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Abstract: The electrochemical reduction of CO, has been extensively studied over the past decades. Never-
theless, this topic has been tackled so far only by using a very fundamental approach and mostly by trying to
improve kinetics and selectivities toward specific products in half-cell configurations and liquid-based electro-
lytes. The main drawback of this approach is that, due to the low solubility of CO, in water, the maximum CO,
reduction current which could be drawn falls in the range of 0.01-0.02 A cm=. This is at least an order of mag-
nitude lower current density than the requirement to make CO,-electrolysis a technically and economically fea-
sible option for transformation of CO, into chemical feedstock or fuel thereby closing the CO, cycle. This work
attempts to give a short overview on the status of electrochemical CO, reduction with respect to challenges at
the electrolysis cell as well as at the catalyst level. We will critically discuss possible pathways to increase both
operating current density and conversion efficiency in order to close the gap with established energy conver-

sion technologies.
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1. Introduction

Reducing the emissions of greenhouse
gases by increasing the fraction of renew-
able energies at the expense of fossil fu-
els is one of the most important scientific,
technological and economic challenges hu-
mankind is currently facing.l'l To achieve
this aim and to tackle the undesired effects
of climate change, considerable efforts are
being undertaken worldwide to develop ef-
fective CO, capture and storage technolo-
gies.[241 Based on these, one can think how
to re-cycle CO, to more valuable products.
Its electrochemical conversion into car-
bon-neutral products might be considered
as one promising approach towards reduc-
ing atmospheric CO, and storing a surplus
of renewable energies at the same time. In
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principle, the electrochemical CO, reduc-
tion reaction (CO,RR) could be performed
in an electrolysis type of device, called a
CO,-electrolyzer or co-electrolyzer. This
energy conversion device can be consid-
ered as the central part of power-fo-gas/
power-to-liquid processes that operate us-
ing the excess of electricity generated from
renewable sources.[>01 In analogy with a
water electrolyzer, a CO_-¢electrolysis cell
is fed with H,O at the anode, where the
oxygen evolution reaction (OER) occurs,
whereas CO, is supplied to the cathode
where it is electrochemically reduced. The
electric energy would be chemically stored
either in the form of feedstock chemicals
(starting material for further synthesis) or
as fuels. Ideally, CO,RR should yield to a
single energy-rich compound. However,
selective CO, conversion into specific re-
action products remains a challenging task
at present due to the multiple proton-cou-
pled electron transfer steps involved in this
reaction.”]

This work attempts to give a short over-
view on the status of electrochemical CO,
reduction with respect to challenges at the
catalysts as well as at the electrolysis cell
level. It critically discusses possible path-
ways to increase both operating current
density and conversion efficiency in order
to make co-electrolysis a technically and
economically feasible option for the trans-
formation of CO, into a chemical feed-
stock or fuel thereby closing the CO, cycle.

2. Identifying Valuable CO,RR
Products

Table 1 provides a simple cost analysis
for all major CO, reaction products that
can be obtained from a CO,-electrolysis
cell. For designing and establishing an
economically reasonable CO, conversion
process one needs first to estimate the total
costs for the electrochemical production of
specific CO,RR products and to compare
these in a second step with data from well-
established chemical synthesis routes. As
a benchmark for our approach, we use
data for H, production from alkaline wa-
ter electrolysis, an already established and
commercially available energy storage
technology. In the case of alkaline water
electrolysis, large-scale energy storage
plants can daily produce ~1000 kg, with
an electric energy at $0.05 kWh~'. Under
these conditions, the price for H, produc-
tion reaches ~ $4 kg ' (Table 1). Main
contributions to the total production costs
originate from electricity (58%) and capi-
tal expenses (32%).39 The most severe
drawback of the alkaline water electroly-
sis technology is its low operating current
density of ~0.2 A cm™, Nevertheless, when
compared to proton exchange membrane
(PEM) electrolyzers, which are operated at
current densities that are up to one order of
magnitude higher than those of the alkaline
electrolyzers, there is no major benefit us-
ing PEM-based electrolyzers. The reasons
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are related to higher component costs in
case of the PEM electrolyzers. In addition,
the PEM electrolyzers typically target only
small forecourt applications (daily produc-
tion of ca. ~10-100 kg, ).[10.11]

Based on these numbers, it is possible
to estimate the production costs for specific
CO,RR products under the assumption that
the capital costs are similar for both alka-
line water and CO, electrolyzers. In a first
step, we calculate the production volumes
per electrolysis unit by assuming similar
operating current densities (~0.2 A cm™)
as applied in alkaline water electrolyzers.
Eqn. (1) is used to convert the production
volume of H, (V,, in kg, h™") into the re-
spective production volumes of specific
CO,RR products (V. o, in kg h™) via the
ratio of the molar masses (M in g mol™)
and the number of electrons exchanged to
produce 1 mol of product (n_, 2 for H/
CO/HCOO, 6 for CH,OH, 8 for CH,, 12
for C,H).

Ne™ H,

McxHyoz
VH2 - .

