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1. Introduction

The electrochemical carbon dioxide (CO,) reduction reaction
(CO,RR) has received great attention in the areas of carbon
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The electrochemical carbon dioxide (CO,) reduction reaction (CO,RR) is considered a promising techno-
logy for converting atmospheric CO, into value-added compounds by utilizing renewable energy. The
CO2RR has developed in various ways over the past few decades, including product selectivity, current
density, and catalytic stability. However, its commercialization is still unsuitable in terms of economic
feasibility. One of the major challenges in its commercialization is the low single-pass conversion
efficiency (SPCE) of CO,, which is primarily caused by the formation of carbonate (COs%7) in neutral and
alkaline electrolytes. Notably, the majority of CO,RRs take place in such media, necessitating significant
energy input for CO, regeneration. Therefore, performing the CO,RR under conditions that minimize
CO3?~ formation to suppress reactant and electrolyte ion loss is regarded an optimal strategy for practical
applications. Here, we introduce the recent progress and perspectives in the electrochemical CO,RR in
acidic electrolytes, which receives great attention because of the inhibition of CO3?~ formation. This
includes the categories of nanoscale catalytic design, microscale microenvironmental effects, and bulk
scale applications in electrolyzers for zero carbon loss reactions. Additionally, we offer insights into the
issue of limited catalytic durability, a notable drawback under acidic conditions and propose guidelines for
further development of the acidic CO,RR.

neutrality and long-term seasonal energy storage. For carbon
capture and utilization (CCU), the CO,RR enables the conver-
sion of captured atmospheric CO, into value-added chemicals
such as fuels and feedstocks."™ The CO,RR can produce
C; chemicals such as carbon monoxide (CO),%”°
methane (CH,4),""* and formic acid (HCOOH);"*™"” multi-
carbon (C,;) chemicals such as ethylene (C,H,)'®2° and
ethanol (C,HsOH);>"** and even C; chemicals by CO,
conversion.”*™>?
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However, there are still significant challenges to address in
the practical application of the CO,RR, including critical per-
formance metrics often referred to as key figures of merit:
product selectivity (Faradaic efficiency, FE), production rate or
productivity (partial current density), energy efficiency (overpo-
tential), catalytic stability (long-term operation), and carbon
efficiency (CO, conversion).”® In a favorable light, recent
strides in CO,RR studies aim to propel the energy efficiency
and selectivity to levels which show the potential to be com-
petitive in commercialization. Such achievements have been
attained through the development of heterogeneous catalysts,
which enable the steering of the CO,RR pathway by controlling
the intermediate binding and careful management of the reac-
tion microenvironment.'®2°° In addition, the introduction of
flow cells comprising gas diffusion electrodes (GDEs) has
facilitated the tailored design of electrolyzers to augment reac-
tion rates and scale up the reaction.'®?°* Moreover, the
employment of membrane electrode assemblies (MEAs) has
paved the way for enhancements in catalytic stability.?2%343¢

Even with such technological progress, the cost-effectiveness,
below that of product formation through traditional thermochemi-
cal techniques, and the single-pass carbon efficiency (SPCE)
remain as challenges.”****” Conventionally, CO,RRs are typically
designed to occur in neutral or alkaline electrolytes, driven by a
dual purpose: to decrease the competitive hydrogen evolution reac-
tion (HER)***° and to harness the promoting effect of the hydrox-
ide ion (OH™) on CO, activation or *CO coupling.**** However,
CO,RRs under such conditions are perceived to be unfavorable
from an economic standpoint due to supplementary external costs.
This negative perception primarily stems from product losses
attributed to carbonate (CO5>") formation - a consequence of inter-
actions between CO, and OH™ in alkaline or neutral electrolytes —
along with the necessity for electrolyte regeneration.>®

Recently, operating parameters within acidic electrolytes (pH <
2) have received significant interest, chiefly due to their potential
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to obviate the energy penalties associated with CO;>~ formation in
the CO,RR.”**"> However, this approach is a double-edged sword:
on the one hand, it promises enhanced energy efficiency, while on
the other hand, it presents challenges such as a lowered HER acti-
vation barrier and diminished catalyst stability. To judiciously
operate the CO,RR in acidic media, it is imperative to engineer
both catalysts and electrodes capable of attenuating proton per-
meation or sustaining elevated *CO coverage. Additionally, the
architecture of the electrolytic cell must be precisely designed to
allow operation under regimes that amplify CO, conversion.

