
Journal of
Materials Chemistry A

REVIEW

Pu
bl

is
he

d 
on

 1
2 

 2
01

9.
 D

ow
nl

oa
de

d 
on

 2
02

4/
7/

16
 9

:2
1:

21
. 

View Article Online
View Journal  | View Issue
Advances and ch
S
t
n
Q
g
e
C
h
C
I
G
2
C

Universiti Teknologi PETRONAS, M
2019, Sahil was named a Rising
engineering and materials by The

aSchool of Chemical Engineering, The Un

Australia. E-mail: m.li6@uq.edu.au; t.ruffor
bJoint Center for Articial Photosynthesis, L

Cyclotron Rd, Berkeley, CA 94720, USA
cCenter for Future Materials, University of

Australia
dHBIS Group Technology Research Institute,

Cite this: J. Mater. Chem. A, 2020, 8,
1511

Received 26th September 2019
Accepted 12th December 2019

DOI: 10.1039/c9ta13298h

rsc.li/materials-a

This journal is © The Royal Society o
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Electrochemical CO2 reduction (CO2R) is one of several promising strategies to mitigate CO2 emissions.

Electrochemical processes operate at mild conditions, can be tuned to selective products, allow modular

design, and provide opportunities to integrate renewable electricity with CO2 reduction in carbon-

intensive manufacturing industries such as iron and steel making. In recent years, significant advances

have been achieved in the development of highly efficient and selective electrocatalysts for CO2R.

However, to realize fully the potential benefits of new electrocatalysts in low cost, large scale CO2R

electrolyzers requires advances in design and engineering of the CO2R process. In this review, we

examine the state-of-the-art in electrochemical CO2R technologies, and highlight how the efficiency of

CO2R processes can be improved through (i) electrolyzer configuration, (ii) electrode structure, (iii)

electrolyte selection, (iv) pH control, and (v) the electrolyzer's operating pressure and temperature.

Although a comprehensive review of catalytic materials is beyond this review's scope, we illustrate how

other engineering and design decisions may also influence CO2R reaction pathways because of effects

on mass transfer rates, the electrode surface chemistry, interactions with intermediate reaction species,

and rates of charge transfer.
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1 Introduction

Utilization of CO2 from industrial waste gases is considered
a complementary route to other CO2 emission reduction strat-
egies such as renewable energy sources, CO2 capture and
storage (CCS), and other low carbon emission technologies.1

The main pathways to utilize CO2 include reuse of CO2 without
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conversion (e.g. enhanced oil recovery, supercritical CO2)2,3 or to
convert the CO2 to a valuable fuel, energy storage vector, or
chemical feedstock. Among CO2 conversion technologies such
as biochemical, photosynthetic, thermo-catalytic, and photo-
catalytic processes,4–7 electrochemical CO2 reduction (CO2R) is
one of the most promising CO2 utilization strategies because of
the mild electrolyzer operating conditions, opportunities to
tune the process towards desired products, the potential to use
industrial or municipal wastewaters as electrolytes, and
modular reactor designs.8 In addition, CO2R technologies could
be integrated with renewable electricity generation from solar
or wind9–11 (as shown in Fig. 1) to reduce carbon footprints in
carbon intensive manufacturing industries such as ammonia
production or iron and steel production through CO recycling,12

for example.
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Table 1 shows several organisations report electrochemical
CO2R technologies to operate at pilot-scale with current densi-
ties in the range j ¼ 100–200 mA cm�2. These technologies
could lead to commercially viable processes to convert CO2 to
CO,13 light hydrocarbons including CH4 and C2H4,14 alcohols,15

and chemical feedstocks like formic acid (HCOOH).16 However,
most of these technologies are currently too costly for practical
applications and market penetration. The rst challenge to low
cost CO2R is the high energy requirement to break bonds in the
CO2 molecule.17 The second challenge is to achieve a high
selectivity of CO2 to desired products to minimize costs and
complexity of product separation processes. Achieving high
selectivity is difficult because a large number of CO2R reactions
and the competing hydrogen evolution reaction (HER) all have
standard potentials (Eo) in a narrow range (�0.25 V to 0.17 V vs.
standard hydrogen electrode (SHE)) as shown in Fig. 2. The
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Fig. 1 Closing the carbon cycle. CO2 electrolyzer utilizing renewable
energy can convert the captured CO2 into chemicals or fuels for direct
usage or energy storage.
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third challenge is to ensure the overall rate of reaction is not
limited by rates of CO2 mass transfer from the gas phase to
electrolyte and to active sites on the cathode catalyst. The fourth
practical challenge is to maintain stable electrocatalyst perfor-
mance over extended operating periods because the catalyst can
be poisoned by impurities in the electrolytes18,19 or CO2 feed gas
(e.g. sulphur compounds), or by products stemming from
corrosion of the electrolyzer components.20–26

To circumvent these challenges, a signicant amount of
research effort aims to develop highly efficient, stable, and
selective CO2R electrocatalysts. Many comprehensive reviews on
CO2R catalysts are available,28–38 and these reviews cover
advances in transition metals, alloys, metal–organic complexes,
metal chalcogenides, metal–nitrogen–carbon materials, and
carbon materials. Further review of electrocatalysts is beyond
the scope of this article. Instead, we complement existing
catalyst reviews with a critical analysis of engineering factors
that affect the performance of CO2R electrolyzers. These factors
include the reactor conguration, electrode structures, electro-
lyte selection, and the choice of reaction conditions such as pH,
pressure, and temperature. These engineering factors not only
predetermine the CO2R mass-transport characteristics but can
also have signicant impacts on the catalytic reaction path-
ways.39–41 The review concludes with a discussion of the priori-
ties for future research to understand better the fundamental
mechanisms of CO2R and improve CO2R performance.
2 Working principles of
electrochemical CO2 reduction

A typical CO2 electrolyzer (see for example Fig. 3a showing a H-
cell type reactor used in research laboratories) consists of
This journal is © The Royal Society of Chemistry 2020
a cathode to reduce CO2 to products such as CO or HCOOH/
HCOO� and produce hydroxyl ions (OH�); an anode to oxidize
water via the oxygen evolution reaction (OER) that consumes
OH� or generates protons (H+) and electrons (e�); an electrolyte
to conduct ions and to dissolve and transport CO2 to the
cathode active sites; an ion-exchange membrane or porous
diaphragm to separate the cathode and anode electrodes; and
a voltage source with sufficient potential (E) to transfer elec-
trons from anode to cathode. In such a system, there are several
key steps involved in a CO2R process, including (1) mass
transfer of CO2 from the gas phase to the bulk electrolyte, (2)
transport of dissolved CO2 from the bulk electrolyte to cathode/
electrolyte interface, (3) absorption of CO2 at the cathode
surface, (4) dissociation of adsorbed CO2 species into adsorbed
intermediates such as *COOH, *CO, *CHO, and *COH, (5)
electron transfer from the cathode catalyst to intermediates, (6)
desorption of products from the electrode, and (7) migration of
products away from the cathode/electrolyte interface to the bulk
gas or liquid phases.48

We start our discussion at the electron transfer step (5) to
examine the minimum theoretical energy requirement for
CO2R. The minimum potential required for a CO2R reaction is
the half-cell standard potential described by Eo ¼ �DG0/nF,
where DG0 is the Gibbs free energy at 1 atm and 298 K, n is the
number of moles of electrons transferred in the half-cell reac-
tion, and F is Faraday constant (96 485C mol�1). For example,
the half-cell reaction CO2(g) + 2H+(aq.) + 2e�/ CO(g) + H2O(l)
with DG0 ¼ 20.09 kJ mol�1 has E� ¼ �0.104 V vs. SHE.49 Other
half-cell standard potentials at 1 atm and 298 K are shown in
Fig. 2. To drive a sufficient CO2R rate, an excess voltage or
overpotential to E� must be applied to overcome the sum (Rtotal)
of several energy barriers or resistances as described in eqn (1):

Rtotal ¼ Rcathode + Ranode + Rions + Rmembrane

+ Rbubble,cathode + Rbubble,anode + R (1)

The resistances include (1) the activation barriers or activa-
tion overpotentials (hs)50 for CO2R at cathode (Rcathode) and OER
at the anode (Ranode); (2) ohmic losses from conduction of ions
(Rions) in the bulk electrolytes, ion transport across the
membrane (Rmembrane); (3) loss of active electrode area from the
bubbles formation at the electrodes (e.g. Rbubble,cathode for CO
and H2 at the cathode, and Rbubble,anode for O2 at the anode);51,52

and (4) the sum (R) of electrical resistances in other cell
components and contact resistances between components.

Because the CO2R reaction depletes CO2 concentrations at
the electrode surface, at high current densities the overall
reaction rate can be limited by the rates of CO2 mass-transfer to
the electrode surface.53 In addition according to the Nernst
equation, the change in concentration affects the equilibrium
potential and this effect can be approximated by the concen-
tration overpotential.49 In large scale industrial electrolyzers
operating at high temperature concentration overpotential
becomes important because at higher temperatures the activa-
tion overpotential is lower and the improved electrolyte
conductivity leads to smaller ohmic losses.54 Therefore, now
that we have established the minimum energy requirements for
J. Mater. Chem. A, 2020, 8, 1511–1544 | 1513
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Fig. 2 Standard equilibrium potentials for hydrogen evolution half-
cell reaction and several other half-cell reactions to reduce CO2 into
various products at 1 atm and 25 �C. Data presented was taken from
Qiao et al.27 (2014).

Fig. 3 Schematic of a laboratory electrochemical H-cell (reactor) for
CO2 reduction at the cathode to gas products such as CO and liquid
products such as formic acid and methanol with water being oxidized
at the anode.
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CO2R, we will look next at the steps involved in transferring CO2

from the gas phase to the electrode surface.
In most CO2R electrolyzers, gaseous CO2 is rst dissolved in

the liquid electrolyte, then transferred through the liquid to the
cathode–electrolyte interface. This process is driven by CO2

concentration gradients as illustrated in Fig. 4a, and the rate of
CO2 transfer depends on the interfacial contact area, lm and
overall mass transfer coefficients, and the overall concentration
driving force. The concentration gradients in the system are
dependent on the solubility of CO2 in the electrolyte and the
selected operating pressures and temperature of the electrolyzer
Fig. 4 Schematic illustrations of (a) the concentration profile of CO2 acro
with specifically adsorbed anions at the inner Helmholtz layer and solvate
to the diffusion layer at increasing current density in a system where CO

This journal is © The Royal Society of Chemistry 2020
cell. However, prediction of these gradients is complex during
CO2R because acid/base reactions (for example CO2 consump-
tion by OH�) in the electrolyte can lead to non-linear deviation
of the concentration away from Fick's law behavior,55 which
reduces the concentrations of CO2 available to react at the
electrode's surface.56 This effect can be partially controlled with
buffering electrolytes such as potassium carbonate (KHCO3) to
maintain pH at the cathode.55 The interfacial contact area can
maximized by reducing the size of gas bubbles injected to the
electrolyte57 or using a 3D-structured electrode such as a gas
diffusion electrode (GDE).58,59 The magnitudes of CO2 and CO2R
product mass transfer coefficients generally increase with
temperature, pressure, and the velocities of gas and liquid in
the electrolyzer, but also are effected by electrolyte density,
viscosity and solubility relationships.

Next we examine the cathode–electrolyte interface where
CO2R occurs in a typical aqueous electrolyzer. Cations in the
electrolyte migrate towards the negatively charged cathode
surface to form an electrochemical double layer (DL), as shown
in Fig. 4b. This DL is formed by the outer Helmholtz layer (OHL)
of fully-solvated cations, and the inner Helmholtz layer (IHL) of
less-solvated halide ions or CO2-related adsorbed species
directly adsorbed at the electrode surface.49 The presence of this
DL can effect CO2R through several mechanisms. For example,
the local electrical eld between the negatively charged cathode
and the positively-charged adsorbed cations has been reported
to stabilize CO2R-related intermediates such as *CO2 and
*COOH.60,61 On the other hand, in the OHL solvated cations like
Li+, Na+, and K+ act as a source of protons for the HER and
disrupt the local pH within the DL.62,63 Another effect relates to
interactions between anions and the electrode surface, which
have been reported in some cases like I� and a Cu surface to be
strong enough to allow anion absorption within the IHL.64 In
most cases, anions with a pKa close to the local pH may help
buffer the pH and adsorbed ions may be directly involved in
CO2R pathways by affecting the binding strength or adsorption
geometry of CO2R intermediates such as *COOH.65,66 Fig. 4c
illustrates that the concentrations and rates of consumption of
protons, CO2, and other species in the DL are directly propor-
tional to the current density and product selectivity during
a CO2R reaction and these changes in the local reaction envi-
ronment could occur even at low currents, and thus limit the
ss gas, liquid, and solid interfaces; (b) the electrochemical double layer
d cations at outer Helmholtz layer; and (c) changes in CO2 and pH next

2 is supplied from the bulk electrolyte.

J. Mater. Chem. A, 2020, 8, 1511–1544 | 1515
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overall reaction rate before all available CO2 becomes depleted
at the electrode surface.53,67

This background discussion of the principles of CO2R
highlights that even though the electrocatalyst determines the
underlying reaction kinetics, other factors such as reactor
conguration, electrode structure, and conditions including the
type of electrolyte, pH, pressure, and temperature can affect the
overall rate of CO2R reactions.
2.1 Figures of merit to describe electrochemical CO2R

We briey describe here the gures of merit commonly used to
evaluate and compare electrochemical CO2R processes. These
are faradaic efficiency, current density, and energy efficiency.
� Faradaic efficiency (FE) is the ratio of the amount of charge

used to form a product species (e.g. CO) calculated from Fara-
day's law to the total charge (Q) supplied:68

FEproduct ¼ ynF

Q
(2)

where y is the number of moles of the product species formed, n
is the moles of electrons transferred in the half-cell reaction per
mole of product, and F is Faraday's constant.
� Current density (j or CD) is the total current (I, in Amps) per

unit area of the cathode (A, m2 or commonly cm2) calculated by
eqn (3), and describes the total rate of reaction so is an
important input to estimate electrolyzer size and capital cost for
a CO2R process.69

j ¼ I

A
(3)

Partial current density (jproduct) for a specic product can be
obtained by:

jproduct ¼ FEproduct � j (4)

� Energy efficiency (EE) is a measure of net energy
consumption toward a specic product expressed in eqn (5) as
a ratio of amount of energy used to produce the specic product
to the net electrical energy supplied to the system.

