combustion, but its large voltage requirement
(1.23V versus the reversible hydrogen electrode (RHE)) has led to
the consideration of alternative oxidation reactions, such as glucose
to gluconic acid (—0.07 V versus RHE) or glycerol to glyceraldehyde
(0.41V versus RHE)%.

Between the anode and cathode sits an ion-exchange mem-
brane; a polymer sheet that transfers ions between the electrodes
and hinders product crossover (Fig. 2c). These membranes are
divided into three categories according to their ionic permeability:
cation-exchange membranes (CEMs), anion-exchange membranes
(AEMs) and bipolar membranes (BPMs)*. CEMs (for example,
Nafion) conduct protons and/or cations via negatively charged
functional groups, such as sulfonates, and AEMs (for example,
Sustainion and PiperION) conduct anions via positively charged
functional groups, such as imidazoliums or tertiary amines (Fig.
2d). BPMs combine an AEM and CEM around a central water dis-
sociation (WD) layer that splits water into protons and hydroxide
ions. Figure 2e shows the set-up of a BPM in which protons con-
duct from the BPM WD layer through the CEM and neutralize the
hydroxide ions generated at the cathode, and WD-derived hydrox-
ide ions cross the AEM to neutralize protons generated at the anode.
This allows a distinct electrolyte pH to be maintained in each com-
partment and avoids concentration polarization losses’; however,
the series resistance of the full electrochemical reactor using BPMs
is normally higher than those of AEMs and CEMs’'. Nevertheless,
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Fig. 2 | Components of a GDE CO, electrolyser. a,b, Gas diffusion layers used to fabricate GDEs, which display the catalyst layer added onto a conducting
carbon paper (a) and a PTFE gas diffusion layer (b). c-e, A depiction of a typical membrane (c), functionalities from CEMs (left) and AEMs (right) (d)
and their combination in a BPM that contained a WD layer (e). f, Schematic of an aqueous vapour-fed reactor for ethylene formation with an AEM. g,
Schematic of a vapour-fed MEA for CO production with an AEM. h, Schematic of a vapour-fed SED for formic acid production with an AEM, central solid
electrolyte and CEM. C, grey; O, red; H, white.

recent advances in BPMs have lowered the resistances across the electrolyser operation in such conditions, CO, travels to the inter-
cell, which greatly facilitates their use in electrocatalytic reactions.  face between the GDE and the catalyst layer, where it is reduced to a

given product and OH" is released, as shown in equation (1):
Device operation and carbonate formation. GDE-driven CO,

electrolysis is most selective and efficient when operating in locally xCO2 + 2x+y — 2)H,0 + (4x + y — 22)e”
neutral to basic pH conditions, because parasitic proton reduction _ 1)
to H, becomes favoured in locally acidic conditions. During the — CH, Oz + (4x +y — 22)OH
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The hydroxide then reacts with inbound CO, to produce bicar-
bonate and carbonate anions through reactions (2) and (3):

CO; + OH™ — HCO5; (2)

HCO; 4+ OH™ — CO; +H;0 (3)

When using an AEM, OH~ is expected to carry charge from the
cathode to the anode. However, it has been observed that in a CO,
electrolyser, CO,?~ may act as the charge carrier'>”. At the anode
the charge carrier (CO,*>~ or OH") is oxidized to CO, and/or O,
(equations (4) and (5) and the nature of the carrier may be quanti-
fied from the CO,:0, ratio in the anodic outlet stream. As shown
in reaction (5), a 2:1 ratio implies that CO,>" is the majority charge
carrier and values lower than 2:1 of CO,:0, imply that OH" is, at
least partially, undertaking the charge carrying role**:

20H™ — O, +2H" +4e™ (4)

2C0O;™ —2CO; + Oy + de” (5)

Note that reaction (5) will not release CO, if the electro-
lyte is strongly basic, and therefore this diagnostic only works in
‘steady-state’ conditions, that is, when carbonate is converted at the
anode at the same rate as it is produced at the cathode™. Recent
discussion highlighted the energetic losses associated with using
basic electrolytes that operate outside steady-state conditions, that
is, when more CO, is consumed than released. A stable operation
in such basic conditions requires constant removal of the carbon-
ate from water, which requires >230kJ mol™" using an optimized
calcination cycle®, equivalent to >1.5kWhkg™ CO, removed. For
comparison, a CO, electrolyser working at 2.3V and 95% selectivity
for CO production requires 2.9kWhkg™" CO, converted.