Here, we introduce the progress and perspectives of CO,RRs
for high CO, utilization in acidic electrolytes. Our narrative
unfolds through the categories of insights from (1) a nanoscale
catalytic perspective, (2) the microenvironment within electrode
structures at the microscale, and (3) bulk-scale applications per-
taining to electrolyzers (Fig. 1). Furthermore, we endeavor to
articulate our insights into the existing hurdles and innovative
strides associated with catalytic stability in acidic electrolytes.
The acidic CO,RR is still an emerging field of study, and a con-
solidated overview and fresh perspectives on the relevant stra-
tegic concepts are anticipated to provide a broader understand-
ing and open new avenues of research within this domain.

2. Merits of performing the CO,RR in
acidic electrolytes

The Bjerrum plot for CO,-bicarbonate (HCO;)-CO;>~ systems
indicates that the introduction of CO, into alkaline and
neutral electrolytes for the CO,RR can induce severe CO, con-
sumption through CO;>~ formation reactions with OH™ in
aqueous electrolytes (Fig. 2a, eqn (1) and (2)).”°

CO, + OH™ — HCO;~ (1)

HCO;~ + OH™ — CO;%*™ + H,0 (2)
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Fig. 1 Strategic insights into the acidic CO,RR in terms of scale and components such as electrocatalysts, gas diffusion electrodes, and
electrolyzers.
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Fig. 2 Comparison of reaction conditions and energy consumption in electrolytes with different pH values. (a) Bjerrum plot for the CO,—HCO3z —
CO3%™ system; carbonate (CO327) is generated under high pH conditions.>® Reproduced with permission from ref. 56. Copyright 2001, Elsevier. (b)
CO32~ generation and regeneration in alkaline and acidic conditioned electrolyzer systems.>® Reproduced with permission from ref. 58. Copyright
2023, ACS Publications. (c) Comparison of reaction energy consumption in the CO,RR with acidic, near neutral, and alkaline electrolytes.46
Reproduced with permission from ref. 46. Copyright 2022, Springer Nature.

This has a significant impact on the low SPCE of the (CO, HCOO™) and C, (C,H,) chemicals indicate that, in near-
CO,RR in alkaline and neutral electrolytes.*>** Under flow cell ~neutral electrolytes, the SPCE is 50% for both CO and HCOO™
operating conditions, theoretical calculations of SPCE for C; and 25% for C,H,.*>”> In alkaline electrolytes, the SPCE is
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considerably lower, with theoretical results showing 11.7% for
CO and HCOO™ and 4.2% for C,H,.*® However, in acidic elec-
trolytes, 100% SPCE can be achieved because of preventing
CO;>~ formation.

Recently, using an acidic electrolyte in the CO,RR has
emerged as a potential avenue for minimizing CO, losses
(Fig. 2b). The intrinsic low pH of acidic electrolytes appears to
decelerate CO;>~ formation rates.”” Intriguingly, even in
instances where CO;>~ forms due to a slightly elevated pH
near the electrode interface, this CO;>~ is prone to reconver-
sion to CO, upon encountering protons in the bulk solution.
This mechanism offers a groundbreaking strategy in the
CO,RR for high CO, utilization that is theoretically capable of
achieving nearly 100% SPCE.

Beyond the issue of CO, loss, the acidic CO,RR is perceived
as a more economical reaction due to its higher energy
efficiency compared to alkaline and neutral CO,RRs.*® This
distinction is attributed to the differences in the reaction
environments between these CO,RR conditions (Fig. 2b).”® In
alkaline electrolyte environments, the regeneration of CO;>~ in
the catholyte back to CO, represents a dominant fraction of
the overall energy expenditure (Fig. 2c). The excessive energy
demand can be determined from the forward reaction and
reverse reaction energy costs for CO;>~ formation.?®***° While
the interaction of CO, with OH™ consumes —56 k] mol™" to
produce CO,;*>”, regenerating CO, and OH~ from CO;>~
requires an energy expenditure of 230 kJ mol™, over four
times the absolute value of the energy.”® Additional systematic
penalties in alkaline or neutral electrolytes are induced by
anodic separation of the oxygen evolution reaction (OER). This
is because of CO, gas generation due to the crossover of CO;>~
through an anion-exchange membrane (AEM)*>**%93% and the
formation of metal-CO;>~ species as a consequence of side
reactions between CO;>~ and metal cations that accumulate on
the electrode surface, compromising catalytic efficiency.** The
cost for electrolyte regeneration due to CO;>~ formation is
critical in the CO,RR with alkaline electrolytes. In contrast, in
an acidic electrolyte environment, there is no economic loss
attributed to catholyte regeneration or anodic separation.
Additionally, there is no decrease in catalytic efficiency due to
the formation of metal-CO;>~ complexes, making acidic con-
ditions a more commercially viable option (Fig. 2b and c).