EEproduct ¼ Eo � FEproduct

Eo þ h
(5)

where Eo is the equilibrium cell potential for the desired
product (Eocathode� Eoanode), and h is the sum of overpotentials on
the cathode and anode.
3 Electrolyzer configurations

The background discussion in Section 2 highlights how, in
addition to catalyst materials, the conguration of the electro-
lyzer impacts the overall efficiency of a CO2R process by effect-
ing the limiting rates of CO2 mass transfer to the catalyst,
controlling resistances of cell components, and determining
the reaction distribution across electrodes. The two general
categories of electrochemical reactors are (i) batch or semi-
batch cell and (ii) continuous ow-cell congurations. Batch
1516 | J. Mater. Chem. A, 2020, 8, 1511–1544
and semi-batch electrolyzers like the H-cell in Fig. 3a are
commonly used in laboratory CO2R studies with electrodes
simply immersed in liquid electrolytes with CO2 gas bubbled to
saturate the catholyte.70 This conguration is simple, low cost,
and allows rapid screening of novel electrocatalysts and elec-
trolytes, but is not practical for treatment of large volumes of
CO2 gases40,71 because rates of CO2 mass transfer to the elec-
trode surface (even if the catholyte is vigorously stirred) are too
slow and limit CDs to less than 100 mA cm�2.39 In addition, in
a semi-batch cell any cations (e.g. K+) that pass through the
separator accumulate in the catholyte, and this accumulation
can degrade the electrode kinetics and CO2R selectivity over
extended cell operation or result in high ohmic losses due to
electrodialysis.72,73

Industrial-scale CO2R processes require continuous
processes to achieve sufficient reaction rates and be economi-
cally viable. Table 1 presented examples of continuous ow-cell
electrolyzers reported for pilot-plant and scale-up studies, and
most of these follow scale-up and engineering strategies that
were developed for polymer electrolyte (PE) electrolyzers. In this
section we will discuss the separator, which is a critical
component in all batch cells and continuous ow-cells, and
then describe the liquid-fed, vapor-fed, and microuidic elec-
trolyzers illustrated in Fig. 5. Our review does not cover ow-
eld patterns (e.g. straight, parallel, serpentine) that can be
manufactured on current collectors to optimize CO2 and elec-
trolyte contact with the catalyst, and to minimize pressure drop,
and to manage heat transfer in the cell.74 We refer readers
interested on ow-eld patterns to reviews of PE
electrolyzers.74–76
3.1 Separator considerations

In a CO2R electrolyzer the separator between cathode and anode
chambers, just like separators in water splitting electro-
lyzers,73,77 is critical to safe and efficient operation of the cell. An
effective separator (1) minimizes the risk of a short circuit
between electrodes; (2) prevents exchange of reactants and
CO2R products between cell chambers to reduce the risk of
forming unsafe gas mixtures (e.g. H2 and O2) and prevent
oxidation of products at the anode; (3) maintains desired local
conditions in the anode and cathode reactions, (4) provides
mechanical support to withstand any pressure differences
between chambers, and (5) must have a good conductivity for
certain ions. The two classes of materials that can provide the
required selective ion transport and low permeability to other
species are porous separators and ion exchange membranes
(IEM). Porous separators include plastic mesh (e.g. polyolen or
Netlon) with large pores (0.5–12 mm widths) and microporous
diaphragms with pore sizes 0.1–50 mm (e.g. glass bres, poly-
tetrauoroethylene (PTFE)).77

Semi-permeable ion exchange membranes selectively trans-
port certain dissolved ions but are not permeable to other ions
or non-charged species. Most CO2R electrolyzers use monopolar
IEMs that are either cation exchange membranes (CEM) such as
Naon® or anion exchange membranes (AEM) such as Sus-
tainion®. Bipolar membranes (BPM) with electrocatalyst
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Schematic of CO2 electrolyzer in flow-cell configurations (a and b) liquid-fed electrolyzer, (c) vapor-fed electrolyzer and (d) microfluidic
reactor. The main cell components are labelled as (1) cathode, (2) anode, (3) separator or ion-exchange membrane which could be a cation
exchange membrane, anion exchange membrane, or a bipolar membrane, (4) anolyte, and (5) catholyte.
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sandwiched between CEM and AEM layers are also available,78

and are reported to achieve more stable pH levels between two
electrodes at steady state.79–81 A further advantage of the BPM is
that this design may allow lower, cost abundant metals to be
used as catalysts instead of precious and noble metals.82,83

Further detailed descriptions of IEM working principles and
recent advances in IEMs are provided in reviews by Kusoglu and
Weber,84 Kaczur et al.,85 Luo and Wessling,86 and Kimberly
et al.87

The selection of a cation exchange, anion exchange, or
bipolar membrane must be considered together with catalyst
selection, electrolyte selection, and the targeted CO2R products.
For example, a CEM is commonly used for CO2R to formate
because this IEM blocks formate anions from crossing over to
the anode chamber. If the CEM is also proton exchange
membrane like Naon then an acidic anolyte must also be
selected to manage proton concentrations,88 and these deci-
sions limit the choice of OER anode catalysts to expensive
precious noble metals such as Ru and Ir. Another consideration
for proton exchange membranes is that excess protons will
promote HER at the cathode.89

Anion exchange membranes can transport anions such as
HCO3

�, OH� and CO3
2� ions from alkaline catholytes to the

anode chamber.90 Hori et al.91 reported a FECO up to 92% at 20
This journal is © The Royal Society of Chemistry 2020
mA cm�2 which shows the improved performance of AEM-
based reactor over CEM. However, there are some important
considerations in the use of AEM. For example, CO3

2� and
HCO3

� transported to the anode chamber are expected to
produce CO2, and this reduces the overall efficiency of the CO2R
process. Further, the extended exposure of AEM to alkaline
catholytes can lead to blockage of the membrane with less
mobile HCO3

� and CO3
2� anions, which degrades the AEM's

ionic conductivity and increases the membrane's ohmic resis-
tance.87,92–94 In addition, AEMmay be susceptible to degradation
by excessive OH�, especially if the membrane is insufficiently
hydrated. A recent report by Sun et al. revealed CO2R to meth-
anol and ethanol can also accelerate such degradation.95

3.2 Continuous liquid-fed electrolyzers

Fig. 5a depicts a two-chamber liquid-fed electrolyzer in which
a CO2-saturated catholyte and an anolyte are pumped through
the separate cell chambers. In this conguration, the catholyte
is saturated with CO2 outside the electrolyzer which requires
additional CO2 capture process units. A more recent integrated
design for a liquid-fed electrolyzer is the three chamber cell
shown in Fig. 5b that uses a gas diffusion electrode to enhance
transfer of CO2 from the gas phase to the electrolyte–cathode
interface. We provide further discussion of GDEs in Section 4.
J. Mater. Chem. A, 2020, 8, 1511–1544 | 1517
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Obviously, one control on the overall mass transfer rates and
thus reaction rate in liquid-fed electrolyzers is the ow-rate of
the catholyte because it directly effects supercial liquid veloc-
ities in the cell.96–98 For example, Alvarez-Guerra et al.97 reported
that at low current density (CD ¼ 2.5 mA cm�2) the overall rate
of CO2R to formate over a lead-based cathode was insensitive to
catholyte ow rates. However, they reported that at higher
current densities (12.25–22 mA cm�2) increasing the catholyte
ow-rate from 0.57 mL min�1 cm�2 to 1.44 mL min�1 cm�2

enhanced formate production because of an improved supply of
dissolved CO2 at the electrode interface for CO2R.

Both liquid-fed congurations provide larger active electrode
area to electrolyte volume ratios than semi-batch cells, and thus
can achieve higher overall reaction rates and lower ohmic losses
than batch operation.99–102 An additional advantage of the high
electrode area to electrolyte volume ratio in liquid-fed electro-
lyzers in laboratory studies is that this allows detection of low
concentration products and accurate voltage measurement. For
example, Kuhl et al.99 used a liquid-fed ow-cell electrolyzer like
that in Fig. 5a to detect for the rst time acetone, glycolaldehyde,
ethylene glycol, glyoxal, and hydroxyacetone as CO2R products at
low concentrations. The expected H2, CH4, CO, HCOOH, and
C2H4 were also reported by Kuhl et al. Other groups report also
sandwich type compression ow-cells for detection of low
concentration products in CO2R reactions.57,63,101,103,104

Fig. 6a shows an example of a liquid-fed electrolyzer with
a BPM separator that due to the better control of pH imparted
by the BPM achieved a more stable cell voltage during a 12 hour
CO2R experiment than an electrolyzer with a CEM (Fig. 6b and
c).71 However, a potential issue with BPMs in liquid-fed elec-
trolyzers is ensuring the rate of water ux across the BPM
matches the rate of water dissociation to prevent dry-out of the
membrane, which leads to signicant increases in ohmic
resistance.105 Another potential issue in liquid-fed electrolyzers
is that the ionic conductivity of the BPM depends on the
concentration-gradients of salts in the electrolyte,106 and
Fig. 6 (a) Schematic diagram of a CO2 electrolyzer employing a BPM; co
between BPM and Nafion membrane. 0.1 M KOH was used as anolyte an
Copyright 2016, American Chemical Society.
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because a BPM inherently leads to depletion of charge at the
CEM/AEM interface this can create signicant junction gradi-
ents. Therefore, operation of liquid-fed electrolyzers with BPMs
requires ion concentrations in both the catholyte and anolyte to
be controlled for the reaction kinetics and for the material and
thickness of the membrane(s).

In liquid-fed electrolyzers with a GDE, unstable CO2R oper-
ation can result from liquid ooding of the GDE. Several
researcher groups suggest suppling the CO2 gas at higher
pressures to prevent liquid ingress into the GDE and in this case
any gaseous CO2R products leave the electrolyzer with the
catholyte.54,107–109 For example, Haas et al.47 operated a liquid-fed
electrolyzer at 50 mA cm2 for more than 1000 h, but report that
to achieve this current density they had to sacrice CO selec-
tivity. Jeanty et al.110 ran a CO2 electrolyzer at 150 mA cm2 with
a CO FE close to 60% for more than 200 h over a 100 cm2

electrode area. A potential adverse effect of operating with
a high gas overpressure across the GDE in a liquid-fed electro-
lyzer is that the higher partial pressure of CO2 leads to precip-
itation from the bicarbonate/carbonates catholyte which can
reduce electrolyte conductivity, block GDE pores or modulate
pH. All such effect increase the overall ohmic losses in the cell.

3.3 Vapor-fed electrolyzers

Fig. 5c shows a vapor-fed ow-cell electrolyzer111 with an IEM
coated on one-side with a cathode catalyst and on the other side
with an anode catalyst to create a zero-gap cell. In this cong-
uration, the catholyte is supplied via humidied CO2-contain-
ing gas to maintain membrane hydration during CO2R.
Compared to liquid-fed electrolyzers, the key advantages of
vapor-fed electrolyzers are lower ohmic losses and reduced risk
of catalyst poisoning from impurities in the catholyte. In addi-
tion because the vapor-fed cell does not require pumps to feed
the electrolyzer the equipment and operating costs may be
lower than a liquid-fed cell; however, this comparison depends
on the cost of the processes required to vaporize catholyte into
mparison of (b) overall cell voltage and (c) anode potential vs. Ag|AgCl
d 0.5 M KHCO3 as catholyte. Reprinted with permission from Li et al.,71

This journal is © The Royal Society of Chemistry 2020
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the CO2 feed gas. One potential drawback of vapor-fed electro-
lyzers is liquid CO2R products like alcohols can ood back into
GDE pores and thereby hinder CO2 access to the active sites.