Reactor design. The above-mentioned components must be
designed to facilitate reactions (1), (4) and (5) for an efficient CO,
conversion. The transition from solubilized CO, reduction in ‘H
cells’ was facilitated by the aqueous vapour-fed reactor (Fig. 2f)™*.
In this case, a cathode GDE sits at the interface of the inbound CO,
and the flowing aqueous electrolyte (the catholyte), which is sepa-
rated from the anodic electrolyte stream (the anolyte) by a central
membrane. The electrolyte in the aqueous reactor contains alkali
metal salts that ensure an adequate conductivity between the elec-
trodes and is also able to improve the catalytic activity?. K* cations
are typically used due to their availability, but Cs* was shown to
improve multicarbon-product formation on planar Cu (ref. *’) and
to decrease the required potential for CO production***. The anion
is typically hydroxide, but the consumption of CO, by hydroxide
(equations (2) and (3) presents energetic losses that are not accept-
able in large-scale CO, valorization®*>*. Alternatively, halide
anions were shown to suppress H, evolution and weaken the C—O
bonds in surface-bound intermediates through an increased elec-
tron donation to the catalytic layer*-*.

Membrane electrode assembly (MEA) electrolysers pres-
ent higher efficiencies due to the lowered ohmic resistance of the
zero-gap design. In a MEA electrolyser, the membrane is contacted
on either side by the cathode and anode catalyst layers (Fig. 2g).
During operation, the cathodic side is fed humidified CO, but
no flowing electrolyte. The anode is typically fed an electrolyte of
bicarbonate or carbonate and is commonly a porous Ti (ref. **) or
a carbon gas diffusion layer" with deposited IrO, nanoparticles.
Introduction of both the anolyte and CO, uses a conducting plate
with a flow field, which also provides an electrical contact to the
MEA. A precise flow-field design is proving to be important for

Box 1| Calculating Faradaic efficiency and partial current density

Faradaic efficiency provides a measure of the selectivity of elec-
tron transfer from the electrode to the substrate. After quantify-
ing the products of CO, reduction, the Faradaic efficiency may
be calculated through equation (6):

My X He—y X F

FE«(%) = Q

x 100 (6)

Where #, is the amount of product x (mol), n,_, is the number
of electrons to make x from CO,/H,O, F is the Faraday constant
(94,685Cmol™) and Q is the total charge passed. As gaseous
products are analysed within a stream of flowing CO,, the CO,
mass balance must be measured and calculated accurately to
determine the FEs as CO, moves across the electrolyser accord-
ing to reactions (2), (3) and (5).

After measuring the FE, analysis of the catalyst activity is
provided through the partial current density. Despite cathodic
currents generally being displayed as negative, partial current
densities may be reported as absolute current values, as in
equation (7):

 |i[FE,
Jx = A

@)

where j, is the partial current density for product x (mA cm™), i is
the current passed by the electrode (mA) and A is the area of the
electrode (cm?). The partial current density is crucial as it relates
selectivity to rate, which is essential when aiming to improve the
technological viability of low temperature CO, reduction.

the development of the MEA reactor, with circular'? or serpentine
designs® both providing effective reactant transport.

The membrane in the MEA serves as both the electrolyte
and product separator and has thus far been mostly based on
AEMs. Sustainion membranes are based on a copolymer of
imidazolium-functionalized styrene and styrene, and were used in
MEAs that produce CO, formic acid and multicarbon products over
record-breaking timescales'>*"*. Poly(aryl piperidinium) mem-
branes (such as PiperION) have emerged as an alternative AEM that
offers an increased basic stability over Sustainion thanks to an aro-
matic backbone; recently reported PiperlON-based MEAs achieved
a partial current density (joo) up to 1 Acm™ (ref '), and a similar
functionality was able to operate at 65% energy efficiency (EE) at
200 mA cm™ for CO production®. The design of new AEMs is now
paramount to further progress in this field, as recently reviewed®.

To target the high-efficiency production of liquid products, solid
electrolyte devices (SEDs) were developed. An example of such a
reactor for formic acid production is presented in Fig. 2h; in this
case, the reactor employs an AEM next to the cathode, a CEM next
to the anode and a central solid electrolyte. The solid electrolyte
may be a styrene-divinylbenzene sulfonated copolymer'®* or an
ion exchange resin, such as Amberlite®, which both protonates the
product and allows its collection through a flowing liquid/gas carrier
stream. Through this design, cells that contain a two-dimensional
Bi cathode GDE and an IrO, anode GDE have generated formic acid
streams of 1.8 M at 200 mA cm~2 (FE formic acid, 80%) ata 2.7 V cell
potential®’, and a similar system with a CuO cathode generated a
solution of 4.6 mM ethanol, 3.4mM n-propanol and 1.3 mM acetic
acid at a cell voltage of 3.45V at 94mA cm™ (j,,,,) (ref. *°).