(1]

VCXHyOZ - My, Ne~,CxHyOz

Production volumes per electroly-
sis unit are listed in Table 1 for various
CO,RR products. Further assuming that
a CO, electrolysis cell operates at a simi-
lar energy efficiency as an alkaline water
electrolyzer, the production costs of 1 mol
CO,RR product become a fixed num-
ber, namely $8 107 molpm el » NO matter
which specific product is considered. The
production cost of a specific CO,RR prod-
uct per unit of mass can then be calculated
by multiplying $8 107 mol e With
the molar mass of the respective CO,RR
product. As can be seen in Table 1, due to
its low molecular weight, hydrogen is the
most expensive electrolysis product when

normalized to its mass. Before comment-
ing on the CO,RR product costs, it has to
be stressed that CO,RR kinetics are signif-
icantly slower compared to the hydrogen
evolution reaction (HER) kinetics thus re-
sulting in much higher CO,RR overpoten-
tials that need to be applied to the cathode.
This actually leads to a lower energy ef-
ficiency of the CO,R-electrolysis, roughly
half of that of an alkaline water electrolyz-
er (for a more detailed discussion we refer
to the next section). As a consequence, the
CO,RR product costs will rise accordingly
(let us assume by a factor of 2) due to the
increased energy consumption during op-
eration. More realistic production costs for
CH,, CH,, CO, HCOO and CH3OH are
therefore expected to be $4, $3.2, $0.48,
$0.34 and $1.4 kg, respectively. From
an analysis of Table 1 it becomes obvi-
ous that the CO,-electrolysis will not be
competitive for all of the possible reac-
tion products. In particular the production
costs for CH, and C_H, ($4 and $3.2 kg™,
respectively) will be far higher compared
to more conventional production routes
($0.08 and $1.4 kg, respectively). This
price difference becomes even larger for
methane when considering its extraction
from natural gas. The conversion of CO,
into CH, and C H, by electrolysis appears
therefore to be highly counterproductive,
at least from an economic point of view.
The same is true for methanol, which can
be considered as an energy carrier such as
H,.[12 What seems to be much more prom-
ising is the generation of CO from CO,.
CO production costs ranging from $0.27
to $0.54 kg™ are well below the current
market price of $0.65 kg (Table 1). In
addition, the global market for CO is ex-
tremely large as reflected by the annual CO

production of 210,000 Mt. CO in combina-
tion with H, (syngas) serves as an impor-
tant chemical precursor for a number of
industrial processes (e.g. Fischer-Tropsch
synthesis). Another interesting product of
the CO,RR is formate (it should be kept
in mind that only formic acid, obtained by
the protonation of formate, is a valuable
product). Estimated productions costs are
factors of 2—4 lower than the current mar-
ket price for formate/formic acid ($0.34
vs. $0.8-1.2 kg™!, Table 1). Formic acid is
widely used as a preservative and an anti-
bacterial agent in livestock feed. The mar-
ket for formic acid with a yearly produc-
tion of 0.8 Mt is, however, much smaller
compared to the global demand for CO/
syngas. An electrochemical conversion of
CO, into formate/formic acid has a high
potential to become an economically com-
petitive process.

3. Energy Efficiency of CO,
Electrolysis

The cost analysis presented above re-
lies on the basic assumption that CO,~elec-
trolysis cells would reach similar current
densities to those featured in alkaline wa-
ter electrolyzers (0.2 A cm__~).251 How-
ever, such large current densities cannot be
reached by CO, electrolyzers based on lig-
uid aqueous reaction environments. This
general limitation originates from the low
solubility of CO, in aqueous electrolyte
solutions (~30 mM in H,O at atmospheric
pressure) thus resulting in diffusion-limit-
ed current densities which typically do not
exceed values of 0.03 A cmgef. These are
one order of magnitude below the current
densities reported for alkaline water elec-

Table 1. Current and estimated costs of production by CO,-electrolysis for H,, CH,, C,H,, HCOO~ and CH,OH.

Product Produced by Current Current
market production
price volume
[$ kg'] (Mt y']

H, steam reforming, partial oxidation — 2-4014] 65

of methane or gasification of coall!3]
CH, methanogenesis or hydrogenation <0.08I15] 24000l
of CO, 13

CH, pyrolysis or vapocracking(!7] 0.8-1.50181 14107

CO Boudouard reaction[%] 0.65 210000

HCOO-/HCOOH hydrolysis from methyl formate and 0.8-1.2[201  (.8[21]

formamidel2%! or by-product of ace-
tic acid production
CH3OH From natural gas, coal, biomass, 0.4-0.623.241 100123

wastel[22.23]

Production price
by electrolysis®

Production volume per
electrolysis unit®

[$ kg Mt y']
4 0.0003
2-4 0.0007
1.6-3.2 0.0009
0.27-0.54 0.005
0.17-0.34 0.008
0.70-1.4 0.002

aThe lowest price is calculated by assuming the cell device efficiency of an alkaline water electrolyzer. The highest price is obtained by considering
that a co-electrolysis device is operating at half the efficiency of an alkaline water electrolyzer and so that the production price of individual products

will be twice higher.

PEstimated on the basis of a daily production from an alkaline water electrolyzer of ca. 1000 kg,,,



ENERGY SToRAGE RESEARCH IN SwitzERLAND — THE SCCER HEeat & ELECTRICITY STORAGE

771

CHIMIA 2015, 69, No. 12

trolyzers. From a technical point of view,
there could be in addition a severe contam-
ination issue associated with aqueous reac-
tion environments. A ppm level of metallic
contaminations, typically present in aque-
ous electrolyte solutions, would already be
sufficient to irreversibly poison the catalyst
surface during CO, electrolysis, e.g. with
Fe trace contaminants that get electro-
plated during operation.[26] These metallic
contaminations further shift the selectivity
of the electrode reaction towards hydrogen
formation thus lowering the faradaic ef-
ficiency (FE), ratio of CO,RR current to
total current, for specific products of the
CO,RR. These circumstances require a
careful and most likely rather costly puri-
fication of the electrolyte solutions for the
CO,RR. Contributions to the production
costs originating from these extra electro-
lyte purification steps are not considered
in Table 1.