Most vapor-fed electrolyzers reported in the literature use
a CEM to transport protons from the anode chamber to the
cathode for CO2R. For example, Lee et al.112 reported more
stable formate production over a tin nanoparticle cathode
catalyst in a vapor-fed electrolyzer than a liquid-fed electrolyzer,
and they attributed the improved performance to a shorter CO2

diffusion pathway to the catalyst. However extended CO2R
operation in CEM vapor-fed electrolyzers is reported to lead to
acidication at the cathode, which promotes unwanted HER.113

In an alternative design, Kutz et al. used AEM like a methyl-
imidazolium-based styrene polymer in a vapor-fed electro-
lyzers with Ag-based catalyst and reported stable operation for 6
months at CD ¼ 50 mA cm�2 with a FECO ¼ 90%.43 Mallouk's
laboratory71 reported a vapor-fed electrolyzer with a BPM sepa-
rator and ionic liquid catholyte that achieved CDs two times
larger than a liquid-fed cell and relatively stable cell voltage
close to 3 V during operation at 80 mA cm�2 for 14 h. However,
they did report that the FECO began to degrade aer 1 h, which
may have been due to de-wetting of the ionic liquid IL from the
surface of the catalyst.71 Salvatore et al.114 enhanced the stability
of this vapor-fed with BPM conguration using a solid sup-
port layer of aqueous NaHCO3 between the Ag-decorated
GDE and the BPM, and demonstrated a steady FECO ¼ 65% at
100 mA cm�2 and 3.4 V for 24 h.114

3.4 Microuidic electrolyzer

A microuidic electrolyzer (Fig. 5d), such as the cells described
by Kenis and co-workers,115,116 does not use a membrane sepa-
rator but instead uses a thin (less than 1 mm) electrolyte ow-
eld channel to separate electrodes. In this conguration
gaseous CO2 diffuses to the electrode–electrolyte interface
through a gas diffusion layer (GDL), and crossover of reactants
and products is controlled at laminar ow conditions because
diffusion of the products is slow. Due to its compact design and
high surface area to volume ratio, a microuidic electrolyzer
design could allow fast rates of CO2mass transfer to the cathode
surface and thus high CDs for CO2R.115,116 Additionally, micro-
uidic electrolyzers may provide new opportunities for funda-
mental studies into the effects of temperature, pH, catalyst
deposition methods, electrolyte composition, GDL composi-
tion, and channel length on CO2R processes and thus help
provide new insights for technology improvement.115,117

3.5 Separation of CO2R products downstream of the
electrolyzer

Efforts towards improving the selectivity of CO2R through
catalyst innovations and optimization the electrolysis process
are aimed partly at increasing the concentration of products in
the electrolyzer effluents so as to the cost of product separation
processes.118,119 Greenblatt et al.120 showed just how energy
intensive separation of liquid products from a photo-
electrochemical CO2R could be, with 4.7 to 45 MJ kg�1 of
product required using distillation to recovery products from
This journal is © The Royal Society of Chemistry 2020
10 wt% to 1 wt% in the catholyte stream from the electrolyzer.120

Greenblatt et al. reported more energy efficient technologies
such as membranes and solvent extraction could potentially
reduce the energy requirements to 0.1–8.3 MJ kg�1 product, but
these technologies cannot always compete with distillation in
terms of higher throughput and desired purity.120

One strategy to avoid separation costs could be direct use of
effluent streams from the CO2R reactor. For example, potential
opportunities could include tuning the CO2R performance
tuned to produce CO + H2 mixtures to feed a Fischer–Tropsch
process, CH4 + C2H4 mixtures for synthesis of C3H6,121 or
alcohol and/or hydrocarbon mixtures for liquid fuels.122,123

However, that strategy is likely only viable in a small number of
circumstances where the CO2 source and the potential use of
CO2R products are closely located and integrated. Therefore,
consideration must be made for separation of CO2R product
streams. One of the challenges with CO2R processes compared
to many other industrial conversion processes is that the
concentration of products, especially liquid products, leaving
the electrolyzer are low. For example, in the conventional formic
acid route of hydrolysis of methyl formate produces formic acid
+ methanol mixtures with more than 10% formic acid that are
relatively easy to separate by distillation or liquid/liquid
extraction.124,125 However, the concentration of formic acid
leaving a CO2R electrolyzer is typically less than 1% in a mixture
of water and the electrolyte salts. Recovery of the formic acid
from this CO2R effluent stream requires an acidication process
then azeotropic separation to obtain a pure formic acid product.
Furthermore, formic acid separation processes are sensitive to
pH like acidication and potential inorganic salts separation
(e.g. crystallization) so conditions in the electrolyzer may affect
downstream process.126

Control of the engineering factors described in the article
(e.g. reactor design, electrode structure, electrolyte, pH, pres-
sure, and temperature) may ultimately help to design efficient
downstream separation processes. For example, the choices of
conducting salts, solvents, IEMs, and ow rates can all effect the
concentration and types of liquid CO2R products that must be
recovered from the electrolyte. Yang et al.127 provide a clear
demonstration of the relationships between reactor design and
product distribution in their report of electrolyzer with a Sus-
tainion™ AEM to obtain streams with up to 20 wt% formic acid
from the reactor. In summary, the overall reactor design is a key
factor that governs the properties of the CO2R product streams.

4 Electrode structure

The cathode in a CO2R electrolyzer must provide active catalyst
sites, facilitate sufficient contact between CO2, electrolyte and
catalysts, and conduct electrons. Fig. 7 depicts the three types of
cathode architectures: (a) planar electrodes (e.g. a metal foil or
glassy carbon plate),128–133 (b) simple porous electrodes (e.g.
carbon paper or mesh),134–138 and (c, d) gas-diffusion electrodes
(GDEs).139–141 Most CO2R electrocatalyst screening and funda-
mental catalysis studies30,31,47,142–144 use planar electrodes or
simple porous electrodes because these types are relatively
simple to construct and immerse in a CO2 saturated electrolyte
J. Mater. Chem. A, 2020, 8, 1511–1544 | 1519
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Fig. 7 Schematic diagrams of (a) planar electrode, (b) simple porous
electrode, (c) single-layer gas diffusion electrode (GDE), and (d) dual-
layer GDE.
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(for example, in a electrochemical cell like that shown in
Fig. 3a).

The planar electrode is useful to screen catalyst materials
in a laboratory scale because of its relatively simple geometry
that rules out impacts induced by complex factors such as
structures of the electrodes. In addition, placement of
a reference electrode is straightforward, thereby enabling
single electrode overpotential measurements. However, the
CO2R half-cell reaction rates achieved with a planar electrode
or porous electrode are oen limited by the rate of CO2

transfer across the hydrodynamic layer from the bulk elec-
trolyte to the electrode surface especially at a high CD.58 In
such systems, mass-transfer rates could be improved by
operating the electrolyzer at high pressure, low temperature,
or selecting organic electrolytes to increase the solubility of
CO2 in the electrolyte. But those options add costs and
complexity to the CO2R process.

For high CD electrolyzers, one prefers the application of the
last three electrode types (Fig. 7b–d) that are 3D-structured
catalytically-active materials or electron conducting material
with coverage of catalysts. A 3D-structure increases the active
electrode area and decreases the transport resistance of gaseous
and liquid reactants and products. Increasing the active elec-
trode area reduces overall cell voltage and increase the rate of
charge and mass-transport. Fast charge and reactant transport
also accelerate the electrode kinetics. However, challenge arises
in understanding the property-performance relationship and
optimisation of the 3D-structure for efficient CO2R conversion.
This results from the complexity of the 3D-structured electrodes
that involves multiphase ow in the pores, interactions at
interfaces and multiscale kinetics at the catalysts. Though this
area still remains underexplored in CO2R application, a lot can
be drawn from the studies in other electrochemical conversion
applications such as PEM fuel cells and redox ow batteries.
Recently, Shojaeefard et al.,145 Weber et al.,146 and Fadzillah
et al.147 reviewed the electrode microstructure restructuring and
pore-scale simulations. Moreover, Lai et al.148 and Walsh et al.149

reviewed the design and fabrication of general 3D-structured
electrodes, including the 3D-electrode architecture and deco-
ration of catalysts.
1520 | J. Mater. Chem. A, 2020, 8, 1511–1544
Overall, the ultimate goal of developing 3D-structured elec-
trode is to minimise the various cell resistances due to electron
and ion transport, multiphase ow (e.g. bubble), transport-
related, and electrochemical reaction. The ohmic resistance of
3D-structured electrode is mainly inuenced by both the 3D-
skeleton and the interfacial conductivity. The 3D-electrode
structure is a composite made of conductive matrix (carbon or
metals) and less-conductive binders (e.g. PTFE or ionomers)
and/or pores containing electrolyte or gas, thus requiring
multiple percolations pathways for reactant molecules, ions
and electrons.150–152 Simply put, increasing porosity decreases
the overall conductivity of the matrix and therefore increases
the overall ohmic resistance. The interfacial conductivity, gov-
erned by the interfacial contacts and heterogeneous phases,
contributes more to the ohmic resistance. This is valid espe-
cially for a pure metal matrix as prepared through sintering,
where sintering temperature, interfacial contact and sizes of
metal particles and pore formers are important factors to
consider.151 3D-structured electrodes decorated with heteroge-
neous catalyst materials also have extensive interfaces between
the conductive backbone and less conductive catalysts, thus
facing an increase of ohmic resistance. Therefore, the size and
shapes of the catalysts and pore structures of the matrix also
matter for the overall electrical conductivity of the structure.153

Compared with the ohmic resistance, the resistance related to
transport is more critical, particularly for mass-transport-
controlled CO2R electrolysis.111 In a 3D-porous electrode,
transport of liquid and/or gas reactants and products is domi-
nated by either molecular or Knudsen diffusion, depending on
the pore size and electrode structures. Similarly, wettability and
pore size dominate the intrinsic saturation/capillary-pressure
relationship that is critical for optimal multiphase
performance.146

The electrochemical reaction resistance is related to the
electrode kinetics. In addition to the catalyst materials (where
compositions, surface orientations, morphology, and sizes are
important factors) that directly affect the kinetics, catalyst
support, multiphase ows within the electrode and local envi-
ronments are all crucial for CO2R surface reaction rate and
selectivity. For the effects of catalyst support, one could refer to
a recent review published by Li, MacFarlane, and Zhang,30 as
well as herein. However, there are still gaps remaining, espe-
cially regarding the exact interfacial structure of the catalysts
(especially with ionomer),146 and how these structures affect the
electrode kinetics. Answering these questions is essential to
guide where and how to deposit catalysts in the electrode
structure. It is also important to note that an optimal balance
has to be achieved among these resistances. For example, oxide-
derived catalysts are active for CO2R154,155 but may not be very
electrically conductive, leading to a decrease of electrode kinetic
resistance but an increase of ohmic resistance. In the case
where liquid products are targeted products, a high reaction
rate consumes quickly the CO2 gas and lowers the local gas
pressure, which may lead to local ooding that blocks gas
transport and in turn degrades CO2R selectivity. Such a balance
appears more crucial in the GDEs that include the transport of
gases in the electrode structure. Because recent works have
This journal is © The Royal Society of Chemistry 2020
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demonstrated a superior CO2R performance of GDEs compared
to planar and simple porous electrodes, in the following
subsections we mainly focus the review of recent GDE devel-
opment for CO2R.
4.1 Gas diffusion electrodes

GDEs offer an alternative approach to improve mass-transfer
and overall CO2R rates.156,157 The key difference between
a GDE and a simple porous electrode is that in a GDE, the CO2

gas diffuses through a gas-diffusion layer (GDL) to the elec-
trode–electrolyte interface inside the catalyst layer (CL). This
type of GDE electrolysis has been reported to achieve reaction
rates up to an order of magnitude faster than porous electrodes
that require CO2 transfer from the bulk electrolyte to the elec-
trode surface.58 A typical GDE, as shown in Fig. 8, consists of
a GDL, a CL, and a current collector as shown in the two
examples in Fig. 7c and d. The porous metal mesh or foam
current collector serves to distribute current and maybe engi-
neered with gas ow channels.142,158–160 The porous GDL should
enable fast transport of gaseous CO2 to the CL, where the
electrochemical reactions occur. A critical property of the GDL
is that this layer must be hydrophobic (or more generally, the
GDL must be gas wet relative to the wetting with electrolyte) to
prevent liquid electrolyte from seeping to the gas ow channel.
The GDL can be designed with a single-layer of porous materials
(Fig. 7c) or dual-layers with different porosities and wettabilities
(Fig. 7d). In a single-layer GDL, the hydrophobic macroporous
layer might be a metal mesh or metal foam, or a hydrophobi-
cally-treated porous carbon such as polytetrauoroethylene
(PTFE) treated carbon paper. A dual layer GDL (Fig. 7d) includes
a macroporous layer and amicroporous layer (MPL).161 TheMPL
is normally a hydrophobic layer with small pores that is
composed of carbon powder and PTFE.162 The catalyst layer (CL)
is commonly prepared by depositing the catalytically active
phase, including catalysts and an ionic binder on the GDL or
membrane.

In a recent publication, Weng, Bell andWeber predicted with
a mathematical model that a Ag-based GDE could potentially
achieve a partial CD (PCD) for CO one order of magnitude
higher than that achieved with a planar Ag electrode.58 That
study concluded that good GDE performance is achieved by (1)
Fig. 8 Schematic diagrams of a gas diffusion electrode.58

This journal is © The Royal Society of Chemistry 2020
a high density of active sites per geometric electrode area, and
(2) a low mass-transfer resistance in the GDE, especially at more
negative potentials. The predictions of the Weng, Bell and
Weber modelling study are consistent with various experi-
mental studies.58 For example, Castillo et al. reported that a Sn-
based GDE with 1.5 mg Sn cm�2 achieved a maximum FE of
�70% in producing formate at a current density of 40 mA cm�2,
which was more efficient than the planar Sn electrode with
a maximum formate FE of 67% at 12 mA cm�2.163 In another
example, Hass et al.47 demonstrated a commercial Ag-based
GDE, which was developed by Covestro as an oxygen depolar-
ized electrode (ODE) for chlor-alkali applications, as a cathode
in a CO2 ow cell electrolyzer with stable operation at a CD of
300 mA cm�2 and CO FE close to 70% for over 1200 h. A brief
summary of other recent reports of GDEs as cathode for CO2R is
provided in Table 2.

Although only a relative small number of studies report use
of GDEs for CO2R,141,157,159,171 GDEs have been extensively
developed and optimized for fuel-cell applications.161,172,173 The
knowledge from this eld can be leveraged to develop more
efficient GDEs for CO2R, but the requirements for CO2-electro-
lyte contacts in a CO2R electrolyzer are more challenging than in
a fuel cell. We describe in the following sections recent
advances to optimize GDEs for use as the cathode in a CO2R
electrolyzer.
4.2 Engineering the gas diffusion layer

4.2.1 Macroporous layer. As one of the key components of
GDE, the GDL normally (1) serves as a mechanical support for
the CL, (2) allows an easy diffusion of the gaseous CO2 and
release of gas products such as CO and CH4 through its pores at
the reaction sites, (3) enables electron conduction from the
current collector to the CL, and (4) prevents the electrolyte from
seeping to the gas channel. The macroporous layer of the GDE
can be fabricated by (1) mixing the carbon materials (e.g. acet-
ylene black142,164,174,175 and carbon ber) with PTFE164 or
Teon,174 (2) hydraulic pressing or rolling176 the mixture with or
without current collector to form the lm, and (3) sintering the
lm at 340 to 380 �C. The sintering temperature is slightly above
the melting temperature of the hydrophobic agents, so that the
agents can bind strongly with the carbon materials. In most
cases, however, commercially available carbon papers (e.g.
Toray or SGL carbon papers) have been used as the macro-
porous layer of the studied GDEs.