Each reactor presents different advantages that can be exploited
for a given goal, for example, a high electrolyte adaptability in the
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aqueous vapour-fed reactor, a low cell resistance in an MEA or lig-
uid product collection in a SED. As CO, electrolysis continues to
advance, the evolution of the reactor is proving paramount to stabil-
ity, efficiency and operation at scale.

Catalyst integration in GDEs. The adoption of GDEs in
low-temperature CO, electrolysis has introduced new means to inte-
grate the CO,-reducing catalyst. The ultimate properties of the CO,
conversion reaction when using a GDE is dependent on the design
of the catalyst, its integration with the gas diffusion layer and its
surrounding microenvironment. The discussion of such factors in
this section is supplemented by j-E curves, which show the rate of
product formation (proportional to j (Box 1)) at a given efficiency
(inversely proportional to the potential, E). Such curves are shown
for CO, ethylene, ethanol and acetic acid production in Fig. 3. The
potentials are converted into the standard hydrogen electrode (SHE)
to facilitate their comparison on an absolute scale, and a catalytic
onset versus SHE is defined based on the potential required to reach
a j, of 10mA cm™ for product x. This value represents a sufficiently
high j to be unambiguously measured and compared between multi-
ple reports, and avoids mass transport limitations and uncertainties
in the electrode from iR correction, which is exacerbated at a high j.

Catalyst GDEs for CO production. The deposition of Ag nanopar-
ticles onto gas diffusion layers with Nafion for binding has proved
an effective route to selective CO production on GDEs (Fig. 3a)™".
Alternative Ag morphologies, such as Ag corals®, and the addition
of catalyst supports, such as carbon foams® and multiwalled carbon
nanotubes (MWCNTs)™, proved effective at lowering the required
Ag loading (Fig. 3a), but did not significantly change the activity.
Instead, the reaction conditions have proved the most effective route
to alter GDE activity: the lowest reported potential to reach a j, of
10mAcm™ on Ag is —1.04V versus SHE and was achieved using
nanoparticles with Cs*-based electrolytes (blue pentagons in Fig.
3a) in optimized conditions (3 M CsOH electrolyte, 2.5mlmin~!
CO, flow rate, 1 bar CO, and a 2mgcm~ Ag nanoparticle loading).
Electrochemical impedance spectroscopy showed a lowered charge
transfer resistance at the catalytic interface when using Cs* cations,
which implied that larger cations help stabilize the rate-determining
M-CO, intermediate®.

Au nanoparticles were integrated onto GDEs through a pre-
liminary deposition onto a support, such as carbon black’* or
multiwalled carbon nanotubes', or were deposited directly into
the microporous layer”. This allows small nanoparticles (<10 nm)
to be distributed over large electrochemical surface areas, yet
even <0.2mgcm™ Au-containing GDEs still reach j., as high as
540mA cm™ (FEq, 92%)”. Such Au-containing GDEs show the
lowest onset potential for CO production of any heterogeneous
metal surface at —0.96 V versus SHE (Fig. 3b).

Single-metal-site catalysts and molecular complexes imple-
mented in GDEs exhibit a diverse range of onset potentials (Fig.
3c). At neutral pH, these materials can compete with Au: the low-
est onset potential versus SHE was achieved using Fe** dispersed in
pyrrolic-N sites, which showed a pH-dependent j, onset (green cir-
cles in Fig. 3c)*. The use of Ni single sites embedded in membranes
(green squares in Fig. 3c), in MOFs* (downward green triangles)
or as Ni-N-Cs*** (blue circles and upward triangles, respectively)
have also achieved low onset potentials, particularly in neutral pH
(ref. ©°). The molecular catalysts Co phthalocyanine (blue triangles)®'
and Fe porphyrin (blue diamonds)®* show similar onset potentials,
but do not reach current densities as high, yet their potential to be
modified make them particularly interesting for future study, as they
have already shown promise in microfluidic and flow reactors™.

Cu-based catalyst GDEs for C, production. Proposed steps in the
production of ethylene, ethanol and acetic acid on Cu are presented
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in Fig. 4a, specifically highlighting instances in which a Cu-based
catalyst integrated into a GDE has promoted and/or disfavoured
certain intermediates towards a given product. The j-E curves for
ethylene production on Cu-containing GDEs are shown in Fig. 3d.

Theoretical studies give evidence that Cu(100) surfaces facilitate
ethylene production more effectively than Cu(111) and Cu(211)
surfaces due to their increased activity for CO dimerization (Fig. 4a)
and, when integrated into a GDE, Cu(100) functioned at the low-
est reported overpotential for a pure Cu catalyst (dark blue squares
in Fig. 3d) to achieve a jyyyene Of 391 mA cm™ (FE e, Of 67% at
—0.72V versus RHE, 7M KOH)". At higher current densities, little
difference is seen between the Cu(100) surface and catalysts based
on Cu thin films (green circles)* or nanoporous morphologies
of Cu (green pentagons)'’, which implies that other catalyst layer
modifications are necessary to improve the intrinsic activity of Cu
at a high rate.