3. Strategies for the acidic CO,RR:
electrocatalysts, electrodes, and
electrolyzers

The economic feasibility of the acidic CO,RR is highly
regarded, but to date, early research outcomes in this field
have been relatively limited in comparison with research con-
ducted in alkaline or neutral electrolyte systems. Enhancing
the catalyst performance under proton-dominant and harsh
acidic conditions remains a challenge in the acidic CO,RR. In
acidic electrolytes, achieving a fine balance between selectivity
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and catalytic durability is a pressing challenge. However, the
dominance of the HER under acidic conditions often oversha-
dows CO, electrolysis. This phenomenon becomes clearer
when inspecting the E-pH (or Pourbaix) diagram of water:
heightened acidity lowers the voltage window where the HER
occurs. Consequently, this constricted voltage window implies
that the HER is kinetically more favored than the CO,RR in
acidic electrolytes.*?

Another CO,RR issue in harsh acid environments is metal
corrosion. Numerous investigations have been undertaken to
address these challenges in water electrolysis employing acidic
electrolytes.®®®> Previous studies employed noble metals
adept at resisting corrosion under acidic conditions, but these
metals unfortunately have significantly lower CO,RR activity
than alternative metals. Consequently, when transition metal-
based efficient CO,RR catalysts in alkaline or neutral electro-
Iytes are employed in the acidic CO,RR, their stability and
CO,RR activity can degrade. Given the aforementioned chal-
lenges, this section will present the latest trends in acidic
CO,RR research focusing on ways to overcome the limitations
of CO, electrolysis in acidic electrolytes. We introduce the chal-
lenges and progress of the acidic CO,RR in terms of electroca-
talysts, electrodes, and electrolyzers (Fig. 1).

3. 1. Electrocatalysts for the acidic CO,RR

In the CO,RR, the selectivity of C; and C,, chemicals can be
modulated by the design of heterogeneous -catalysts that
control the adsorption energy of intermediates on the surface
of metal active sites.®*®® Supports as well as active materials
can help in designing the active sites to control the binding of
intermediates over the scaling relationship during CO,
electrolysis.®””7> In the acidic CO,RR, although the partial
current density for C; chemicals is generally lower than that in
alkaline electrolytes, the product selectivity of CO has
increased to near 100% FE with the aid of electrocatalyst devel-
opment (Fig. 3a). In the acidic CO,RR, various carbon sup-
ports have been investigated to enhance the selectivity and
reaction rate of C; chemicals by hybridization with active
materials (Fig. 3b).>'™* Manipulating the morphology of
carbon supports to hinder proton penetration is a notable
methodology in acidic electrolytes. This approach might
promote the binding of CO,RR intermediates instead of
protons.

Carbon nanotubes (CNTs) have a structural advantage due
to their large surface area, which provides a high number of
CO, adsorption sites and promotes the dispersion of active
materials.*>** The CO,RR performances of highly dispersed
NizN nanoparticles/multiwalled carbon nanotubes (MCNTSs)
and aggregated Ni(OH), nanosheets/MCNTs were compared to
identify the structural effect of the catalysts. Under neutral
electrolyte conditions, NizN/MCNTs exhibited an FE of 89%
for CO and 10% for hydrogen (H,), whereas Ni(OH),/MCNTs
exhibited a CO FE of 10% in 0.5 M NaHCOj; electrolyte with an
applied potential of —0.73 V (vs. RHE), corresponding to an
approximately 8-fold increase in CO partial current density
from 0.2 to 1.6 mA cm 2. To exploit their structural advan-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Catalyst strategies for a successful acidic CO,RR toward C; and C,, chemicals. (a) CO selectivity and the corresponding total current density
in acidic electrolytes.®#>46109-117 () Carbon support-based structural variation in catalysts in acidic media for selective C; chemicals. (c) C,., chemi-
cal selectivity and the corresponding total current density in acidic electrolytes,2#1-44112.118-124 () Composition and morphology variations in Cu-

based catalysts for C, chemical production in the acidic CO,RR.