Under the assumption of only kinetic
and ohmic losses, the cell potential E_, for
the CO, electrolysis can be derived on the

basis of Eqn. (2):
Ecell = Erev + nanode + ncathode + i.Rohmic [2]

E_ corresponds to the reversible po-
tential (listed in Table 3 further down).
The i-R, . term in Eqn. (2) accounts for
voltage losses caused by the finite ionic
conductivity of the electrolyte solution
(see Table 4 for typical R, . values). The
M oce @0d 1, . terms in Eqn. (2) refer to
the overpotentials of the anodic (OER)
and cathodic (CO_RR) half-cell reactions,
respectively. Reliable information on the
CO,RR and OER reaction kinetics specifi-
cally for gas diffusion configurations are,
however, rare in literature.[?7-2°1 For the
sake of simplicity we therefore estimate
CO,RR and OER overpotentials from ex-
perimental data available for polycrystal-
line catalyst materials in aqueous reaction
environments. For such considerations we
assume that the particular catalyst perfor-
mance does not alter when going from an

ideal aqueous environment to a gas diffu-
sion configuration.[30-36] Catalyst materials
that perform best toward specific CO,RR
product are listed in Table 2. Their kinetic
performance can be derived from Fig. 1A
which relates current density and applied
overpotential in a semi-logarithmic plot
(n,,, vs log(i,)). The linear correlations
observed between 7. and log(i,, ) in Fig.
1A are clear fingerprints of Tafel behav-
iors in this specific current density range
(with 100-150 mV decade™ Tafel slopes),
which confirm that these curves are domi-
nantly charge-transfer controlled and not
limited by mass transport. On the basis
of this catalytic performance for model
electrodes having roughness factors of ca.
lem 2 cmgeo‘z, we compute kinetically
controlled curves (not shown) for technical
electrodes prepared from metal nanopar-
ticles with different diameters and corre-
sponding surface areas,37-31 again listed in
Table 2. For doing this, we assume that the
kinetic performance of the catalysts will
not be affected by the transition between
aqueous and gas-phase reaction media (as
it has been demonstrated for fuel cells[40!)
nor by particle-size effects.

Based on the CO,RR and OER kinetic
overpotentials (Fig. 1A) and the electrolyte
resistances (Table 4), the cell voltage E_
is calculated from Eqn. (2) as function of
the applied current and is shown for the
various electrolysis cells in Fig. 1B. From
these theoretical polarization curves, de-
vice efficiencies (§ ) are estimated
using Eqn. (3):

Electrolyzer:

0
AH™ Erey

AGO ' Ecell

(3]

AH® and AG® in Eqn. (3) relate to en-
thalpies and respective Gibbs free energies
of the overall (co-)electrolyzer cell reac-
tions as listed in Table 3. The validity of
our approach can be verified on the basis
of the calculated efficiency for a PEM elec-
trolyzer, in good agreement with perfor-
mance data reported elsewhere.[*11 It can be
seen in Fig. 1A that CO and HCOQO- are the

E’Electrolyzer =

. -2
;kin [ mA Gmcat-surf ]

4.0

30

Eca[V]

20

Pl |

g [
“Elect rolyzer
o ) o
b o L=
Lo g o 1y

LI e e e e T s B |

o 500 1000 1500 2000

; 5
! [ mA Cmelectrode ]

Fig. 1. Tafel plots and computed (co-)electro-
lyzer polarization curves and efficiencies. (A)
Relation between partial CO,-reduction currents
and overpotentials in 0.1-0.5 M KHCO, for the
reduction of CO, on Cu, Ag or Sn, to yield C,H,
and CH,,®" COB or formate,® respectively. The
OER curve is estimated on the basis of the data
for the Ir-surface,® whereby similar activities

are observed in acid and alkaline electrolyte.
The HER curves are computed using the Butler-
Volmer equation and a transfer coefficient of 0.5
and considering the exchange current density
values at 25 °C reported in refs. [35] and [42]

(for alkaline and acid media, respectively). (B)
Polarization curves computed on the basis of the
kinetic data in (A), calculating the geometric cur-
rents on the basis of the roughness factors listed
in Table 2 and estimating E_, with Egn. (2) and
the R, -values in Table 4. (C) Corresponding
(co-)electrolyzer efficiencies, computed by sub-
stituting the E__, values in (B) and the thermody-

cell

namic data in Table 3 into Eqgn. (3).

Table 2. Summary of the half reactions and corresponding catalysts at play in (co-)electrolysis cells, along with the electrode roughness factor values
projected on the basis of the catalyst loading and average particle size.