At the time of writing, a fluorinated Cu catalyst integrated in
a GDE displays the lowest reported ethylene production potential
of —1.14V versus SHE at a 10mA cm™ j4, 1., (light blue diamonds
in Fig. 3d), which is assigned to the enhanced dissociation of H,0
to form *CHO, key to ethylene formation, through the presence of
surface fluoride (Fig. 4a)”’. The integration of Cu-based alloys on
GDE:s is also able to increase ethylene selectivity due to the altered
binding strength of key catalytic intermediates®. CuAg alloys
show a superior activity to pure Cu (FE 60%, jupyene 180 mA cm™>
(ref. *')), which is assigned to the stabilization of active Cu,O states
in the presence of Ag. CuAl alloys have achieved a 75% FEyyiene
at A jpyien. Of 450mA cm™, which is assigned to the ideal H* and
CO* binding energy of CuAl sites for C, products, as predicted by
density functional theory and machine learning®. Alternatively,
ethylene-producing GDEs have benefitted from the combination
of Cu with a CO-producing catalyst to increase the CO availability
for C, production at lower overpotentials, called ‘tandem catalysis.
Such a strategy was demonstrated through the addition of Ni-N-Cs
on a Cu catalyst layer for ethylene generation® or of CO-producing
Ag nanoparticles next to ethylene-producing Cu nanoparticles®.

Cu-based GDEs also show a high affinity for ethanol produc-
tion®, and typically display a peak production rate of around —1.4
to —1.5V versus SHE, as shown in Fig. 3e. The j-E dependence of
each reported catalyst layer is similar, but the absolute selectivity
towards ethanol (FE,,.,) is dependent on the surface’s disposition
towards ethylene versus ethanol formation. As such, strategies to
increase the selectivity for ethanol have centred around suppress-
ing the surface propensity towards ethylene formation. To date, the
most selective GDE for ethanol production achieved a FE,., of
52% (jomano 104.4mA cm™2) (light blue squares in Fig. 3e) using a
layer of N-doped C on Cu to suppress the deoxygenation of surface
HC—COHY, an ethylene-forming pathway, to instead encourage its
protonation to ethanol-forming HC—CHOH?* (Fig. 4a)®. Similarly,
Ce(OH), nanoparticles were used on Cu to promote the formation
of surface-adsorbed H, which protonate HC—COH* (Fig. 4a) to
encourage ethanol over ethylene formation (light blue plain circles
in Fig. 3e)”. Nevertheless, despite the high selectivity, the onset
potential for ethanol formation is not enhanced in these systems
compared with those of other Cu-based GDEs (Fig. 3e).

Acetic acid is also commonly formed on Cu-based GDEs and
is sensitive to electrode pH, as exemplified by the j—E curve in
Fig. 3f. Acetic acid is believed to form through a ketene interme-
diate that irreversibly converts into acetic acid through a chemical
reaction with OH~ (Fig. 4a)”". This chemical step can explain the
potential-independent linear regions of the j-E curve seen in past
studies”’>”* and visible in Fig. 3f. The reaction with this ketene
intermediate has been exploited to form acetamides over acetic
acid, opening the path for a broad range of chemical reactions to
be explored”. Acetic acid is a more common product when using
CO as the reactant in basic-pH electrolytes, with reported FEs up to
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48% (Jycetic acia Of 131 mA cm™2) (refs. 77°); this can be explained by a  space around the catalytic interface in which electronic and physi-
higher [OH™] at the electrode interface during CO reduction due to  cal properties may be adapted to elicit changes in the catalyst prop-
the absence of carbonate formation. erties. The three-dimensional structure of the GDE is particularly

amenable to modification of the microenvironment, which allows
Optimizing the catalyst microenvironment on a GDE. The micro-  GDE catalysis to be improved substantially beyond the possibilities
environment refers to the micrometre-scale three-dimensional afforded by a planar catalyst surface™.
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One common method to improve the GDE microenvironment
for CO, electrolysis is to increase gas transport to the active cata-
lyst. This may be achieved through the introduction of ionomers,
ion conducting polymers that introduce both ionic functional-
ity and hydrophobic organic structures. For example, the intro-
duction of Nafion to a Ag film improved j., to a maximum of
400 mA cm™, compared with 50mA cm= on a bare equivalent,
due to increased mass transport of CO, and ionic species (dark
blue circles in Fig. 3a)"*. The same study describes the integration
of Nafion ionomer with Cu NPs to increase CO, mass transport
to the active sites, which results in a jy e, Of 930 mA cm™ at 60%
FE,jyiene (dark blue circles in Fig. 3d)". Improved gas transport
has also been achieved through the combination of carbon black
and 1% PTFE in the catalyst microenvironment to increase the
local hydrophobicity. The resulting GDE is able to maintain an
80% CO, concentration at the triple-phase boundary at a high

current density, and thereby decrease the potential CO, loss to
the electrolyte®.