The thickness and hydrophobicity of the macroporous layer
predetermine the mass-transfer resistance of CO2 in the GDEs,
and thus have an impact on the CO2R reaction rate. For
example, Kim et al. compared the CO2 gas permeability and
CO2R performance over Ag-based GDEs with carbon-ber
substrates (i.e. macroporous layer) in different thicknesses
ranging from 170 to 380 mm.162 With the reduction of substrate
thickness from 370 to 190 mm, they found that the CO2 gas
permeability increases from 69.25 � 0.69 to 72.42 � 0.72
mL min�1, and that the PCD of CO also improves from �180 to
�220 mA cm�2 at �2.05 V vs. Ag|AgCl. The enhanced PCD of
CO2R for thinner substrates is attributed to the improved CO2
J. Mater. Chem. A, 2020, 8, 1511–1544 | 1521
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Table 2 A summary of recent works on GDEs as cathode for CO2R

Catalyst material Catalyst loading GDE conguration Current collector Remarks Reference

Ag NA Dual layer NA Oxygen depolarization cathode (from
Covestro)

47

Ag 0.8 mg cm�2 Dual layer Carbon 20 wt% PTFE MPL, 10 wt% carbon ber
substrate 190 mm

162

Cu 20 nm Dual layer Carbon (20 nm thick catalyst layer) 45
Cu (�350 mesh,
5N purity)/carbon

NA Single layer Cu gauze Cu mixed with carbon black (CB,
hydrophilic) and CBhydrophobic as the
catalyst layer, Cu/(CBhydrophilic +
CBhydrophobic) ¼ 1.2

164

Cu 7 mg cm�2 Single layer Cu grid 157
Cu2O/ZnO 1 mg cm�2 Single layer Carbon Air brushed on porous carbon paper 165
In/C 1 � 0.05 mg cm�2 Single layer Carbon 140
La1.8Sr0.2CuO4 NA Single layer Stainless

steel mesh
Carbon/Teon 141

Pt 0.56 mg cm�2 Single layer Stainless
steel mesh

159

Pt/CNTs NA Dual layer Carbon Sigracet 25 BC GDL with
imidazolate-based SIM-1

166

Sn NA Single layer Carbon Sn electrodeposited on carbon bers 167
Sn 1.5 mg cm�2 Single layer Carbon Sn on Toray carbon paper 163
Sn 1.9 mg cm�2 Dual layer Carbon Sn electrodeposited on dual layer GDL 168
Sn 5 mg cm�2 Single layer Carbon 11.1 wt% PTFE in catalyst layer 169
Sn nanoparticles
(10–15 nm)

0.75 mg cm�2 Dual layer Carbon 144

Sn@Cu NA Dual layer Cu mesh Sn loaded on a Cu mesh through
electroless deposition, and subsequently
rolled on the GDL

160

Sn NA Single layer Carbon Sn electrodeposited on carbon ber
paper

170
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gas permeability. However, a too thin substrate (Toray Carbon
Paper 30 with a thickness of 110 mm) leads to electrolyte
ooding (i.e. the electrolyte fully occupies the pores) in the GDE
during the CO2R operation, in essence turning into a simple
electrode case. Therefore, an optimal thickness of the micro-
porous layer is essential to ensure a balanced gas permeability
and effective electrolyte management in the GDE.

Another key factor is the wettability of the macroporous
layer: too high a hydrophobicity may cause poor electronic
conduction due to the high amount of non-conductive hydro-
phobic agents, while too high of a hydrophilicity may limit the
diffusion of CO2 due to ooding propensity and promote
unwanted HER.40,58 The wettability can be adjusted by control-
ling the content of hydrophobic agents (e.g. PTFE),161,177,178 and
hydrophilic treatments (such as plasma treatments, addition of
inorganic oxides or carbon black, etc.).161,179,180 Ikeda et al.
observed similar CO2R reaction rates for the macroporous layer
with PTFE contents between 10 and 30 wt%, but a degraded
performance for the one over 30 wt%.164 A recent detailed
investigation on Ag-based GDE showed that the macroporous
layer with 10 wt% of PTFE has a higher CO PCD of 224 mA cm�2

than those with PTFE content of 30 wt% (PCD ¼ 190 mA cm�2)
and 50 wt% (PCD ¼ 158.41 mA cm�2) at �2.05 V vs. Ag|AgCl.162

(Fig. 9a) The better performance for the GDEs with lower PTFE
content in macroporous layer is a consequence of the better
electronic conduction than those with higher PTFE content, as
1522 | J. Mater. Chem. A, 2020, 8, 1511–1544
evidenced by the observed lower charge-transfer resistance from
the electrochemical impedance spectra (Fig. 9b). In the studied
PTFE range (10 to 50 wt%), additionally, the authors observed
negligible effects of the PTFE content in the macroporous layer
on the CO2 gas permeability and durability of the GDEs.

4.2.2 Microporous layer. As compared with the macro-
porous layer, the MPL is normally a thinner porous layer with
smaller pore sizes and volumes, and is sandwiched in between
the macroporous layer and CL. A comparison of scanning
electron micrographs of GDE with or without MPL is shown in
Fig. 10b and d, respectively. The fabrication procedure of MPLs
is similar to the processes to make the macroporous layer. The
mixtures of carbon black and hydrophobic agents are casted
onto one side of the macroporous layer, followed by sintering
treatment to ensure sufficient bonding.144,162 One should note
that the carbon-based materials normally contains metal resi-
dues such as Fe, Co and Ni.181–183 As the MPL is in direct contact
with the catalyst layer, these metal impurities in the carbon
materials may promote unwanted HER during the cell opera-
tion. Therefore, cleaning the MPL or the whole GDL in highly
concentrated acid is highly recommended to minimize the
content of metal impurities before deposition of catalyst layer.
As shown in the Table 2, not all of the GDE-based cathodes for
CO2R contain MPLs. Research in polymer electrolyte fuel cells
have demonstrated that the MPL layer not only plays a key part
in maintaining separation between liquid and gas, but also
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) A comparison of GDE with 10, 30, and 50 wt% PTFE in the macroporous layer as a function of potential. (b) The Nyquist plot of
electrochemical impedance spectra of the corresponding GDEs at �2.0 V vs. Ag|AgCl. CFS means the carbon fiber substrate, which is the
macroporous layer of the GDE. Rcell represents the ohmic resistance of the cell, and RCT is the polarization resistance related to charge transfer.
Reprinted with permission from Kim et al.,162 Copyright 2016, Elsevier Ltd.
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provides the electrode with improved interlayer contact, lower
electrode ohmic resistance, higher CL temperatures, and better
structural integrity.161,184 For the application of CO2R, Kenis
et al. found that the MPL in the GDE could provide a support for
the CL and prevent potential ooding in the macroporous
layer.162 The MPL can also prevent the exposure of the carbon
ber to the electrolyte (Fig. 10a–d) and thereby suppressing the
undesired HER catalyzed by the exposed carbon bers. As
a result, the presence of MPL in the GDE-based cathode
contributes to a signicantly improved CD as high as �220 mA
cm�2, ten-fold higher than the one without MPL at �2.2 V vs.
Ag|AgCl162 (Fig. 10e).

Additionally, in the same work, the authors also studied the
effects of PTFE content of the MPLs on CO2R reaction rate. As
shown in Fig. 11a, the CO PCD increases with PTFE at low PTFE
contents #20 wt%, but decreases with PTFE at contents
>20 wt%.162 Too little PTFE content (i.e. 4.5–10 wt%) in the MPL
is insufficient to prevent ooding of the layer by electrolyte and
does not provide strong binding between the carbon and cata-
lysts in the CLs, which resulted in the higher HER level and
Fig. 10 (a and c) Micro-computed tomography and (b and d) SEM ima
comparison of CO partial CD of Ag-based GDE with and without MPL a
Copyright 2016, Elsevier Ltd.

This journal is © The Royal Society of Chemistry 2020
poorer cathode durability. A higher content of PTFE (>20 wt%)
in the MPL degrades the electronic conductivity of the GDE
(Fig. 11b) and also reduces the MPL porosity.185 Correspond-
ingly, both the resistances of GDE for electron transfer and CO2

mass transfer become higher, thus leading to a degraded CO2R
performance.

4.2.3 CO2 adsorption layer. A CO2 adsorption layer can also
be incorporated at the GDL surface facing the CO2 to further
promote the CO2R. For example, by covering a substituted
imidazolate-based metal–organic framework (SIM-1) on a mac-
roporous layer, Marepally et al. signicantly improved the
performance over a Pt/carbon nanotube (CNT)-based GDE, with
an increased rate of CO2R products, including methanol,
ethanol, acetone, and isopropanol, by 1.5 times as compared
with the counterpart without the adsorption layer.166 Such
remarkable >C1 production improvement, as brought by
deliberately concentrating the surface CO2 through the
adsorption layer, highlights the essential roles of electrode
design, in addition to the effects from electrocatalysts, in
controlling the CO2R pathways.
ges of Ag-based GDE with and without the microporous layer. (e) A
s a function of potential. Reprinted with permission from Kim et al.,162
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Fig. 11 (a) A comparison of PCD of CO for Ag-based GDE as a function of PTFE content in the MPLs. (b) The Nyquist plot of electrochemical
impedance spectra for the corresponding GDEs at cathode potential of �2.2 V vs. Ag|AgCl. Reprinted with permission from Kim et al.,162

Copyright 2016, Elsevier Ltd.
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4.3 Optimization of the catalyst layer

The CL is mainly a layer of the electroactive cathode materials
normally immobilized on one side of the GDL (typically on the
MPL) facing the electrolyte or membrane through various
deposition methods (e.g. electrodeposition,168 drop casting,45

thermal evaporation,45 ionic displacement, or pressing139),
though the position of the CL can be also extended inside the
GDL structure to further increase the electroactive interface
boundaries.186 There are several factors that could contribute to
the activity and product distribution of the CO2 electrolysis,
such as the catalyst materials, catalysts loading (i.e. the mass of
catalyst per electrode geometric area), ionic binders, and CL
deposition methodology.

Immense research efforts have been and continue to be
devoted to the study and development of catalyst materials suit-
able for CO2R, and the recent advances in the catalyst develop-
ment have been extensively reviewed recently.28,30,31,187,188 Most of
these studies mainly focused on catalysts supported by a planar
electrode or simple porous electrode, but not by a GDE, where the
CL must deal with complex transport and reaction processes
simultaneously and there is an inherent need for porosity.

The processes taking place at the CLs of GDE cathodes are
even more complex than those in the GDL, since all of those
processes occur as well as the electrochemical reactions and
ionic transport. Weng et al. recently discussed in detail
regarding the processes involved in the CL of an Ag-based
GDE.58,189 In addition to local environment change close to the
electrode surface in the electrolyte during CO2R operation, as
discussed in the electrolyte selection and pH effects sections,
the CL of the GDE also needs to manage the transport of gas and
ions to achieve an optimal cathode performance. Too dry of
a CL results in catalytically active sites becoming inactive due to
the absence of supporting electrolyte or ionic pathways, but
ooded pores increase the mass-transfer resistance of gaseous
CO2. An ideal CL should facilitate a sufficient contact of liquid
electrolyte and gas with the catalysts. Furthermore, the reaction
kinetics are intimately connected with the transport
1524 | J. Mater. Chem. A, 2020, 8, 1511–1544
phenomena. What also matters is the pore size in the CL. Small
hydrophilic pores will be ooded when the liquid/gas pressure
difference is low. When the pressure difference between gas and
electrolyte increases, the susceptibility to electrolyte ooding of
the pores in CL follows the trend: large hydrophilic pores > large
hydrophobic pores > small hydrophobic pores.58

The amount of catalysts loading in the CL also alters the CD
and product distributions. For example, through varying the Sn
catalysts loading content ranging from 0 to 15 mg cm�2, Kopljar
and co-workers found that a higher content of Sn increases the
CO2R activity as evidenced by the observed higher CD and lower
Tafel slope, especially at the higher potential range as shown in
Fig. 12a.139 Such enhancement could be a result of the increased
concentration of catalytically active sites as imparted by the
higher Sn loading. Moreover, the product distribution was also
found to be dependent on the catalyst loading: a Sn loading of
less than 5 mg cm�2 could lead to �90% of FE for HCOO�

formation, <10% for CO and 3% for H2, and further increase of
the loading decreases the selectivity of the HCOO� production
but promotes CO and H2 evolution (see Fig. 12b). The authors
considered the effects of catalyst loading on product distribu-
tion analogous to the effects of cathodic potentials, where a low
cathode potential leads to the promotion of CO and H2. Alter-
natively, we explain such phenomena by two possible reasons.
First, a higher Sn loading may hamper the diffusion of CO2 to
the active regions and therefore lead to the promotion of HER.
Second, similar to the effects of interparticle interactions on Cu
nano-particles for CO2R catalysis,190 a higher catalyst loading
could increase the availability of neighboring active sites and
therefore promote re-adsorption of HCOO� for further reduc-
tion to become CO as the nal product.