Half Cell Reaction

CO, + 8H* + 8¢~ = CH, + 2H,0
2CO, + 12H* + 12¢- = CH, + 4H,0
CO,+2H*+2¢ = CO+H0
CO, + H* + 2e- & HCOOr
2H* +2e = H,

H,0 = %20, + 2H" + 2"

Loading® -

Catalyst [mgcm.cmgwiz] [ = n[;]
Cu 5 50

Ag 5 100

Sn 100
Pt 0.5 3
IrO 1.5 10

2

Surface area® Roughness Factor

[ Inmelalz.gca;1 ] [Cmmelalz-cmgeoiz]
13 670
270
7 430
90 450
50 750

aTypical catalyst loading values in alkaline and PEM-electrolyzers."3 PAverage particle size diameters based on values reported in the literature for Cu
black particles,® carbon-supported Ag-nanoparticles,®” and battery Sn-anodes.® The values for Pt and IrO, are typical of fuel cells and electroly-
zers.®¥l cAAssuming spherical metal particles with all of their area exposed to the reaction medium.
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CO,RR products generated with the lowest
overpotential (-0.6 and —0.45 V at 0.2 A
cm_ %), as opposed to C,H, and CH, (0.9
and-1.1 Vat0.2 A cm__2). This is in line
with our previous conclusions that CO and
HCCO- are the most economically inter-
esting products to be considered from the
CO,RR (Table 1). Ultimately, when com-
paring all electrolyzers efficiencies (Fig.
1C), the CO2 to CO or HCOO- electrolyz-
ers have efficiencies in the range 55-60%
at 0.2 Acm en‘z, close to that of an alkaline
water electrolyzer (80%). Moreover, the
projected efficiency of the CO,-electrol-
ysis cells would certainly benefit from
improvements in CO,-reduction electroca-
talysis, and from the development of mem-
branes with better ionic conductivities.
This optimization is therefore addressed in
the following sections.

4. CO, Electrolysis Cell Design

Our cost estimation for the diverse
CO,RR products (Table 1) was based on
the assumption that the electrolysis device
operates at the same current density as an
alkaline water electrolyzer (0.2 A cm__ ).
However, as already discussed above,
these current densities cannot be achieved
by electrolysis cells that use liquid elec-
trolytes as source for dissolved CO, re-
actants. In the following we will review
several electrolysis cell designs that would
allow achieving high current densities for
the CO,RR. These different types of elec-
trolyzers can be classified according to the
nature of the electrolyte used in these de-
vices.

4.1 CO, Electrolysis at Low pH
Conditions

PEM electrolysis  configurations,
based on the use of 50-100 pwm thick pro-
ton exchange membrane acting as elec-
trolyte and separator between the anode
and cathode, allow an order of magnitude
larger current densities than alkaline water
electrolyzers.[*!] The pH in the membrane
and at the gas diffusion electrode/electro-
lyte interfaces is highly acidic with pH = 0
where the HER, considered as a parasitic
side reaction for the CO,RR, proceeds at
the highest rates compared to other pH
conditions.[*2l As an example, Delacourt et
al. used a PEM electrolysis configuration
with a silver-based GDE as cathode that
was fed with gaseous CO, as reactant.[?]
In this case no CO, reduction product was
detected (only H,) although silver is con-
sidered as the most active catalyst material
for the CO, to CO pathway. Even if most
reports claim that the high HER currents
are the sole reason why cathode electrodes
cannot be polarized below CO, reduction
onset potential, it should be noted that

Table 3. Full cell reactions and corresponding enthalpy, free energy and reversible potential values
(at standard conditions and 25 °C) for the (co-)electrolysis cells considered in this study.

. —AH° —AG° E
Overall (co-)electrolyzer reaction e
[kJ mol™'] [kJ mol™] [V]
H,O (D) = H, + %0, 286.0 237.3 1.23
CO, + H,0 () = HCOOH + 20, 270.3 285.5 1.48
CO, = CO + %0, 283.1 257.2 1.34
CO, +2H,0 () = CH, + 20, 890.8 818.4 1.06
2CO,+2H,0 () = CH, + 30, 1411.2 1331.2 1.15

Table 4. lonic conductivity and corresponding resistivity values for the membrane electrolytes

implemented in the (co-)electrolyzers.

Tonic b
Device Membrane conductngtya [Q.g‘}'ﬁw 2]
[mS-cm™] geo
PEM-electrolyzer Perfluorosulfonated 100 0.05
Alkaline water electrolyzers 25-35% KOH - e
Co-electrolysis cell RIS e, 7 0.700
carbonated

aConductivity values for OH-exchanged and carbonated alkaline membranes extracted from
ref. [44]. PEstimated on the basis of 50 pm thick membranes.

since PEM electrolyzer configurations al-
low 3 orders of magnitude higher current
than electrochemical measurements in
liquid electrolyte to be achieved, and as-
suming a Tafel slope for the HER of ca.
120 mV decade',[361 an electrode interface
in a PEM electrolyzer can be polarized at
ca. 360 mV lower potential than in a lig-
uid-based electrochemical device. None-
theless, this extended potential domain
probed in the work of Delacourt et al. did
not allow them to detect any CO, reduction
product. As a conclusion, it is more than
likely that a CO,-electrolysis configuration
adapted from a PEM electrolyzer would
not be a suitable solution.

4.2 CO, Electrolysis in an AEM-type
Configuration (High / Neutral pH
Conditions)

The counterpart of the PEM technol-
ogy in terms of pH conditions is an anion
exchange membrane (AEM). Here, OH~
species are exchanged through quaternary
ammonium moieties that are covalently
attached to the polymer backbone of the
membrane. The AEM regulates the pH at
the electrode/membrane interface to a val-
ue close to 14.145461 Moreover, the use of an
AEM, in a so-called AEM electrolyzer de-
vice, would allow similar current densities
to PEM electrolyzers with the advantage of
using noble-metal free anode electrodes for
the oxygen evolution reaction.[*7-#91 It is in
particular the alkaline pH which makes the
AEM configuration attractive for the CO,
electrolysis since the FEs of the CO,RR

are reported to be significantly higher at
elevated pHs. In this context it is interest-
ing to note that the initially high pH of 14
in a pristine AEM cannot be maintained in
presence of CO,, where the following equi-
librium reaction occurs:[%

(OH) +CO, 2 (HCO, )

membrane membrane)

and the pH is expected to regulate in the
range of 7-10.