Alternatively, the microenvironment may be adapted to improve
its properties for catalytic intermediates. This was exemplified
through the use of polydiallyldimethyl ammonium ionomers on Pd
catalysts, which facilitated CO desorption from the catalytic surface.
The resulting catalyst achieved a FE., 0of 93% at a j, of 279 mA cm™
at a lower overpotential than that of bare Pd (ref. ). Similarly, the
addition of organic arylpyridiniums to the microenvironment on a
Cu GDE lowered the energy of the pathway towards ethylene for-
mation by encouraging favourable binding modes of the CO* inter-
mediate*®. This modification showed a further improvement on the
extended electropolymerization of the arylpyridiniums, to reach a
FE of 72% for ethylene formation at e, =232 mA cm™.,

As GDE catalysts continue to be developed, it is essential that
further understanding of the microenvironment is prioritized, as
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this will be key to reduce the catalytic potentials shown in Fig. 3, as
well as avoid the use of highly alkaline environments®. Such devel-
opments may take inspiration from naturally occurring carbonate
monoxide dehydrogenase enzymes, which are able to generate CO
at the thermodynamic potential thanks to the ideal catalytic envi-
ronment it presents’’.

Failure modes and their solutions
Catalyst failure. Catalyst failure refers to a chemical or physical
change of the active catalyst sites that lowers the selectivity or rate
of CO, reduction’. One of the most reported mechanisms of this
failure on GDE:s is through surface restructuration and/or leaching
of the active catalyst. This is most observed with Cu-based catalysts,
as Cu 3d valence orbitals form strong bonds with C- and O-based
surface intermediates”. Cu particles may move and reconstruct
on the GDE surface during electrolysis, as recently illustrated on a
porous Cu shell-Ag core nanoparticle through operando transmis-
sion electron microscopy. Importantly this decomposition occurs
below the potentials at which Cu reduces CO,, so long as CO is
present, which confirms a major role of CO in the destabilization
of the catalyst®. This process both lowers the available catalyst sur-
face area and exposes the gas diffusion layer underneath, both of
which negatively impact the catalytic partial current densities and/
or FEs for CO, reduction in favour of H, evolution (Fig. 4b). This
reconstruction was also seen through the enrichment of Ag at the
surface of a Ag,Cu,0, alloy GDE during operation, which led to a
0.1%h™ decrease in FE in favour of the concomitant increase
in CO production®.

Transition metal impurities are often present in ppm levels
in electrolyte salts, which may also contaminate and deactivate a
GDE. Deposition of these salts onto the catalyst layer surface dur-
ing electrolysis increases the parasitic formation of H,, particularly
in reactors with high electrolyte concentrations®. Catalyst surface
poisoning has been prevented using chelating agents, such as eth-
ylenediaminetetraacetic acid (EDTA)* or solid-supported imino-
diacetate resins (Chelex 100)*, which remove metal impurities to
stabilize long-term activity. Contamination of the catalyst surface
may also occur through the deposition of carbonate, which is dis-
cussed below.

ethylene

Cathode flooding. Owing to the requirement for both
gas-phase CO, and H,O in the CO, electrolyser, it is common for
gas-diffusion-layer failure to occur through flooding, that is, failure
as water penetrates the GDE and thereby hampers CO, transport to
the catalyst (Fig. 4c)*. Flooding may occur after decomposition of
the hydrophobic chemical structure of the gas diffusion layer, which
is susceptible to the basic environment generated during cathodic
CO, reduction. Decomposition mechanisms include oxidation of
the graphitic functionality present in the sp? carbon of the support
to hydrophilic acid, hydroxyl and/or carbonyl groups (Fig. 4c)®.
A similar effect occurs when hydrophobic ionomers and/or PTFE
binders in the catalyst layer break down’. Flooding may also occur
from the movement of water that accompanies cation migration to
the cathode GDE, which is prevalent at high voltages and elevated
electrolyte concentrations.

Mitigation of flooding is manageable provided the cause is eluci-
dated: rapid flooding may be a result of pressure imbalance'®, which
can be accounted for with a change in CO, or electrolyte flow rate.
However, flooding related to the more gradual loss of hydrophobic-
ity may be placated through the use of less-basic electrolytes or the
addition of hydrophobic surface additives, such as polymers with
intrinsic microporosity® or carbonaceous species'.