Sargent et al. recently used Cu-based GDEs with a very thin
Cu CL (i.e. 10 or 25 nm thick) as the CO2R cathode to achieve
a higher CD and higher FE for C2H4 formation than the ones
with thicker Cu CLs (i.e. 1000 nm thick and �1000 mg cm�2 CL)
at a higher cathodic potential (i.e. <�0.54 V vs. RHE).45 At lower
cathodic potential (>�0.4 V vs. RHE), in contrast, the GDEs with
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 (a) A comparison of CD for GDEs with various Sn loading as a function of potential. (b) The FE for HCOO�, CO and H2 production for
GDEs with different Sn loading at 50 mA cm�2. All the experiment were conducted in the 0.1 M KHCO3 aqueous electrolyte. Reprinted with
permission from Kopljar et al.,139 Copyright 2014, Springer Nature.
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thick CLs exhibited higher CDs than the thin CLs. They
explained the higher FE for GDE with the thin Cu CLs by the
catalyst-mediated abrupt interface as imparted by the thin layer
of Cu, which could accelerate the rate-determining CO dimer-
ization step for C2H4 formation.45 It could be thought that the
thin layers and high owrates of electrolyte also did not provide
sufficient time for the homogenous acid/base reactions of CO2
Fig. 13 (a) SEM image of the cross-section (b) MicroCT 3D tomograph
painted and air-brushed CLs. A comparison of the partial CD of (d) CO an
through hand painting and air brushing. Reprinted with permission from

This journal is © The Royal Society of Chemistry 2020
to occur, thus resulting in higher CO2 local concentrations
compared to the thicker CLs, where the CO2 and electrolyte
residence time was higher. The multi-physics model of Ag-GDE
developed recently for CO2R showed that a thinner CL could
enhance the mass transfer of the CO2 in the GDE, which nor-
mally dominates the overall reaction rate at high cathodic
potential.58,189 Consequently, the negative effect on CD due to
ic virtual models and (c) SEM topography of the Ag GDEs with hand-
d (e) H2 as well as (f) product distribution for Ag-based GDEs fabricated
Jhong et al.,193 Copyright 2013, John Wiley and Sons.
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the low density of active sites of thin CL could be less signicant
at high cathodic potential. This mechanism could also partially
explain the higher CD of Cu-based GDEs with thin CLs at higher
cathodic potentials, as experimentally observed by Sargent
et al.45

In addition to the catalyst loading, the ionic binder also
inuences the cathode performance. Taking Naon ionomer for
example,84 it not only forms a continuous matrix in the CL that
promotes cation conduction, but also has an impact on the
microstructure of the CL that governs CO2 diffusion. For effi-
cient CO2 electrocatalysis, therefore, an optimal balance needs
to be achieved among the pores for CO2 diffusion, catalyst
Table 3 Survey of aqueous solutions of inorganic salts-based electrolyt

Electrolyte Catalyst
Major CO2R products
(faradaic efficiency, %)

0.1 M KClO4 Cu
nanowires

C2H6 (20.3%)
0.1 M K2HPO4 C2H6 (10%)
0.1 M KHCO3 C2H6 (17.6%)
0.1 M LiHCO3 Cu foil CH4 (32.2%), C2H4 (5.2%), C2H5OH

(1.6%), HCOO� (4.7%)
0.1 M NaHCO3 CH4 (55.1%), C2H4 (12.9%), C2H5OH

(4.2%), HCOO� (7%)
0.1 M KHCO3 CH4 (32%), C2H4 (30.3%), C2H5OH

(10.9%), HCOO� (8.3%)
0.1 M CsHCO3 CH4 (16.3%), C2H4 (30.5%), C2H5OH

(2.4%), HCOO� (15.8%)
1 M NaCl Ag-GDE CO (75%)
1 M KCl CO (95.6%)
1 M RbCl CO (93.6%)
1 M CsCl CO (87%)
1 M NaBr CO (60.8%)
1 M KBr CO (96.6%)
1 M RbBr CO (95.8%)
1 M CsBr CO (93.6%)
1 M NaI CO (80.8%)
1 M KI CO (96.6%)
1 M RbI CO (96.5%)
1 M CsI CO (101.7%)
1 M NaOH CO (83.0%)
1 M KOH CO (96.7%)
1 M RbOH CO (91.6%)
1 M CsOH CO (89.8%)
3 M KHCO3 Ag-GDEa CO (82.5%)
3 M KOH CO (101.5%)
3 M KCl CO (73.6%)
0.1 M LiHCO3 Ag foil CO (59.1%)
0.1 M NaHCO3 CO (68.4%)
0.1 M KHCO3 CO (82.9%)
0.1 M RbHCO3 CO (82.2%)
0.1 M CsHCO3 CO (80.3%)
0.1 M LiHCO3 Cu foil CH4 (6.2%)
0.1 M NaHCO3 CH4 (17.7%), C2H4 (5.5%)
0.1 M KHCO3 CH4 (15.3%), C2H4 (10.2%), HCOO�

(4.7%)
0.1 M RbHCO3 CH4 (13.2%), C2H4 (24.4%), C2H5OH

(9.6%)
0.1 M CsHCO3 CH4 (9.4%), C2H4 (31.1%), C2H5OH

(11.4%)

a GDE means gas diffusion electrodes.

1526 | J. Mater. Chem. A, 2020, 8, 1511–1544
particles for electron conduction and catalysis, and ionomer for
ion conduction.179 Through constraining the Sn loading, Zhou
and co-workers found that the electrode performance is
dependent on the content of the Naon ionomer, and reported
an optimal Naon loading of 20 wt% in terms of CD and FE.179

Moreover, the ionomer in the CL can also serve as a co-catalyst
promoting the CO2R reaction. An example is the incorporation
of the imidazole-based ionomers to an Sn-based CL could
stabilize the *CO2

� intermediates and therefore enable the
electroreduction of CO2 to HCOOH.127,191,192

The dispersion of the catalysts in the CL is another crucial
factor for the electrode performance towards CO2R. Kenis's and
es used for electrochemical CO2R with various operating conditions

Applied potential (V vs. RHE)

Current density
(mA cm�2)/mass
activity (A g�1) Reactor-typeref.

�1.10 — H-cell222

�1.45 (vs. SHE) 5 H-cell223

�1.45 (vs. SHE)

�1.39 (vs. SHE)

�1.38 (vs. SHE)

�1.87 (vs. Ag|AgCl) 72.7 A g�1 Flow-cell224

�1.84 (vs. Ag|AgCl)
�1.83 (vs. Ag|AgCl)
�1.81 (vs. Ag|AgCl)
�2.33 (vs. Ag|AgCl)
�1.76 (vs. Ag|AgCl)
�1.80 (vs. Ag|AgCl)
�1.64 (vs. Ag|AgCl)
�1.81 (vs. Ag|AgCl)
�1.64 (vs. Ag|AgCl)
�1.59 (vs. Ag|AgCl)
�1.56 (vs. Ag|AgCl)
�1.86 (vs. Ag|AgCl)
�1.70 (vs. Ag|AgCl)
�1.63 (vs. Ag|AgCl)
�1.60 (vs. Ag|AgCl)
�0.74 23.1 Flow-cell225

�0.80 234.8
�0.81 10.7
�1.0 1.97 H-cell62

2.75
4.06
4.65
5.54
2.40
2.57
3.03

4.03

4.80

This journal is © The Royal Society of Chemistry 2020
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coworkers studied the effects of catalyst dispersion by
comparing the performance of Ag-based GDEs prepared using
hand painting and air-brushing CL deposition methods.193 They
found that the automated air-brushing technique renders
a more uniform catalyst distribution and reduced particle
agglomeration in the CL, as shown in Fig. 13a–c, thereby sup-
pressing the HER and promoting the evolution of CO, though
the overall CD was not signicantly affected by the micro-
structural difference. They considered such product yield
difference to be a result of exposed carbon from MPL that
promotes HER, which is evidenced by the observed high HER
PCD for bare GDL (Fig. 13d and e); a uniformly dispersed CL
could reduce such carbon exposure and therefore suppress the
unwanted HER.193
5 Electrolyte selection

The primary function of the electrolyte in a CO2R electrolyzer is
to conduct ionic charge between electrodes. An electrolyte
generally consists of three components: an inert electrolyte or
salt, the solvent (e.g. water), and the electroactive species. A
good solvent should have (1) a high solubility for the reactant
(CO2) and desired electrolyte to provide conduction; (2) elec-
trochemically stable; (3) be chemically compatible with the
electrode materials including the active catalysts; (4) low
viscosity if liquid at the cell operating temperature to ensure
good rates of CO2 mass transfer from the bulk electrolyte
solution to the electrode surfaces194,195 and (5) easy to handle,
storage, and safe. Water is the most common solvent for CO2R
electrolytes because water satises the properties listed above,
and can acts as both a proton donor and proton acceptor to
facilitate production of different electroactive species.

A key requirement of inert electrolytes commonly used in
CO2R processes is that the electrolyte easily dissociates into
cations and anions so as to provide a high ionic conductivity.196

However, the effect of the electrolyte ions on CO2R is far more
complex than a simple charge carrier relationship.197,198 Even if
the ions of inert electrolytes do not participate directly in redox
reactions, an inert electrolyte can affect CO2R, for example,
through interactions of electrolyte ions with radicals and ions
produced in the CO2R reaction as described by Settereld-Price
and Dryfe.199

An operational issue common for all types of electrolytes is
that impurities in the electrolyte can poison cathode catalysts.
For example, trace metal impurities electrodeposited at the
cathode during the CO2R process can lead to loss of CO2R
selectivity with increased relative rates of the HER.18 Therefore,
usually high purity inert electrolytes or electrolyte purication
by pre-electrolysis is required. Alternatively, chelating agent
such as ethylenediaminetetraacetic acid (EDTA)19 or a solid-
supported iminodiacetate resin (Chelex)200 could be used to
mitigate effects of impurities on CO2R.
Fig. 14 Effect of cationic species (different 0.1 M bicarbonate solu-
tions) on FEs of various products at a Cu electrode and at 5 mA cm�2;
Eo values are vs. SHE, reproduced from the data in Akira and Hori
(1991).223
5.1 Aqueous solutions of inorganic salts

The most commonly reported electrolytes for CO2R are simple
aqueous, inorganic salt solutions such as potassium
This journal is © The Royal Society of Chemistry 2020
bicarbonate (KHCO3), and some common examples are
summarized in Table 3. Although CO2 solubility in aqueous salt
solutions201,202 may be low as compared to other CO2 capture
solvents such as aqueous amine solutions;203,204 aqueous salt
solutions are widely available at large scale and low cost; are
relatively easy to prepare, handle, and store safely; and exhibit
stable ionic conductivity.154,205–207 Since the 1950s the natural gas
and ammonia industries have captured CO2 using the Beneld
Process with hot solutions (100–116 �C) of potassium carbonate
(K2CO3) to capture CO2 to form KHCO3.208 It's not surprising
that given this long industrial history, KHCO3 solutions have
become the most commonly reported aqueous electrolytes for
CO2R.196,209–217 Carbonates are also chemically compatible with
most electrodematerials (relative to other conducting salts such
as suldes,218 sulphates,219 and halides190,220,221). Importantly,
bicarbonate solutions provide capacity to buffer the local pH at
the electrode surface during CO2R.56 The KHCO3 cases
described here highlight the complexity of the effects of elec-
trolyte choice in a CO2 electrolyzer, and to understand these
effects more clearly, we discuss separately the roles of cations
and anions in aqueous salt electrolytes.

5.1.1 Cationic effects. Many studies report that alkali
cations effect CD and product distribution of CO2R in aqueous
electrolytes.223,224,226,227 Several theories have been proposed to
explain these observations, including the specic adsorption of
cations or DL blocking by cations,223 the degree of cation
hydration,62 and stabilization of the negatively charged inter-
mediate (*CO2

�)224 and related electronic eld effects by the
cation.60,228 For example, as shown in Fig. 14, Akira and Hori223

observed a higher selectivity for C2H4 and alcohols over CH4 and
H2 in electrolytes with larger cations using a series of electro-
lytes with ionic size increasing from Li+ < Na+ < K+ < Cs+. Hori
et al.223 proposed that such cationic effects arise from the
tendency of the cations to specically adsorbed on the electrode
surface, which is predominated by the reaction energetics and
the hydration capacity of the cation.224,229 The hydration capacity
is stronger for smaller alkali cations,230 and therefore a Li+ ion
binds more strongly with water molecules than a Cs+ ion, and
J. Mater. Chem. A, 2020, 8, 1511–1544 | 1527
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the Li+ is less likely to adsorb at the cathode surface than Cs+.
Larger cations such as Cs+ are more readily adsorbed at the
electrode surface due to their weaker hydration capacity,223

which will shi the CO2 reduction potential towards the positive
direction at the outer Helmholtz layer (OHL). This decreased
reduction potential will result in a lower proton concentration
at the OHL,223 as suggested by Frumkin as early as 1959.231 Also,
the repulsion between the adsorbed cations and H+ can further
reduce proton concentrations at the electrode surface, therefore
contributing to a reduced selectivity towards CH4 and H2 as
observed by Hori et al.223 (Fig. 14).

Thorson et al.224 proposed that adsorbed cations at the
electrode surface could stabilize the intermediate *CO2

� and
thus promote the CO2R. This theory could explain the observed
enhancement in total CO2R efficiencies with cation size from
Li+ to K+ (Fig. 14). Recently, Kim et al.232 provided further
Fig. 15 (a) Interaction of hydrated cation with the negatively charged cat
the H2O in the primary hydration shell and the cathode causes a decreas
inside the Helmholtz layer and in the bulk electrolyte; (c) concentration o
products over Ag and Cu electrodes respectively at�1.0 V vs. RHE. The el
(X ¼ Li, Na, K, Rb, and Cs). Reprinted (adapted) with permission from Sin

1528 | J. Mater. Chem. A, 2020, 8, 1511–1544
evidence to support this proposed mechanism by observing an
efficient CO production over a Au electrode in K+-based elec-
trolyte (K+ is prone to adsorb at the Au electrode) than in a Na+-
based one. Further DFT calculations reported by Liu et al.233

revealed that higher electron-density of adsorbed K+ close to the
carbon atom could facilitate in the stabilization of intermedi-
ates such as *COOH and *CO.

However, there remains some debate around the conclu-
sions of Thorson et al. For example, Mills et al.234 and Strmcnik
et al.235 argued that the specic adsorption of cations seems
impossible under the operating conditions for CO2R (usually for
potentials larger than �1.4 V vs. a normal hydrogen electrode
(NHE, potential dened at 1 M H+ concentration and 1 atm
pressure)). Bell and co-workers proposed that the observed
cationic effect originates from the hydrolysis of the solvated
cations close to the cathode surface.62 At the cathode surface,
hode surface. The additional electrostatic force between the H atom of
e in the pKa of hydrolysis; (b) pKa of hydrolysis of hydrated Li+ and Cs+

f CO2 and pH distribution in the boundary layer; (d and e) FE of different
ectrolyte was saturated and the concentration was kept at 0.1 M XHCO3

gh et al.,62 Copyright 2016, American Chemical Society.