A CO, electrolysis test based on an
AEM electrolyte has been conducted us-
ing a silver-based gas diffusion electrode
as cathode material.[?”] Here, the HER was
still favored over the CO,RR thus resulting
in low FEs in the range of only 1%.[27! Fur-
ther studies utilizing the most recent and
stable versions of AEMs[“9l would need
to be undertaken in order to rationalize
these results and to clarify whether a CO,-
electrolysis configuration adapted from an
AEM electrolyzer can be a suitable solu-
tion.

4.3 CO, Electrolysis at Neutral pH
Conditions

Studies performed in liquid electrolyte
solutions identified an optimum pH range
for the CO,RR from 7 to 10. It has further
been reported that not only the pH but also
the nature of anionic and cationic species
in the aqueous electrolyte solution has a
great influence on the particular mecha-
nism of CO, reduction and the resulting
FEs (the interested reader is referred to
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ref. [7]). Several electrolysis designs have
already been reported in literature for such
near-neutral pH conditions and these cell
configurations can be grouped into two
main kinds: either the electrolyte remains
stagnant, e.g. immobilized by a matrix, or
the liquid electrolyte is flushed in a flow-
cell type of reactor. A prime example of
the first kind of cell design is proposed in
the work of Delacourt et al. where a Na-
fion® membrane in a potassium-form was
utilized.[2”] Some features of this approach
resemble the design of a PEM electrolyzer.
However, in this present case the carriers
for the ion current are the K* ions that are
transported across the polymer membrane.
Moreover, the reactants are dissolved in
liquid (aqueous) media and transported by
convection to the anode (e.g. KOH solu-
tion for OER) and cathode (CO, saturated
0.5M KHCO, for CO,RR), respectively, in
order to balance exchanged charges from
the cathodic and anodic reactions. From a
performance point of view, the small cur-
rents (~0.02 A cmgeo*z) can be attributed
to limitations caused by the solubility of
Co, in the KHCO, solution. Moreover, the
FEs (40% of the total currents) are still far
below the expected FEs reported for sil-
ver catalysts.?”l A similar approach as the
one just described would consist of using
AEM electrolysis cell configuration with
the circulation of a carbonate/bicarbonate
solution in the cathode compartment. This
approach has been demonstrated to be ef-
fective for water electrolysisP!l and could
be test-proofed for CO, electrolysis. Both
of these cell configurations are depicted in
Fig. 2A. Overall, several drawbacks arise
from the use of a neutral immobilized
electrolyte configuration. First, the current
carrier (K*, HCO*) has to be supplied by
the catholyte. This implies that the cath-
ode interface would again consist of a CO,-
saturated liquid electrolyte, and so that the
CO,-electrolysis cell would be limited to
small current densities (0.01-0.03 A cm™2)
even though this limiting current could be
increased by working under higher CO,
pressure conditions.[21 The second draw-
back is related to the high level of purity
required for the catholyte, where traces of
metal cations at the ppm level could lead to
much higher rates of hydrogen evolved at
the expense of CO, reduced.!?®! Finally the
durability of this configuration might be an
issue since continuous operation will ulti-
mately lead to the build up of a pH gradient
between both electrodes.

To overcome some of these technical
limitations, Delacourt et al. introduced a
dual solid electrolyte configuration con-
sisting of an 800 wm thick glass fiber im-
pregnated with 0.5 M KHCO, and being
in contact with the cathode whereas an ad-
ditional PEM is in contact with the anode.
The cathode can be fed with a humidified

stream of CO, whereas the anode is ex-
posed to a liquid aqueous solution for the
OER.[271 With this dual solid electrolyte
design CO,RR current densities of up to
~0.140 A cm™ were achieved for the re-
duction of CO, to CO on a silver-based
GDE.[’3l These current densities are at
present the highest reported in literature
for the CO,RR. However, there are sev-
eral drawbacks associated with the cell
design proposed by Delacourt et al. First,
by having the anode and cathode operating
under different pH conditions, one intro-
duces an additional loss to the cell voltage
(0.059 V per pH unit difference between
anode and cathode). The second drawback
is related to the overall thickness of the
buffer layer. Assuming an ionic conductiv-
ity of 10 mS cm™', the ohmic drop across
the 800 um buffer layer would amount to
1.6 V for a current density of 0.200 A cm™.
This tremendous IR drop would be highly
disadvantageous in terms of cell perfor-
mance. The overall cell efficiency could,
however, be significantly improved for
instance by replacing the 800 pum buf-
fer layer by a 50 um thick AEM (such as
those used for alkaline fuel cell applica-
tionsB4). Another alternative to the glass
fiber used by Delacourt et al. would be a
OH™ or HCO, -doped polybenzimidazole
(PBI) membrane, as depicted in Fig. 2B.
This membrane, when doped with H,PO,,
is typically used in high temperature fuel
cells,I%! and some attempts were already
made to incorporate KOH into the mem-
brane for alkaline electrolysis of fuel cell
operation.5¢>71 Such a modified cell de-
sign with a dual electrolyte configuration,
also enabling straightforward collection of
gaseous and liquid products, is foreseen

as one of the most promising electrolysis
configuration.