Carbonate salt formation. A failure mode unique to the CO,
electrolyser is the contamination of the GDE by carbonate salts.
Although carbonate salts are soluble in aqueous media, a high local
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Box 2 | Energy efficiency and carbon efficiency

The EE of a system is commonly calculated through equation (8),
otherwise known as the voltage efficiency:

Ethermo x FE, (8)

cell

EE.(%) =

where E.,, is the thermodynamic potential of the electrolysis
reaction to generate product x from CO, and E_, is the poten-
tial applied across the reactor. This equation provides a measure
of the voltage used to undertake the desired reaction versus the
extra voltage necessary to overcome catalytic overpotentials,
resistances, generation of side products and pH gradients.

The carbon efficiency, or single-pass conversion, establishes
how much carbon that enters an electrolyser is converted into
products versus the quantity unconverted or lost as a charge
carrier (equation (9)):

Carbon efficiency (%) = LGt x 100 9)
Nnco,

where C, is the number of carbons in product x, n, is the number
of moles of product x created and #nco, is the number of moles of
CO, that entered the system.

When carbonate is the sole charge carrier to cross the central
membrane, a portion of the CO, stream is no longer available
for conversion and the maximum possible carbon efficiency for
a given product x drops to 50% or below, as shown in equation
(10), simplified to equation (11):

Maximum carbon efficiency for a product, x (%)

- (10)
= nxC,:&-n - x 100
CO3
Maximum carbon efficiency for a product, x (%)
= —+— x 100 (11)
14 g

where 71— is the amount of carbonate produced (equivalent to
n.1-/2) and n,— , is the number of electrons needed to make ..

concentration of carbonate due the reaction of CO, with hydrox-
ide (reaction (2)) generated during electrolysis, combined with a
cross over of cationic species, such as K*, Na* and/or Cs* from the
anolyte, causes carbonate salts to precipitate throughout the GDE,
which hinders CO, diffusion pathways through the gas diffusion
layer and thus decreases CO, activity (Fig. 4d)®.

Carbonate salt formation is reversible, and reports describe
that water may be flushed through the gas diffusion layer to dis-
solve excess carbonate’'’; however, other more-convenient methods
are emerging to mitigate carbonate formation. For example, in a
MEA that contains PiperlON membranes for CO production, pure
water could be used as the electrolyte, and so avoid the build-up
of carbonate completely, provided that periodic MEA flushing with
CsOH-isopropyl alcohol mixtures occurred every 12 hours. The
flushing distributed Cs* throughout the cathode, which facilitated
an efficient CO, reduction, and the resultant MEA operated for 210
hours at a j., of 350 mA cm™ Alternatively, the periodic switching
to alow current density (near to 0mA cm) allows excess carbonate
to migrate to the anode before it reaches a critical point of accu-
mulation in a MEA. A system that incorporates this approach with
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a Cu nanoparticle catalyst was able to function for 236 hours (157
hours of electrolysis and 79 hours of regeneration) at 175mA cm™
and 80% FE, (ref. %).

Progress and future perspective

Partial current density and selectivity. Figure 5a,b shows the
current progress in j for CO, formic acid, ethylene, ethanol, acetic
acid and propanol formation, with high activities for the first four.
Progress in the field over the past decade is immense and under-
standing the underlying advances is key for further improvements
of this technology.

Systems with the highest j., values invariably use Ag (Fig. 5a)
as it benefits from a high intrinsic activity (FE, typically >90%)
and a low cost compared with those of Au (refs. ). Over the past
ten years, the higher peak j., values from Ag nanoparticles have
increased an order of magnitude, which results from the introduc-
tion of GDEs and catalyst-layer engineering. A j, that approaches
1Acm™ (FE, 73%) was initially achieved through the use of high
pressures (50bar CO,) in alkaline solutions®, but now progress in
MEA design has led to a jo, of 1 Acm™ (90% FE) at 1 bar CO, and
65°Cin 0.1 M CsOH electrolyte'*.

A substantial improvement in j and FE for formic acid produc-
tion was similarly witnessed over the past 14 years (Fig. 5a). Sn was
the first formic-acid-producing metal to be used in a GDE**! and
later Pb showed promising jimic .a values of up to 360 mA cm™
(FEfrmae 92%)°%. A higher ji.c .aa Was achieved through the
improvement in reactor design: a g i .iq Of 450mA cm™2 (FEg ..
acia 97%) was achieved using a nanocrystalline Bi catalyst in a SED,
which encourages formic acid generation through an effective prod-
uct collection'®. Alternatively, aqueous reactors that contain BPMs
can also effectively separate the cathodic and anodic chambers, and
were recently exploited with a Sn-based catalyst layer to generate
formic acid at 90% FE and a corresponding ji,micaqq Of 450 mA cm™
on a 25cm* GDE". A high formic acid production has recently been
achieved on a GDE loaded with InP quantum dots, which are aided
in catalysis by sulfur-containing capping ligands to attain a ji . wcia
of 930 mA cm ™ (FEq, i acia 93%).