tages, Niz;N/MCNTs were used in the CO,RR under acidic con-
ditions by adding HCI and NaHCO; for pH adjustment to NaCl
solution with an applied potential of —0.9 to —1.0 (vs. RHE);
the system exhibited a CO FE of 85.7% at pH 3.7 and 50.1% at
pH 2.5 with an applied total current density of 20 mA cm™>.
This demonstrates the acid pH tolerance and HER competing
ability of Ni;N/MCNTs under acidic conditions. Additionally,
CNTs have been used as supports for highly dispersed and
finely controlled metal single atom catalysts (SACs).*”> In the
acidic CO,RR, a p-tetra methoxy-substituted nickel phthalo-
cyanine molecularly dispersed electrocatalyst (NiPc-OMe MDE)
exhibited a 98% CO FE at a 400 mA cm™” total current density
at pH 1 in 0.05 M H,SO, + K,SO, electrolyte. This superior per-
formance is attributed to the large surface area of CNTs and
the sophisticated structure of SACs with molecular supports.

Furthermore, a Ni in N-doped carbon nanocage (Ni;@NCN)
material was used in the acidic CO,RR to hinder the HER.>' To
verify the effect of the carbon support, the CO,RR activities of
Nis@NCN and Ni nanoparticles supported on N-doped carbon
spheres without cavities (Nis;/NCS) were compared. In the
CO,RR with 0.25 mM H,SO, + 0.25 M Na,SO, electrolyte (pH
1), Nis@NCN showed a CO FE of 60%, while Ni5;/NCS produced
only H, during electrolysis. The suppression of the HER by
Ni;@NCN was also observed in water electrolysis conducted in
an Ar-saturated electrolyte, which exclusively permits the HER.
In contrast to the gradual increase in the current density of
Nis/NCS with increasing potential, water electrolysis in
Nis@NCN induced current density saturation.

This journal is © The Royal Society of Chemistry 2024

The effect of carbon supports in the acidic CO,RR is not
limited to transition metal-based active materials. It was
reported that Ag nanoparticles confined in hollow carbon
nanospheres (Ag/h-CNS) lead to effective CO production.®® Ag/
h-CNS exhibited a CO FE of 95% and a 46.2% SPCE in 0.05 M
H,S0,4 + 0.5 M K,SO, acidic electrolyte (pH 1.1). They found
that h-CNS can finely regulate ion diffusion, particularly by
maintaining local alkaline conditions through the control of
H" and OH~ diffusivity. A mass transport simulation of Ag/
h-CNS confirmed that a substantial amount of OH™ can pene-
trate the core of h-CNS, leading to the establishment of a
highly localized alkaline environment. Additionally, the nanoc-
age structure was found to promote a high local concentration
of cations through continuous proton consumption via buffer
effects and proton coupled electro transfer (PCET). Overall, it
can be deduced that the structural attributes of the carbon
support exert a pivotal influence on the production of C;
chemicals with high selectivity. Utilizing a variety of structured
carbon matrices plays a pivotal role in regulating ions and con-
fining active materials. Additionally, fine-tuning the attributes
of active catalyst materials, ranging from their composition to
intricate structural details, can significantly improve *CO cov-
erage or amplify cation concentrations. This, in turn, facilitates
the CO,RR while mitigating the HER.

Converting CO, into C,, chemicals with higher energy
density is important for the acidic CO,RR,'#2%:?%24726,28-31,36,42
Cu, which enables *CO dimerization for C-C coupling, has
been widely used as a CO,RR active material for C,; chemical

Nanoscale, 2024, 16, 2235-2249 | 2239
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production.”®”> While numerous studies have made substan-
tial advances in the acidic CO,RR with Cu-based catalysts, the
FEs of C, chemicals remain notably lower than those achieved
in alkaline electrolytes (Fig. 3c). This discrepancy can be attrib-
uted to the influx of protons from the surrounding environ-
ment, despite the occurrence of localized proton consumption
in high current ranges.