An alternative approach for an im-
proved cell design enabling higher CO,RR
current densities was developed by Kenis
and coworkers (for the detailed descrip-
tion of this cell design the interested reader
might refer to refs [28,58—60]). This de-
sign is based on a combined (liquid) flow
cell and gas diffusion type of reactor where
a liquid electrolyte is flushed between two
fixed GDEs. This concept of a ‘floating’
GDE is known to enable very fast diffu-
sion rates.!!! Products of the CORR (e.g.
non-volatile formate) are then released into
the liquid electrolyte stream on the inner
side of the cathode (Fig. 2A). With regard
to the CO,RR, high current densities of
0.130 A cm™ for HCOO~ production!28!
and 0.06 A cm? for CO production have
been reported for this cell design.[62] These
results also prove the versatility of this cell
design. Not only (volatile) gaseous reac-
tion products (e.g. CO) can be obtained at
high current densities but also liquid (non-
volatile) products such as formate.

As electrolyte, a highly concentrated
aqueous (bi)carbonate could be used. The
high solubility of the Cs and Rb salts (up
to 25 mol%) can provide a highly con-
centrated electrolyte with conductivities
up to 100 mS cm™' and allow operation at
temperatures above 100 °C at atmospheric
pressure.[63.64] Tt should be kept in mind
that since liquid electrolytes are involved
in this approach, the same concerns regard-
ing the purity of the electrolytes need to
be addressed, as discussed above. Alterna-
tively, also non-aqueous electrolyte solu-
tions might be used in this configuration.
Their CO, solubility is higher than in aque-

A)  PBI+KHCO, or AEM

Cathode: 3CO, + H,0 + 2¢” > CO + 2HCO,

Fig. 2. Graphical
summary of the CO,-
electrolysis configu-

| rations operating at

similar current densi-

Co, __
W ¥ . <«— GDE ties as an alkaline
* HCO, |«-AEM or PBI + KHCO, | water electrolyzer
<— GDE cell. Note that all the
H,0 —— 3 I_’\_ electrochemical reac-

I

Current collector tions are written here

Anode: 4HCO, > 0, + 2H,0 +4C0, + 4e” Flowfields to yield CO, but could
have been written
to yield any kind of
other CO, reduction

. . product.
B) Nafion//AEM or Nafion//PBI+KHCO,
Cathode: 3CO, + H,0 +2¢” > CO + 2HCO,”
o I |
) _>_—Tﬁ\*
<—GDE
H0A ¥ Hco,” «— AEM/ PBI+KHCO,
4 H+ <&— Nafion ®
— GDE

——

Anode: 2H,0 > 0, + 4H* +4e”
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ous environments (e.g. acetonitrile shows
a CO, solubility which is higher by factor
8 compared to water). The same is valid
for room-temperature ionic liquids
(RTILs).[65661 The use of ionic liquids
is also attractive due to their ability to
capture selectively CO, from a diluted
gas stream.[¢] Their use in such a flow-
cell design is, however, restricted to those
having a low viscosity. What makes ILs
promising electrolytes also for such flow
cell devices is their ability to even catalyze
the CORR. It was demonstrated that im-
idazolium-based RTILs dramatically de-
crease the overpotential for CO, reduction
particularly in water/RTIL mixtures.[¢7]
Rosen et al. used 18 mol% Emim-BF,
(1-ethyl-3-methylimidazolium tetrafluo-
roborate) in water as a catholyte in a flow
electrochemical reactor. A few recent
works have also demonstrated highly se-
lective CO,RR toward CO on nanostruc-
tured metallic catalysts (Ag, Bi) in RTILs
and RTIL/acetonitrile.[68-70]

In this part, we have reviewed all the
possible CO,-electrolysis cell configura-
tions, which would allow closing the gap
in terms of operating current density with
respect to an alkaline water electrolyzer.
All these arrangements rely on the use of
a GDE for an optimal transport of reactant
and reaction products in the gas phase. In
order to maximize the number of triple
phase boundaries (defined as the presence
at the same place of an active catalyst site,
CO, and electrolyte) and to decrease the
kinetic overpotential, the next step should
consequently be how to design such GDE
with the highest possible roughness factors
i.e. highem’ |~ cm?_ values. This part
will therefore focus on understanding how
CO, reduction kinetics could be increased,
and in the meantime HER currents be sup-
pressed, when engineering electrocatalysts
at the micro- and the nano-scale.

5. Electrode Materials for CO,
Electrolysis

5.1 Electrodes for Formate Produc-
tion

The products and rates of CO, elec-
troreduction are affected strongly by the
nature and structure of catalytic materials
as well as electrolyte solution composi-
tion. Numerous half- and full-cell studies
were performed to elucidate the key factors
influencing CO, conversion. As we men-
tioned above, formic acid and CO would
be desirable products in CO, electroreduc-
tion. The catalytic materials selective for
formate production are listed in a recent
review articlel’!l and include: metallic Pb,
Hg, In, Sn,i2872-771 P,[7879] Snoz,[32,77,80]
and metallo-organic complexes.[8!1In order
to reach sufficient current densities GDEs

are used. Fig. 3 demonstrates the plot of
operational potentials and corresponding
partial current densities for formate and
CO production in CO, electroreduction
on different GDEs. A few data points are
given for non-GDEs.