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 Effect of anionic species (different 0.1 M bicarbonate solu-
tions) on FEs of various products at a Cu electrode and at 5 mA cm�2;
Eo values are vs. SHE; *refer to 0.5 M, reproduced from the data in Hori
et al.238 (1989).
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pKa of hydrolysis decreases signicantly due to an increasing
electrostatic force between the water molecules in the hydration
sphere of cation and negatively charged cathode. These inter-
actions can further polarize O–H bonds of water molecules, and
consequently facilitate water dissociation to increase the local
proton concentration as illustrated in Fig. 15a. This effect
decreases the local pH, which permits an increase of dissolved
CO2 concentration locally that can approach the CO2 concen-
tration in the bulk electrolyte (Fig. 15b and c). The net effect
reported by Singh et al.62 was that switching from Li+ to Cs+ in
an aqueous electrolyte suppressed HER and signicantly
promoted CO2R over Ag cathodes (Fig. 15d) or Cu cathodes
(Fig. 15e).

Note that these interpretations of the effects of cation
hydrolysis only explain experimental observations at potentials
less than �1.1 V vs. RHE. The phenomenon of hydrolysis of
solvated cations is only applicable when (1) the pH of the
electrolyte is close to 7; and (2) the pKa for cation hydrolysis is
close to local pH at the electrode; and (3) the reactant concen-
tration is pH dependent.62 The hydrolysis of the solvated cations
close to the cathode surface does not adequately explain the
same cationic effects in CO reduction,223 because the CO
concentration is not pH dependent. Koper et al.236 used density
functional theory (DFT) calculations to predict the effect of
cations on CO reduction to C2H2 at pH close to 13, and found
that cations could stabilize intermediates, especially dimers
*OCCO and *OCCOH, via interactions of oxygen atoms in these
intermediates.236 Moreover, the shi in average reaction ener-
gies (for Li+, Na+, and Cs+) of CO to C1 products is close to that
reported by Nørskov and co-workers,60,61 who showed that the
cation-induced local electric effect could alter the free-energy
landscape of CO2R to CO by stabilizing the key reaction
intermediates.236

Bell along with other JCAP researchers63 conducted experi-
mental measurements and DFT calculations at low cell poten-
tials, and reported electrostatic interactions between the hydrated
cations located at the OHL and the adsorbed reaction interme-
diates that have high dipole moments (such as *CO, *CO2,
*OCCO) at the cathode surface. Such electrostatic interactions
lower the energy required for *CO2 adsorption (an intermediate
for HCOO�) and for C–C dimerization to form *OCCHO or
*OCCO (which are the key intermediates for C2H4 and C2H5OH,
respectively).63 As a consequence, the PCD for H2 and CH4

formation are uninuenced by the cation size, while the PCD for
HCOO�, C2H4, and C2H5OH enhanced with cation size.

In future research, the investigation of monovalent cations
for CO2R should be expanded to multivalent cations. Schizo-
dimou and Kyriacou237 showed that rates of CO2R can be
accelerated by increasing the size of cations and the surface
charge of cations. They demonstrated that the CO2R rate is
almost two-fold higher in electrolyte containing La3+ than in
electrolytes containing Na+ at similar operating conditions.

5.1.2 Anionic effects. Two principle explanations are
described to explain the impact of anions in an electrolyte on
CO2R:229,238–241 pH and buffering effects, and specic adsorption
of anions at the cathode surface.225 Hori et al.238,241 studied the
effects of pH and reported that the production ratio of C2H4/
This journal is © The Royal Society of Chemistry 2020
CH4 varies signicantly for different anions in electrolyte: the
C2H4/CH4 ratio is higher for K2SO4 (4.16) and KCl (3.74) than for
KHCO3 (1.02) and K2HPO4 (0.11) (Fig. 16). This result was
attributed to the inadequate neutralization capacity of the non-
buffering K2SO4 and KCl, which leads to an increase in local pH,
promotes higher hydrocarbons and suppresses CH4.238,241

Another interesting feature is the promotion of the HER upon
increasing the concentration of the K2HPO4 from 0.1 to 0.5 M.
This result was attributed to the low pH value at the electrode/
electrolyte interface as the concentration of the buffer
increases.229,238 Through varying the anion types of the electro-
lyte with or without buffering (e.g. perchlorate, sulfate, bicar-
bonate, borate and phosphate), Bell and co-workers240 found
that all the studied anions have negligible effects on evolving
pH-independent products, such as CO, HCOO�, C2H4 and
C2H5OH,242–244 but signicantly inuence the CDs of H2 and
CH4, which are highly dependent on pH. In comparison with
buffering electrolytes (i.e. HPO4

2� and HCO3
�), the non-

buffering electrolytes with ClO4
� and SO4

2� as anions demon-
strated a higher local pH and signicantly lower CDs in
producing pH-dependent H2 and CH4.240 We discuss the effects
of pH on CO2R in more detail in Section 6 of this review.

The specic adsorption of anions on cathode can also alter the
CO2R activity and selectivity.190,225,245,246 In particular, the adsorp-
tion of halide ions on the electrode surface can alter the electronic
structure of the catalysts, and thereby inuence the interactions
between the electrode surface and intermediates.190 For example,
Varela et al. showed that Br� and Cl� enhanced CO formation,
but I� facilitated formation of CH4 instead of CO.190 Moreover,
specically adsorbed halide anions can suppress proton adsorp-
tion and thus prefer CO2R to HER for a Cu-metal electrode.246

This can be attributed to the presence of covalent interaction
between the halides and Cu electrodes, which facilitates the
transfer of electrons from Cu-surface to CO2.246 In addition,
several studies have reported the changes of morphology of
a catalyst's surface in the presence of halide anions, especially via
oxidation–reduction cycles to promote C2+ products over copper
catalysts.66,68,247–249 However, it still remains unclear which anion
factor inuences CO2R reaction the most.
J. Mater. Chem. A, 2020, 8, 1511–1544 | 1529
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Fig. 17 The solubility of CO2 in various organic solvents at 298 K and 1
atm.255–258 *Note: CO2 solubility in 5 wt% K2CO3 was calculated from
the CO2 loading data (0.830 mol CO2/mol K2CO3)257 and since it
includes both chemical and physical CO2 solubility, therefore, 5 wt%
K2CO3 has higher CO2 solubility than organic solvents. Moreover,
5 wt% K2CO3 has higher CO2 loading than 30 wt% aqueous mono-
ethanolamine solution, which is 0.540 (mol CO2/mol amine) at 298 K
and 2.80 kPa (PCO2

).259
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5.2 Organic solvent electrolytes

Some typical examples of organic solvent electrolytes used for
CO2R are shown in Table 4 with dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), propylene carbonate (PC), and
acetonitrile (ACN)250,251 the most commonly reported organic
solvents used in CO2R. The solubility of CO2 in organic solvents
could be much higher than in water (as presented in Fig. 17). As
a result of their higher CO2 solubility and absence of proton,
organic solvents can achieve higher CD and better product
distribution for CO2R than in aqueous electrolytes.27,197,198,229

Vassilev et al.252 reported that DMSO, DMF, PC, and ACN assist
in dimerization of *CO2 with adsorbed CO2 molecules to form
oxalate (C2O4

2�) over Pb, In, Sn, and Hg cathodes, which tend to
produce HCOO�/HCOOH in aqueous electrolytes.229 Moreover,
the overpotential required to convert CO2 into products is lower
than that in aqueous solution, making the process energy-effi-
cient.253 Mixed electrolytes containing both organic solvents
and water are reported, which allows tuning of proton concen-
trations.254 Hori et al.254 found that upon increasing the
concentration of water in ACN, CO2R favors the formation of
formic acid rather than oxalic acid.

Although organic solvents offer higher CO2 solubility than
aqueous electrolytes, some critical disadvantages of organic
solvent electrolytes are their high cost, their volatility and
ammability, and possible toxicity. As the organic solvents are
not typically consumed in the CO2R reaction it could be possible
to recycle solvents to reduce the operational costs of CO2R.198

However, recycling of organic solvents from the electrolyzer
liquid product may be complicated and costly due to the vola-
tility and toxicity of the solvent and potential miscibility with
the desired products.260
5.3 Ionic liquids

Ionic liquids (IL) have been proposed as alternatives to aqueous
amines for CO2 capture process264 because ILs exhibit high CO2

solubility265 and high selectivity for CO2 over other gases such as
N2, O2, and CH4.266 Ionic liquids also exhibit other desirable
properties for CO2R electrolytes such as excellent thermal
stability,267,268 stability across a wide electrochemical potential
window,268,269 high ionic conductivity,268 and low vapor
Table 4 Survey of organic solvent electrolytes used for electrochemica

Electrolyte Catalyst
Major CO2R products
(faradaic efficiency, %)

0.1 M TBAP/PC Au foil CO (91.8%)
0.1 M TEAP/PC Pb foil H2C2O4 (73.3%)
0.1 M TEAP/PC In foil CO (85.3%)
DMF Pb foil CO (n.a.)
0.5 M LiCl/methanol Cu foila CO (�65%), CH4 (20%)
0.08 M CsOH/methanol Cu foil CH4 (8.3%), C2H4 (23.7%)
0.08 M
benzalkonium/methanol

Cu foilb CO (�7%), CH4 (42.5%),
C2H4 (2.1%)

a At high pressure (10 atm). b At low temperature (�30 �C); PC – pro
tetraethylammonium perchlorate; DMF – dimethylformamide; LiCl – lithi

1530 | J. Mater. Chem. A, 2020, 8, 1511–1544
pressure.268,270 In addition, some ILs can form a complex with
the intermediates during CO2R and thus lower the energy
barrier of the reaction.191 Table 5 provides a summary of some
ILs reported as CO2R electrolytes. The most extensively studied
ILs for use in CO2R electrolyzers are two commercially available
ILs: 1-ethyl-3-methylimidazolium tetrauoroborate ([EMIM]
[BF4]), and 1-butyl-3-methylimidazolium tetrauoroborate
([BMIM][BF4]).191,271,272

In 2011, Rosen et al.191 rst reported the catalytic effect of an
18 mol% aqueous solution of ([EMIM][BF4]) in the CO2R to CO
over an Ag electrode at low overpotentials to achieve FECO of
over 96%. Fig. 18 illustrates Rosen et al.'s191 hypothesis that an
IL cation can stabilize the *CO2 intermediate, and therefore
substantially lower the energy barrier for the formation of *CO2

and its subsequent reduction to CO.191,273,274 Subsequently, the
Rosen's team investigated the effect of water on CO2R in
([EMIM][BF4]) solutions and found that addition of water in the
IL enhanced the CO selectivity, with an optimal CO selectivity
l CO2R with various operating conditions

Applied potential
(V vs. RHE)

Current density
(mA cm�2) Reactor-typeref.

�3.02 (vs. Fc/Fc+) 2.8 H-cell260

�2.4 (vs. SHE) — H-cell250

— — H-cell251

�2.8 (vs. SHE) 15 H-cell261

�4.0 (vs. Ag|AgCl) — H-cell262

�2.0 (vs. SCE) — H-cell263

pylene carbonate; TBAP – tetrabutylammonium perchlorate; TEAP –
um chloride; CsOH – cesium hydroxide.

This journal is © The Royal Society of Chemistry 2020
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Table 5 Survey of Ionic liquids (ILs) as electrolytes used for electrochemical CO2R with various operating conditionsa

Electrolyte Catalyst
Major CO2R products
(faradaic efficiency, %)

Applied potential
(V vs. RHE)

Current density
(mA cm�2)

Reactor-
typeref.

18 mol% [EMIM][BF4]/water Ag-GDE CO (�96%) 1.5 to 2.5 V
(cell potential)

— Flow-cell191

[EMIM][BF4] Ag NPs (40–200 nm) onto
Sigracet carbon paper
(5 mg cm�2)

CO (�) 3.25 V
(cell potential)

4 Flow-cell

0.02 M [EMIM][BF4]/0.1 M
[TBA][PF6]/ACN

Bi electrodeposited onto
a glassy carbon electrode

CO (93 � 7%) �1.95 (V vs. SCE) �3.77 H-cell279

0.02 M [BMIM][BF4]/0.1 M
[TBA][PF6]/ACN

CO (95 � 6%) �5.51

0.02 M [BMIM][PF6]/0.1 M
[TBA][PF6]/ACN

CO (90 � 9%) �4.82

0.02 M [BMMIM][BF4]/0.1 M
[TBA][PF6]/ACN

CO (76 � 6%) �0.67

80 wt% [BMIM][Cl]/water Ag foil CO (>99%) �1.5 (V vs. SCE) — H-cell271

4 mol% [EMIM][BF4]/water Bulk MoS2 CO (�98%) �0.764 65 H-cell275

0.1 M[EMIM][NTf2]/ACN
0.02 M [DMPIM][BF4]/0.1 M
[TBA][PF6]/ACN

Ag foil CO (�100%) �1.48 (V vs. Fc/Fc+) 4.2 H-cell282

0.5 M [EMIM][N(CN2)] Sn NPS/glassy
carbon

HCOO� (81.9%) �1.2 �4.18 H-cell283

0.1 M [TBA][PF6]/ACN Ag foil CO (74%) �2.1 (V vs. SCE) 17 H-cell284

0.5 M [BMIM][PF6]/0.1 M
[TBA][PF6]/ACN

CO (97%) 50

[BMIM][PF6] Pb foil CO (�100%) �2.2 (V vs. Ag|Ag+) 0.33 H-cell285

30 wt% [BMIM][PF6]/ACN HCOOH (46.3%),
CO (40.2%)

2.63

30 wt% [BMIM][PF6]/5 wt%
water/ACN

Pb foil HCOOH (91.6%) �2.3 (V vs. Ag|Ag+) 37.6

30 wt% [BMIM][PF6]/5 wt%
water/ACN

Sn foil HCOOH (92%) 32.1

a [EMIM] – 1-ethyl-3-methylimidazolium; [BMIM] – 1-butyl-3-methylimidazolium; [TBA] – tetrabutylammonium; [BMMIM] – 1-butyl-2,3-
dimethylimidazolium; [DMPIM] – 1,3-dimethyl-2-phenyl-imidazolium; [BF4] – tetrauoroborate; [PF6] – hexauorophosphate; [NTF2] –
bis(triuoromethylsulfonyl)imide; [CN2] – dicyanamide; ACN – acetonitrile.
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close to 100% in a solution of 10.5 mol% IL in water. Such
performance enhancement was attributed to a synergistic effect
of mass-transfer improvement due to lower the electrolyte's
Fig. 18 A change in free energy of CO2 to CO in water (solid line) to
CO2 to CO in EMIM-BF4 (dashed line). Reprinted with permission from
Rosen et al.,191 Copyright 2011, American Association for the
Advancement of Science.