The production of ethylene has been improved through the
refinement of the Cu morphology and GDE design, as discussed
above and in Fig. 3°*, which allows ethylene partial current densities
to surpass 1 Acm™ (refs. '**7). Ethanol has followed a similar tra-
jectory to reach a .., of 337 mA cm™ at 24% FE,,,,, when using
Cu nanoparticles in the presence of a Nafion binder'. The green
triangles and purple diamonds in Fig. 5b show that the production
of acetic acid and n-propanol, respectively, have not witnessed the
same improvements and continue to be produced with a low selec-
tivity. Acetic acid values sit below 100 mA cm™ and j,, .00 at around
30mA cm™. Selectivity for both products is superior in a highly
basic pH, which may suggest both are dependent on chemical reac-
tions with hydroxide that are not potential dependent™"".

When envisioning the technological roll out of low-temperature
CO, electrolysis, partial current densities from reactors at smaller
scales can aid in assessing the capital expenditure of the device at
larger scales, that is, the size of the electrolytic reactor necessary to
reach a given rate of CO, conversion. The achieved current densities
for CO, ethylene and formic acid now surpass the values designated
by techno-economic analysis as potentially profitable**. However,

these models suggest that energy efficiencies (Box 2) must be
improved as the operational costs (energy consumption) are sensi-
tive to this parameter. For this reason, future developments must
focus on lowering the potential at which a given partial current
density is achieved. As discussed in the following sections, this will
require further research into the characterization and optimization
of the GDE microenvironment to improve CO, mass transport and
lower the catalytic barrier of key reaction intermediates.

Attention must also turn to the scale at which electrolysis is car-
ried out. Typically, partial current densities are reported on elec-
trodes <5 cm? to expediate the preparation and testing; however, this
ignores complications unique to larger scales, such as heating asso-
ciated with large amperages and the effective introduction of high
volumes of CO,. Mitigation of these issues will allow further indus-
trial operation to be considered, such as variable power sources and
low-purity CO,, to facilitate the production of optimized CO, elec-
trolysers on a mass scale. Fortunately, the few reports of large-scale
electrolysis stacks have presented promising activity**%.

Reactor lifetime. Considerable progress has been made in increas-
ing the CO, electrolyser durability for both the current density and
EE for a given product, as can be seen in the GDE stability stud-
ies presented in Fig. 6a,b. This chart shows the lowest j (Fig. 6a)
and EE (Fig. 6b) reported over the course of a stability test versus
the duration of the test. If reported, the failure mode of the cata-
lyst is highlighted by the shape of the symbol. A range of catalysts,
such as Cu, Ag and Sn nanoparticles, thin films of Cu and Ni-N-
Cs, have now endured >100 hours of electrolysis without failure,
which suggest that the key to durability lies with the reactor and
GDE design, rather than with the catalyst itself. The factor consis-
tent with the high durability is the use of MEAs, which have reached
>1,000 hours of continuous operation'>. Commercially available
Sustainion MEAs have now illustrated at least 3,800 hours of activ-
ity at 190mA cm™ (FE, 95%) with a Ag nanoparticle cathode and
IrO, anode'”, whereas in similar conditions PiperION has shown
210 hours at a j., of 350-410 mA cm~2 (ref. **).

Future investigation into electrolyser stability must focus on
improving the reactor lifetime at higher rates, that is, >1,000 hours
at partial current densities above 200 mA cm™. In such conditions,
the likelihood of failure is exacerbated, which requires an in-depth
understanding of a reactor’s failure modes to ensure that adequate
countermeasures can be introduced. Owing to the time-consuming
nature of such exploration, it is in the interest of the field to develop
accelerated ageing techniques to simulate a month of continuous
electrolysis in a few hours'®’. This may be achieved by operating at
higher temperatures, using higher molarity electrolyte or cycling
between high and low current densities to accelerate the morpho-
logical changes of the catalyst surface'””. The performance hyster-
esis from the latter may give insight into electrode durability under
variable operations and turn-on and/or shut-down procedures of
industrially implemented reactors.