It is rather difficult to compare the per-
formances of different catalyst materials
reported by different research groups, as
the CO, electrolysis was conducted under
different conditions (electrolyte, pH, cell
configuration). However, we can distin-
guish certain trends. The highest current
densities for formate production, up to
~0.13 A cm™, were obtained on unsup-
ported Sn GDEs[28! (solid squares in Fig.
3A). We notice that among s- and p-metals,
Sn catalysts seem to be the most promis-
ing catalytic material, as it is rather inex-
pensive, less toxic than e.g. lead, and has
a very good selectivity for formate. A few
recent studies explored SnO, as a catalyst
for CO, electroreduction and reported bet-
ter kinetics and selectivity toward formate
production at such catalysts as compared to
Sn.[77:80821 However, the stability of SnO,
under operando conditions (rather negative
potential of CO, reduction), or any oxide
phase in general, is still an issue to be ad-
dressed. Rather low overpotentials were
found for formate production on Pd"! and
Ru-Pd331 catalysts (star and pentagon in
Fig. 3A) with FEs up to 100% operating
potentials approximately 0.5 V below the
values observed for Sn catalysts. However,
the high price of Pd needs to be consid-
ered before implementing such a catalyst
in CO, electrolysis devices.

Review of the literature data showed
that the energy efficiency for formate
production on different catalysts as ob-
tained in full-cell studies typically has
not exceeded 50% even at current densi-
ties <0.02 A cm and dropped with higher
current densities. Such energy efficiency
is considerably smaller than the expected
maximal efficiency calculated above (Fig.
1C), and is not satisfactory yet.

5.2 Electrodes for Carbon
Monoxide Production

The reduction of CO, to CO (or syn-
gas, CO + H,) is very attractive, as it can
be used as a feedstock for synthetic fuel
production via Fischer-Tropsch processes.
Electrochemical CO formation from CO,
is favored by Ag, Au and Zn catalysts.[]
Use of water-free electrolyte solutions
such as aprotic solvents and ionic liquids
also increases the FE for CO production.
Fig. 3B displays the relationship between
operating potentials and partial current
densities for CO formation on different
electrodes taken from various full-cell
studies. One can see that GDEs with un-
supported Ag NPs display relatively good
performance reaching partial current den-
sities up to 0.115 Acm™? at E=-08 V..
A considerably lower performance and FE
for CO was found for carbon-supported Ag
NPs (40 wt%, dot-centered squares in Fig.
3B):!l in order to obtain partial current
densities of CO production one needed
to apply 0.2-0.3 V more negative poten-
tial as compared to unsupported Ag NPs
(solid squares). However, the use of TiO,
as a support with 40 wt% loading of Ag
(empty squares) allowed reaching similar
kinetics of CO,RR as unsupported Ag NPs
(solid squares) but with much lower silver
loading. In general, it is better to avoid a
carbon support, as it increases the current
efficiency of HER. Due to the high surface
area of the carbon support, the contribution
of HER in overall cathodic process can be
very significant.[®2! The energy efficiencies
for CO production are 40-60% at partial
current densities up to 0.115 A cm, which
is 50% higher than the efficiencies for for-
mate production (Fig. 1B). Normally, the
FE of HER increases with increasing the
cell voltage. However, since hydrogen gas
is a component of syngas, total energy effi-
ciencies for CO + H, production are similar
to those depicted in Fig. 1C. Importantly,
the CO/H, ratio can be readily tuned by
changing cell voltagel?7-291 and potentially
by the right choice of the catalyst system.

0.5 W unsupperted Sn
A) O 50wt SniC
© 50 wi% PbiC
0.0 @ 50wtk IniC
b 4 @ unsupported Pd-Ru
- ¥ 10% PdfC (non GDE)
— -0.54 & Po-PeiC
% L ]
n
W 101 g
&
5] "m - ®
(o} o] n -
2.0 y T
0 50 100 150
: o
-';pE.r‘tiaI ’JI mA cm

B unsupporied Ag
B 40 wi% AgiC

O 40wtk AgITIO,
@ 40 wi% AufC
&
A

0.0

Co-PciC
'+ AQDATIC (non-GDE)
% Ag-Pc/C (non-GDE)

> 0.5

EHHE /
a

0 50
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100
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150

Fig. 3. Potential versus partial current density obtained on GDEs of different compositions for for-
mation of: (A) formate/formic acid?8727681.83-87 gnd (B) CO.153598188-91 Solid symbols correspond to
unsupported metallic catalysts, dot-centered symbols — to carbon supported, empty symbols - to
TiO,-supported. Non-GDEs are indicated in the legend. Details are given in the text.
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A recent review postulated the impor-
tance of the catalyst morphology for ki-
netics and even selectivity of CO,RR.[0!
Many examples demonstrated that nano-
structured and/or nanosized -electrodes
could significantly decrease the overpoten-
tial of CO,RR as compared to conventional
bulk electrodes. The use of such catalysts
also allows high current densities to be
reached (respective to geometric area and
the mass of catalyst material), which is
due to not only a large actual surface area,
but also a larger number of active sites for
CO,RR on nanostructured surfaces.®3 The
catalytic effect of metallic nanostructured
electrodes can be enhanced by introducing
additional foreign metals, forming bime-
tallic nanostructures, such as alloys, core-
shell and thin-film configurations!®¥ (Fig.
4A). The catalytic properties of bimetallic
catalysts can be tuned by the choice of for-
eign metals, chemical composition, mor-
phology of the nanostructures (size, shape
and configuration) and capping agents,
providing intrinsic functionality differ-
ent from that of mono-metallic catalysts.
Bimetallic catalysts have been studied for
many electrochemical reactions, such as
oxygen reduction, hydrogen evolution, CO
and alcohol oxidation. However, they are
scarcely studied on CO,RR to date.