This journal is © The Royal Society of Chemistry 2020
viscosity by dilution with water and an optimal pH (pH around
3.2 at 89.5% water).274

Following Rosen et al.'s work,191 others have attempted to
understand the catalytic effect of the ILs in CO2R, and although
there is still more to understand about the reaction mechanism
most reports suggest that the cation is primarily responsible for
the observed catalytic effects.271,275–278 For example, Rosenthal
and co-workers proposed that ILs serve as a proton source by
investigating the catalytic performance of the Bi-based catalyst
in AN solutions of [BMIM]+-based ILs.279,280 Deprotonation from
the C2 position (refer to Fig. 19) of the [EMIM]+ or [BMIM]+

cation would result in the conversion of CO2 to CO via the 2e�/
2H+ reduction pathway, which has a lower energy
barrier.279,281,282

Despite the many promising properties of ILs for CO2R
electrolytes, the high viscosity of ILs can severely limit the rates
of CO2 diffusion, and thus ILs achieve very low CDs272 and, as
shown in Table 5, most CO2R studies dilute ILs in aqueous
solutions or organic solvents such as AN, DMF, or CH3OH to
reduce the electrolyte's viscosity.191,271,275,277 Progress in devel-
opment and application of ILs has progressed rapidly in the last
30 years to provide a large amount of fundamental
J. Mater. Chem. A, 2020, 8, 1511–1544 | 1531
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Fig. 20 Pourbaix diagram for electrochemical CO2R at 25 �C.
Reprinted with permission from Ganesh,286 Copyright 2014, Elsevier
Ltd.

Fig. 19 Structure of imidazolium cation; white is H2, grey is C and blue
is N2. Reprinted (adapted) with permission from Lau et al.,282 Copyright
2016, American Chemical Society.
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understanding of IL properties and physicochemical data, and
to lower IL production costs signicantly. Thus, ILs are
becoming more available and could soon be viable options for
use in CO2R electrolyzers.
Fig. 21 Hydrogen evolution polarization data at copper (Cu) with
varying solution pHs. Reprinted with permission from Gattrell et al.,293

Copyright 2006, Elsevier Ltd.
6 pH effects

The pH of the electrolyte affects the phase stability of CO2 in
aqueous solutions as illustrated by the Pourbaix diagram in
Fig. 20.229 The Pourbaix diagram highlights the acid/base
homogeneous interactions of CO2 into different forms, such
as carbonic acid (H2CO3), bicarbonate (HCO3

�), carbonate
(CO3

2�) and methanol (CH3OH) in water as a function of pH
and potential. reaction (6) shows that the introduction of CO2

into an aqueous solution entails a complex series of reversible
reactions between CO2, water, carboxylic acid, and its deproto-
nated species. In solutions with a pH up to about 6, CO2 is in the
form of a weak carboxylic acid; at pH between 6 and 10.3,
HCO3

� anions are formed; and at pH above 10.3 HCO3
�

deprotonates further to CO3
2� (reaction (7)). Due to the various

reactions and the feed CO2, most aqueous solutions are nor-
mally in the HCO3

� form and around pH 9 unless specic
measures are used to counteract them (e.g., high ow rates).45

CO2 �����! �����

H2O
CO2ðaqÞ4H2CO3ðaqÞ4HCO3ðaqÞ

� þH3O
þ (6)

HCO3ðaqÞ
�
�����! �����

H2O
CO3ðaqÞ

2� þH3O
þ (7)

Note that the local pH near the cathode surface is usually
different to that in the bulk electrolyte due to the catalytic
reactions generating OH� or consuming H+, and diffusion
limitations.287 Despite the signicance of local pH on CO2R as
discussed in Hori's works,229,238,239 only recently has the inu-
ence of local pH been re-re-examined.55,287–292 Additionally, some
electrolytes, such as bicarbonates provide pH buffering effects
(see Section 5.1.2 for more details).240

As the major competing side reaction, HER needs to be
minimized for an optimal CO2R reaction. Therefore, pH is
crucial in determining the HER activity, as it characterizes the
availability of the protons. Although CO2R produces OH�, its
equilibrium potential is not much inuenced by the pH in
comparison to HER.286 A rise in pH moves the equilibrium
1532 | J. Mater. Chem. A, 2020, 8, 1511–1544
potential of HER to a more negative value, thus signicantly
slowing down HER.293 As shown in Fig. 21, the equilibrium
potential denoted by Erev reects the potential of the HER
derived from the Nernst equation. Moreover, the mechanism of
HER switches from protons-to-H2 in acidic media to water-to-H2

in alkaline media, where the kinetics of latter is signicantly
slower and does not have a pH dependence, although the
concentration is typically much greater.294–297

The pH is also an essential factor in determining the prod-
ucts of CO2R. Taking Cu as an example, an increase of pH shis
the product selectivity from H2 and CH4 to higher carbon
products such as C2H4.45,238,241,298,299 The HER suppression at
higher pH can be easily described by the reduced availability of
H+/Hads. However, how pH affects CO2R products (i.e. CH4

preferred at low pH and C2H4 at higher pH) is very complex, and
is likely related to the multiple proton-coupled-electron steps
involved in their various reaction pathways, and the rate-
determining steps in those various microkinetics.294,298,300–302
This journal is © The Royal Society of Chemistry 2020
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The different onset potentials238,299,303 and Tafel slopes304–306 for
CH4 and C2H4 evolution suggest that they follow different
reaction pathways. Hori and co-workers proposed that C2H4

evolution is pH independent, while the pathway for CH4

evolution is pH-dependent, during or prior to the rate-
determining step (RDS).306 By using online electrochemical
mass spectrometry (OLEMS), however, Schouten's group found
that the onset potential for forming CH4 and C2H4 are both pH-
dependent particularly over Cu (111) electrode.307,308 Schouten
and co-workers proposed two possible reaction pathways for the
formation of C2H4 as illustrated in Fig. 22a. One pathway is pH-
independent, involving the formation of CO dimer where
proton transfer is not the RDS, and preferentially takes place at
Cu (100) facets. This pathway has also been theoretically
conrmed by Calle-Vallejo and Koper.309 Another pathway is pH
dependent, sharing the same *CHO intermediate, which is also
critical in evolving CH4, and takes place both at Cu (100) and
(111) facets. More interestingly, the overpotential for both CH4

and H2 evolution is lowered at a very high pH (e.g. pH ¼ 13, see
Fig. 22b).308,310 The reduced overpotential of HER at higher pH
could be a result of the possible reaction pathway shi from pH
dependent (due to proton availability) to pH independent (due
to water discharge).293,311 Likewise, it could be understood that
a similar shi likely takes place during the formation of the CH4

at higher pH. Based on this understanding, electrolytes with
higher pH can favor the formation of higher hydrocarbon
products (especially over copper catalysts). Recently, Sargent
and co-workers45 showed that strong alkaline media (7 M KOH)
accelerates the kinetics of CO2R by lowering the C–C coupling
energy barrier over Cu catalyst and could achieve a C2H4 FE of
�70% at �0.55 V vs. RHE over 150 h of continuous CO2R
operation. Therefore, more researchers are investigating KOH
as electrolyte to further enhance the efficiency and selectivity of
>C2 products.45,312

Additionally, it could be understood that a rise in the local
pH could be benecial for >C2 products; however, with a rise in
local pH, the equilibrium of CO2 and water neutralization
reaction shis more towards bicarbonate formation, which
eventually depletes the local CO2 concentration and thus
Fig. 22 (a) The proposed reaction mechanism for the reduction of CO2

HClO4 (pH 1), 0.2 M NaClO4 (pH: 2 and 7) and 0.1 M NaOH (pH: 13) on Cu
et al.,308 Copyright 2014, Elsevier Ltd.

This journal is © The Royal Society of Chemistry 2020
reduces the CO2R selectivity by promoting HER.62,290 This con-
icting statement really begs a question on whether a high local
pH is really desirable or deleterious for the CO2R reaction. At
higher pH, CO2 may still exist in low quantity (if ample CO2 is
transported into the solution) due to its limited hydration
kinetics.242,313 Therefore, an optimal pH may exist for an effi-
cient reaction and sufficient CO2 supply. Recent modeling
studies found a relationship between pH and selectivity of CO2R
with a maximum CO2 selectivity over an optimal local pH range
of 9 to 10 (especially for C2 products).154,314 Interestingly, at
higher pH, the selectivity and activity of >C2 products reach
a maximum and nally start decreasing, whereas, CH4 evolu-
tion starts increasing.63 A possible reason for this behavior
could be the increased coverage of H* caused by the depletion
of CO* in the limited mass-transport regime. Such adsorbed
protons promote CH4 evolution (by CO hydrogenation) and
reduce the chances of CO* coupling to make >C2 products.315,316

Furthermore, in a relatively alkaline environment, the Can-
nizzaro reaction (Fig. 23a) could take place during CO2 elec-
trolysis. In a Cannizzaro reaction, an aldehyde can
disproportionate to the corresponding carboxylic acid and
alcohol.317 Through investigating the reduction of formalde-
hyde in various electrolytes, such as perchloric acid (HClO4),
sodium perchlorate (NaClO4), and phosphate buffers, Koper
and co-workers observed that the disproportionation reactions
are strongly inuenced by the electrolyte pH and buffering
strength.317 As OH� ions are essential for the Cannizzaro reac-
tion, HCOOH is easier to form in the HClO4-based electrolyte
(pH ¼ 3) than the one with pH ¼ 1 (see Fig. 23b). In phosphate
electrolyte with a high buffering capacity and thereby a rela-
tively low local pH, Cannizzaro reaction was signicantly
hindered, leading to a negligible formation of HCOOH.317

Therefore, researchers should be careful in distinguishing the
products such as acids and alcohols formed from the dispro-
portionation reactions and those formed by direct CO2R, espe-
cially for the liquid products such as methanol and ethanol,
where the corresponding aldehyde is oen proposed as a reac-
tion intermediate.318 This is especially true since interrogation
of the just produced products is hard to measure compared to
on Cu single crystal electrodes and (b) the reduction of CO in 0.1 M
(111) left and Cu (100) right. Reprinted with permission from Schouten
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Fig. 23 (a) Cannizzaro disproportionation reactions showing formaldehyde disproportionate to formate and methanol, adapted from Birdja and
Koper317 (2017), (b) formic acid formation during reduction of formaldehyde in perchloric acid (pH: 1 and 3), 0.1 M phosphate buffer pH 6.6, and
0.01 M phosphate buffer pH 6.8. Scan rate: 1 mV s�1. Reprinted with permission from Birdja and Koper,317 Copyright 2017, American Chemical
Society.
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the ones that further react and transport and are detected in the
bulk solution or gas ows.