EE and carbon efficiency. As mentioned above, EE will determine
the operating cost of CO, electrolysis by determining the energy
requirements of conversion. Figure 6b shows that the EE during
low-temperature CO, electrolysis efficiency is typically 40% or
lower over long-term experiments; CO production stabilizes at 40%

>
>

Fig. 6 | Durability of reported CO, electrolysers and the lowest achievable overpotentials. a,b, Reported stability of GDEs for CO

(I’efS. WZ,WS,W6,23,26,38,43,54,58,60762,87,89,98400,'\06,107)' formic acid (refs. 17,18,5190,92]06,108410)' ethylene (refs' 1314,20,47/48,63,86 and ethanol (refs. 20,63,64,69,70)’ WhICh indicate the
lowest (a) partial current density and EE (b) reported during electrolysis versus the time at which electrolysis was halted. The data point shapes indicate
the primary mode of failure when reported. ¢, The change in thermodynamic potentials of key CO, electrolysis reactions with pH against the CO, reduction
onset for CO, ethylene, ethanol and acetic acid reported on GDEs. The data points and the horizontal dashed lines represent the potential value against
SHE required to reach 10 mA cm~2 of the curves in Fig. 3a—f for each product and the dashed vertical line indicates the overpotential () required to reach

10 mA cm2 at pH 11.5 (the pH of a solution of 0.5M K,CO5).
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over 1,000 hours at 200 mA cm™ (ref. °), formic acid production
reaches 33% over 142 hours at 140mA cm™ (ref. *') and ethylene
production MEAs have achieved 18% EE for ethylene production at
138 mA cm~ over 157 hours (ref. *). This currently presents a major
hurdle in the wide-scale adoption of this technology.

The low efficiency stems from the steady-state conditions
imposed by carbonate formation (as discussed above). Ag, Au or
Cu have absolute potentials (versus SHE) at which a given metal
makes a given product, as illustrated by the horizontal dashed lines
in Fig. 6¢, which display the potentials required to reach 10 mA cm™
for different products above pH 6. The pH-dependent thermody-
namic potentials are illustrated by the solid black and green lines
for the water oxidation and CO, reduction reaction, respectively. It
can be seen that a GDE may achieve much lower cell potentials and
resulting higher EEs at a high pH, as noted in several reports'®*'®.
However, the reaction between CO, and hydroxide leads the local
pH of the cathode to equilibrate around pH 11.5 (estimated based
on the value of a 0.5M K,CO; solution) over continued operation™.
The dashed vertical arrows in Fig. 6¢ indicate the cathode overpo-
tential on different catalysts at pH 11.5, which adds a minimum of
181 mV to the overpotential for CO production (based on the over-
potential achievable on Au catalysts). Multicarbon product overpo-
tentials suffer considerably worse, at 541 mV for ethylene, 615mV
for ethanol and 830 mV for acetic acid.

The anodic overpotential is similarly compromised during
steady-state operation as the release of CO, at the anode leads to
a buffered pH of 7-8 (refs. ***°). Oxidation catalysts do not func-
tion efficiently in neutral conditions and anodic overpotentials
of 800 mV were estimated to reach a current density of 200 mA
cm™2 (ref. ).

Carbonate formation and cross over also hamper the reactor’s
carbon efficiency; the amount of carbon converted per pass through
the electrolyser (Box 2). The release of CO, with O, at the anode
introduces contaminated anodic streams, particularly with highly
reduced products; for CO production, the maximum conversion of
CO, through the cathodic stream is 50%, whereas for ethylene only
25% of the CO, in the gas stream can be converted in a single pass.
To improve the carbon efficiency, the anode stream must be sepa-
rated from the produced O, and reinjected into the cathodic stream,
which introduces further energetic costs to the reactor.

The energetic downfalls associated with carbonate formation
stand as a key hurdle in the adoption of low-temperature CO, elec-
trolysis. Reconsideration of how carbonate formation may be man-
aged, mitigated or avoided is crucial to determine the viability of
the technology in the next few years of development. Many research
pathways present solutions to this problem, which include the use
of bulk acidic conditions'", engineering of the ion exchange mem-
branes'®” and fine-tuning of the catalytic microenvironment”, yet
time is needed to appreciate the efficacy of such strategies.

Conclusions

The collated data from the existing systems presented provide
insights into how selectivity, efficiency and stability have been opti-
mized to give a considerable improvement in low-temperature CO,
electrolysers. The rapid progress in this field has inspired a shift
from fundamentally to industrially inclined research, which now
seeks to overcome the remaining hurdles before commercial roll-
out, as is evident from corporate interest, the emergence of start-up
companies and teams in the Carbon XPrize competition.

Presently, three key hurdles must be overcome to match the
energy efficiencies of 70-80% possible in low-temperature H,O
electrolysis: The overpotentials for catalysis at a high current den-
sity must be reduced, particularly for multicarbon products, the
reactor stability at a high current density must be improved and
energy losses associated with carbonate formation must be miti-
gated. Whether or not this is possible will be determined by the

advances made over the following years; however, at the fundamen-
tal level low-temperature CO, electrolysis remains one of the most
elegant solutions to mitigate industrial CO, emissions.
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