5.3 Electrodes Modified with
Ligands and Complexes

Besides metal surfaces and nanopar-
ticles, nitrogen-rich ligands or metal com-
plexes deposited on the electrode surface
also showed promising results for elec-
troreduction CO, to formate or CO (Fig.
4B). For example, FEs close to 100% at 70
mA cm™ were achieved on metal-pthtalo-
cyanine complexes M-Pc, where M = Co,
Ni, Pd, Agl8188.891 (dot-centered romb and
triangle in Fig. 3B). Promising results were

obtained in a flow cell on carbon-support-
ed, nitrogen-based organometallic Ag cat-
alysts.[891 At the same potential, the current
densities of CO formation form CO, on
e.g. silver 3,5-diamino-1,2,4-triazole sup-
ported on carbon (AgDAT/C) were similar
to those achieved on Ag-based GDEs (star-
symbols in Fig. 3B), but comparatively at
much lower silver loading.

Alternatively, nitrogen-rich ligands
(for example pyridine, bipyridine, benz-
imidazole and their polymers) and metal
complexes with transition metal centers
which are dissolved in an electrolyte solu-
tion are also promising (co-)catalysts for
electrochemical reduction of CO, to CO
or formate (Fig. 4C).5:%I By tuning the
structure of the metal complex/ligand, one
can tune the stability of the CO,-adduct
which dictates the selectivity of the final
product formation. In the past four de-
cades, numerous metal complexes based
on the transition metals ruthenium, rhe-
nium, iridium, cobalt, nickel, palladium,
silver, copper, iron and manganese (both
mono- and dinuclear) were proposed for
Co, electroreduction, which are based
on different families of metal complexes
with macrocyclic ligands, with phosphine
ligands and with polypyridyl ligands in the
electrolyte solution.93:91 Although some
proposed mechanisms suggested such ad-
ditives acted as homogeneous catalysts
for COZRR, it seems that in the presence
of transition metal complexes or nitrogen-
rich ligands the efficiency of CO, reduction
also depends on the cathode material. As
an example, nickel cyclams chemisorbed
on mercury were reported to show an en-
hanced catalytic activity compared an in-
ert electrode such as glassy carbon.[95:97-%91
This fact indicates that the ability of an
electrode material to adsorb the organic
compounds plays an important role in

(C) N-based Organic
Co-Catalysts

¥

(D) Co-catalyst modified
Nanoparticles

Fig. 4. Schematic

(A) Mono-, Bi-metallic (B) Organometallic representation of dif-
Nanoparticles Complex ferent types of (co-)
P P catalysts for CO,
P electroreduction. Red

spheres represent
nitrogen atoms.

e

the CO, electrocatalytic reduction in the
presence of organic ligands or metal com-
plexes. Based on these results, we believe
that the use of metal nanoparticles modi-
fied with nitrogen-rich metal complexes
or ligands (Fig. 4D) might be a promising
approach towards the development of ef-
fective catalysts for CORR with a well-
controlled catalyst selectivity and stability.

6. Conclusion

The direct electrochemical conversion
of CO, into more valuable products can be
considered as a highly promising approach
for the concentration reduction of atmo-
spheric CO, and at the same time for the
storage of a surplus of renewable energy
(e.g. from solar and wind sources) in form
of a reduced carbon compound. A careful
analysis of the estimated production costs
and process efficiencies revealed that CO
(or syngas) and formate are the economi-
cally most favorable reaction products of
such CO, conversion. Their electrochemi-
cal generation can be considered as poten-
tially competitive with their conventional
and well-established routes of production.

In this critical review we, however,
identified a number of challenges which
still need to be addressed before CO, elec-
trolysis can become economically viable.
New designs of CO, electrolyzers need to
be developed which allow for much higher
current densities (0.2 A cm__7?) than re-

€0
cently reported for state-of-the-art Co,
electrolyzer set-ups. In conventional elec-
trolyzers where an aqueous environment
serves as CO, source it is the CO, mass
transfer which typically limits the CO,
conversion rate. An improved CO, mass
transfer can be achieved by using non-
aqueous electrolytes (e.g. ionic liquids)
that reveal a much higher CO, solubility
(>one order of magnitude as compared to
aqueous media). An alternative and most
likely even more promising approach to
tackle CO, mass transfer issues is based on
a gas-diffusion type of cell design where
the cathode is directly fed with the gas-
eous CO, reactant. Concepts of alkaline
and acidic water electrolyzers with proton
exchange membranes (PEMs) and anion
exchange membranes (AEMs) as their key
elements can be in part transferred to the
design of a more efficient CO, electrolyzer.
These concepts and in particular the mem-
brane design still need to be adjusted to the
specific requirements of the CO, electro-
reduction reaction. The same is valid for
the design and chemical composition of
the gas diffusion electrodes. In the case of
the CO, electroreduction there is no need
to disperse the electrocatalytically active
material on a carbon support since the
common catalysts for CO, electroreduc-
tion are abundant and cheap (e.g. Sn for
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formate and Zn for CO production). Fur-
thermore, other concepts like (i) increasing
the surface area of the catalyst (e.g. metal
foams), (ii) use of bimetallic catalysts, and
(iii) use of organo-metallic complexes or
nitrogen-rich ligands as (co-)catalysts
might become more important for the CO,
electrolysis.
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