Enhanced mass transport makes the value of local pH closer
to the bulk pH, thus inuencing the activity and selectivity of
cathodic reactions.295,319 Through rotating a Cu cylinder elec-
trode to enhance the mass transfer, Marshall and co-workers
found that the CO2R activity decreased with the increasing
rotation speed, along with a change in product preference from
CH4 to CO, while HER was promoted.319 Such degradation of
CO2R is attributed to the formation of graphitic carbon on
electrode surface due to low local pH at higher rotation speed,
resulting in the deactivation of the active sites for CO2R.319 This
evidence is also supported by Mul and co-workers, who pre-
sented a pH-dependent pathway for the deactivation of Cu
electrode due to carbon formation.288 In addition, the change in
product selectivity from CH4 to CO at higher rotation speed
could be due to lower coverage of adsorbed *CO, which is
a precursor for CH4 formation.319
Table 6 Effect of pressure on the product distribution of different
metal electrodes in an electrochemical CO2R process, data was taken
from Hara et al.210 (1995)

Group Cathode catalyst

Effect of pressure

Major products
at 1 atm

Major products
at 30 atm

A Ti, Nb, Ta, Mo,
Mn, and Al

H2 H2

B Zr, Cr, W, Fe, co,
Rh, ir, Ni, Pd,
Pt, C and Si

H2 CO and HCOOH

C Ag, Au, Zn, In, Sn,
Pb, and Bi

CO and HCOOH CO and HCOOH

D Cu CH4 and C2H6 CO and HCOOH
7 Pressure and temperature effects
7.1 Pressure

The partial pressure of CO2 in the gas fed to the electrolyzer
directly impacts the rate of CO2 mass transfer to the electrode
surface due CO2-solvent solubility relationship. For example, at
a given temperature CO2 solubility in aqueous electrolytes and
physical organic solvents typically increases linearly with pres-
sure according to Henry's law.320 Other solvent-electrolytes like
amines321 and ILs322 exhibit non-linear CO2 solubility relation-
ships that may reach a plateau at a critical pressure (e.g. around
10 MPa for imidazolium-based ionic liquids322 and �1 MPa for
amines323) beyond which further increase of pressure does not
improve solubility. Raising the operating pressure increases
complexity and cost of electrolyzer construction and operation,
so optimization of the pressure must consider costs and the
effect of pressure on CO2R selectivity.
1534 | J. Mater. Chem. A, 2020, 8, 1511–1544
A large number of studies report the effects of pressure on
product selectivity and FE of CO2R
processes.67,108,109,159,210,212,288,324–330 Hara et al.330 reported that on
a Cu wire (0.16 cm2) in 0.1 M KHCO3 the CO2R products shied
from H2 at 1 atm to hydrocarbons then to CO and/or HCOOH as
the pressure was increased to 30 atm, with PCDCO up to 523 mA
cm�2 observed. Table 6 summarizes a typical example reported
by Hori et al.210 of the effect of CO2 pressure on product selec-
tivity over different metal electrodes. Hori et al. observed that
over group B catalysts, which include Fischer–Tropsch catalysts
like Ni, Co and Fe, product selectivity shied from H2 at
ambient pressures to HCOOH and CO at high pressure.210 Kudo
et al.331 reported similar shis from H2 at low pressures to CO,
HCOOH, and hydrocarbons at 60 atm over Ni catalysts as shown
in Fig. 24a. They observed that the hydrocarbons from CO2R
over Ni followed a Schulz–Flory probability distribution like that
obtained by the Fischer–Tropsch reaction, and proposed that
like the conventional Fischer–Tropsch process electrochemical
CO2R at high pressures may involve hydrogenation of metal
This journal is © The Royal Society of Chemistry 2020
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Fig. 24 Electrochemical reduction of CO2 on Ni electrodes, (a) effect of pressure on the FE of various products; reaction mechanism (b) at high
pressure (60 atm), and (c) at atmospheric pressure. Adapted with permission from Kudo et al.331 Copyright 1993, The Electrochemical Society.
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carbonyl intermediates to facilitate production of carbene
groups (–CH2–) that polymerize to longer-chain hydrocarbons.
In addition, high CO2 pressure increases the surface coverage of
CO2R intermediates on the electrode surface, which promotes
CO2R and suppresses of HER as illustrated in Fig. 24b and
c.210,331

For group C catalysts like Ag and Sn, Hara et al.210 did not
report a major shi in the type of CO2R products at higher
pressure but the FE towards CO and HCOOH did increase
(relative to H2), and this was attributed to increased CO2 solu-
bility at higher pressures. Over Cu catalysts (group D), Hara
et al.210 reported a shi from hydrocarbon production at 1 atm
to CO and HCOOH at 30 atm. Jesús-Cardona et al.326 proposed
that at concentrations of CO2 in the electrolyte at elevated
pressure, CO2 molecules displace may displace at the elec-
trode's surface some of the CO* that are a key intermediate in
the CO2R to hydrocarbon pathway.

High-pressure CO2R requires balancing the pressure in the
anode and cathode chambers to prevent damage to the sepa-
rator.98,212,262 Ramdin et al.98 compared the effects of BPM and
CEM on CO2R to formic acid/formate at high CO2 pressure, and
aer the experiment observed delamination of BPM layers. Note
that even in electrolyzer operating at near ambient pressures
there can be a pressure imbalance across the separator, espe-
cially in CO2R processes where the anode produces O2 and the
cathode reduces CO2 to liquid products. This pressure imbal-
ance can deform the separator, so to improve mechanical
strength thicker membranes, fabric-reinforced membranes, or
additional porous substrates may be require. These approaches
may improve strength and durability, but also increase the
resistances across the separator.332

7.2 Temperature

Temperature effects CO2R electrolyzer performance because of
both CO2 solubility (i.e. the Van't Hoff equation)333,334 and
minimum half-cell potentials are temperature dependent, and
temperature inuences CO2R kinetics because of its effect on
mass transfer rates, reaction pathways, viscosity and
This journal is © The Royal Society of Chemistry 2020
conductivity of electrolytes, and the conductivity of IEM sepa-
rators. The stability of cell components like membranes, elec-
trodes, and gaskets may also be effected by temperature
extremes or by temperature cycles. The range of temperatures
reported for electrochemical CO2R processes is commonly
between 20–40 �C, although a few studies have explored CO2R at
temperatures as low as 0 �C (ref. 209) and up to 125 �C.54 Within
this operating range the temperature dependency of electrical
conductivity of cell components like current collectors is
unlikely to have a signicant effect on CO2R electrolyzer
performance.

The main CO2R reactions and the HER have a positive
entropy change so that lower overall thermodynamic cell volt-
ages are required for reactions at higher temperatures. Addi-
tionally, lower activation overpotential are required at higher
temperatures than lower temperatures to drive a sufficient
overall CO2R rate, which can be quantitatively determined
through the Butler–Volmer equation.335 The effect of tempera-
ture on overpotential appears to be more signicant than the
effect on thermodynamic potentials. For example, Dufek et al.
reported a signicant reduction of cathode potentials from
�2.19 V to �1.87 V to achieve 70 mA cm�2 over an Ag-based
GDEs when operating temperature was elevated from 18 to
70 �C, while less than 0.1 V decrement in thermodynamic
voltage was observed when the temperature was increased from
25 to 125 �C.54 Ryu et al.336 reported a similar trend for CO2R
over Hg electrodes.

Temperature has a signicant effect on hydrodynamic
properties (viscosity and density) and concentration gradients
(due to solubility relationships) that control rates of CO2 mass
transfer. For example, faster CO2 mass transfer coefficients
from the gas to electrolyte is observed at higher temperatures
because diffusivity of CO2 in gas and liquid phases increases,
and the viscosity of the catholyte decreases.337,338 But, a reduced
solubility at higher temperatures lowers the overall driving force
for the mass-transport across the gas/liquid interface. The
relative changes in solubility with temperature for CO2

compared to CO2R products such as CH4 and C2H4 that are
J. Mater. Chem. A, 2020, 8, 1511–1544 | 1535
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sparingly soluble in the catholyte,339,340 could be advantageous
to promote quick desorption of products from the electrode
surface. However, proton transfer rates may also increase at
high temperatures and so increasing temperature can poten-
tially promote HER at the cathode.

The enhanced diffusivity and thinner static laminar layer at
the electrode exhibited at higher temperatures reduces ohmic
resistances in the electrolyte. In GDEs, temperature can also
change the phase-change induced ow and result in dryers
CLs.189 However, increased temperature means higher water
entering into the electrolyzer at same relative humidity and so
that can help get to higher CDs, especially if the system is water
limited.189

Temperature is known to affect the product distribution of the
CO2R reaction over different catalysts.341–344 for example, Hori
et al.209 reported a decrease of FECH4

and increase of FEC2H4
over

Cu foil at 5 mA cm�2 when the temperature was raised from 0 to
40 �C. Ahn et al.343 reported a similar trend when increasing the
temperature from 2 to 22 �C. A close proximity of *CO interme-
diates is important for the formation of C–C bond, meaning that
a high *CO coverage shouldmake it easier for the C2H4 evolution.
However, the reported suppression of C2H4 at high temperature,
where the coverage of *CO is low, suggests that *CO coveragemay
not play a dominating role at least within the studied range.
Alternatively, several recent theoretical studies proposed that
*COH and *CHO intermediates are crucial to determine whether
the product is CH4 or C2H4, respectively with a Cu elec-
trode.318,345,346 According to the work reported by Luo et al.,346 the
availability of absorbed protons is essential to form *CHO, while
the absorbed H2O is important to serve as a shuttle (H3O

d+) to
transfer the proton to the *CO intermediate to form *COH.
Therefore, one possible explanation of the reported temperature
effect is that low temperature can stabilize the formation of
(H3O

d+) proton shuttle, making it easier to form *COH interme-
diate, thus facilitating the production of CH4. On the other hand,
higher temperatures increase the availability of adsorbed protons
at the electrode surface, resulting in an easier formation of *CHO
intermediates that promote C2H4. Moreover, the adsorbed
protons could also partially contribute towards promoting HER.
When temperature further increased from 22 �C, a degraded
FE(C2H4) over Cu electrode was observed by Ahn et al.343 This
suggests that the aforementioned coverage of *CO starts to
dominate instead of the coverage of adsorbed protons.343 Inter-
estingly, potential vs. RHE showed an opposite trend when
comparing the temperature-effect results reported by Hori et al.
and Ahn et al. Nevertheless, both studies report similar observa-
tions towards FE of CH4 and C2H4, suggesting that the potential
effect as imparted by the temperature change on the product
distribution could be negligible in the studied temperature range.

Considering the effects of the potential on the reactivity and
selectivity as mentioned, we recommend the design of experi-
ment to keep the potential vs. RHE constant when investigating
temperature effects, as this potential is corrected by both
temperature and pH. Overall, the temperature has signicant
impacts on the surface coverage of CO2R-related species
(*COOH and *CO) through affecting their mass-transfer char-
acteristics (e.g. solubility), as well as the coverage of proton-
1536 | J. Mater. Chem. A, 2020, 8, 1511–1544
related adsorbates (e.g. H* and H3O
d+) that also are important

for the formation of key intermediates (e.g. *CHO and *COH).
Such effects likely contribute the observed temperature-
dependent CO2R selectivity.

A small increase in temperature can lower the ohmic resis-
tance of the separator.94,347 However, too high of a temperature
degrades the ionic conductivity and mechanical structure of the
membranes. Taking peruorosulfonic acid (PFSA) polymer-
based membrane as an example, its clusters of the hydro-
philic sulfonic-acid group uptake sufficient water and allow
protons to move easily in the membrane. In a fuel-cell cong-
uration, a too high temperature (>90 �C) lowers the water
content in the membrane, leading to a decreased ionic
conductivity.348 Common AEMs, such as quaternary ammonia
polysulfone, limit the operation to a much lower temperature
than CEMs due to chemical stability concerns.349 The Sus-
tainion® membrane, developed by Dioxide Materials, has an
improved ionic conductivity (�140 mS cm�1 in 1 M KOH
aqueous solution at 80 �C) and can stably be operated at
temperature up to 80 �C.347 Ceramic based separators such as
ZrO2 diaphragm can withstand higher operating temperature,
but again they also pose other key risks such as product cross-
over that lose conversion efficiency of the cells.

8 Summary and outlook

We have examined in this review the impact of design and
operating decision related to electrolyzer congurations, elec-
trode structure, electrolyte selection, pH, pressure, and
temperature affect the reaction conditions at catalyst sites in
a CO2R electrolyzer, and thus impact on the overall efficiency of
the process. The key challenges for low cost CO2R that can be
addressed by these factors together with catalyst materials are
reducing the required cell voltages, improving selectivity, and
lowering product separation costs.

The most promising CO2R electrolyzers under development
are based on designs and understanding translated from poly-
mer electrolyte fuel-cells. Of the types of continuous CO2R
electrolyzers under development, vapor-fed electrolyzers may be
the most promising for the large-scale CO2R processes because
this conguration provides opportunity to feed wet CO2-rich
ue gas directly to the electrolyzer without CO2 capture process
units.350 This technology if coupled with renewable electricity
generation could also provide opportunities for passive CO2

capture from the atmosphere.351 Vapor-fed electrolyzers may
also reduce risks of catalyst poisoning from trace impurities in
liquid electrolytes. For large-area electrodes in industrial scale
electrolyzers, achieving uniform current and voltage distribu-
tion throughout the electrode surface and managing pressure
gradients at the gas–electrolyte interface are critical, thus
further work is required to optimize the electrode and ow-eld
design. In this regard, advanced manufacturing technologies
like 3D printing352 combined with computational modelling
may help to optimize electrode and electrolyzer geometries.

There are fundamental aspects of electrolyte interactions in
CO2R processes that are not fully understood. For example,
although the charge carrying capacity of electrolytes is the
This journal is © The Royal Society of Chemistry 2020
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primary function, researchers have discovered that electrolyte
cations contribute in other ways to effect to the availability of
protons and to stabilize CO2R intermediates. Likewise, elec-
trolyte anions can provide local pH buffering effects due to
specic adsorption of anions at the cathode surface. Low CO2

solubility and competitive HER remain major challenges in
inorganic salts-based aqueous electrolytes. Other new solvent-
electrolytes such as ionic liquids and deep eutectic solvents
may become more attractive if their cost reduces in the future,
but to be effective CO2R electrolytes the viscosity of these
solvents will also need to be managed, for example by mixing
with a co-solvent such as water.

While our review has focused on electrochemical CO2R at the
cathode, we acknowledge that the anode catalyst is also critical
and especially because the state-of-the-art Ru and Ir based anode
materials are a major contributor to the cost of electrochemical
CO2R. Therefore, any advances in anode technologies achieved in
other applications such as the oxygen evolution reaction in water
splitting should help inform development of electrochemical
CO2R processes. Water purication from treating wastewater
through anodic oxidation of organic pollutants could be another
approach to be considered for coupling with CO2R.353 Moreover,
since the oxidation potential of chloride is similar to that of water,
producing chlorine at anode354,355 (similar to chlor-alkali cells)
without the expense of extra energy could be benecial for opti-
mizing the overall process.

A nal consideration in research needs for CO2R relates to
experimental methods used to test novel catalysts and electrolyes.
Most laboratory studies still use H-type batch setups40 in which
the solubility of CO2 in electrolyte and gas–liquid mass transfer
limits can control the overall rate of CO2R reactions, plus the
transport of ions across separators in H-type cells can limit
applicability of long term stability tests. Lab scale continuous
ow-cell electrolyzers offer opportunities to detect minor CO2R
products99 and to better control reaction conditions than in H-
cells. The cost of ow-cell apparatus is no longer signicantly
higher than a batch cells, so we expect the trend in reporting
continuous CO2R measurements in catalyst studies may become
more common. Clark et al.200 have also highlighted the urgent
need for standardized protocols, such as those developed for
battery testing and fuel cell performance, to benchmark perfor-
mance of catalyst and electrolyzers for electrochemical CO2.
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