Consequently, it is valuable to manipulate the composition
or morphology of Cu electrodes to give preference to *CO over
*H in competitive processes. This leads to substantial *CO cov-
erage, which facilitates C-C coupling kinetics and constrains
proton binding sites, ultimately impeding the HER. Recent
research into the generation of C, chemicals via the modifi-
cation of Cu catalysts under acidic conditions has involved the
control of intermediate binding kinetics through alloying with
heterometals to facilitate C-C coupling and inhibit the HER;
alternatively, the catalyst’s porosity has been fine-tuned to
regulate cation concentrations through a confining effect
(Fig. 3d). The stabilization of *CO is a crucial factor in C,.
chemical formation because the C-C coupling of *CO inter-
mediates on the catalyst is fundamental for initiating the con-
version of CO, into C,. chemicals. Consequently, there is a sig-
nificant focus on improving *CO formation by controlling the
adsorption energy to facilitate the formation of C,, chemicals.

A Pd-Cu alloy catalyst was synthesized to increase the coverage
of both *CO and *CO, on the surface of the catalyst.*> Density
functional theory (DFT) calculations confirmed that the Pd-Cu
catalyst can decrease the adsorption energy barrier of CO, and CO,
resulting in an increased *CO affinity over *H and subsequently
diminishing the availability of active sites for *H adsorption due
to its higher *CO coverage. The Gibbs free energy for AGoccon~
indicates a tendency to form C,, chemicals, and AGoccon+ —
AGcho~ provides insight into the reason for CO,RR selectivity for
C,+ over C; chemicals, showing that the Cu-Pd alloy has good
potential for *CO dimerization. Therefore, the Cu-Pd alloy sup-
presses the HER and improves C-C coupling, which increases the
C,, chemical FE to approximately 89% at 500 mA cm ™2,

Manipulation of the catalyst morphology can adjust the
local cation concentration, which is the main factor stabilizing
intermediates and influencing the selectivity toward C,.
chemicals. The local cation concentration can be modulated
by adjusting the porosity of the catalyst.** An electrochemically
reduced Cu porous nanosheet (ER-CuNS) demonstrated a
cation-confining effect, as confirmed by inductively coupled
plasma (ICP) analysis of the electrolyte-loaded catalyst, com-
pared with a flat CuO-NS. ER-CuNS exhibited a 4.5 times
higher potassium cation (K') concentration than pristine
CuO-NS. The electrochemical CO,RR in acidic electrolytes
showed a morphologically confining effect; ER-CuNS showed
84% FE and a partial current density of 560 mA cm™> for C,,
chemicals, whereas CuO-NS resulted in HER dominance.

3. 2. Microenvironment engineering in a gas diffusion
electrode

The utilization of cations in acidic electrolytes can affect the
microenvironment of electrocatalysts.”®”® In electrochemical

2240 | Nanoscale, 2024, 16, 2235-2249
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reduction processes, cationic migration is driven from the
bulk electrolyte toward the cathode surface by coulombic
forces, culminating in the formation of the outer Helmholtz
plane (OHP). This, in turn, gives rise to an electric double layer
(EDL) field, which plays a critical role in modulating the
adsorption energetics of key reaction intermediates.
Modifications to the EDL field augment the efficiency of the
CO,RR, with pronounced selectivity for multicarbon products
and mitigation of HER activity.

In the CO,RR process, the presence of an EDL field can
boost the reaction activity by enhancing the CO, absorption
rate and stabilizing *CO, which serves as the primary inter-
mediate for the formation of valuable C, chemicals.
Additionally, it reduces the energy barrier associated with C-C
coupling, thereby facilitating the synthesis of C, chemicals.
Interestingly, an electric field exerts minimal effects on the
adsorption of *H, resulting in selectivity favoring the CO,RR
over the HER. Given these observations, the introduction of
cationic effects within acidic media is paramount for the acti-
vation of CO,RR intermediates and the inhibition of the HER
(Fig. 4a).*®7°

The cation effect on the acidic CO,RR has been studied
with K*.** Upon introducing K™ into 1 M H3PO, electrolyte at
concentrations ranging from 0 to 3 M, the H, FE declined
from 100% to 50%. Moreover, the maximum FE for CH,
reached 28% at 1 M K', and the maximum FE for C,H, was
9.3% at 3 M K'. Furthermore, to optimize the influence of K,
the authors introduced a perfluorosulfonic acid (PFSA)
ionomer onto the catalyst surface. This ionomer layer serves a
dual purpose: it hinders the diffusion of K' away from the
active sites of the catalyst and increases the local pH by
obstructing the diffusion of OH™ generated during the reaction
from the catalyst surface to the bulk electrolyte. These results
indicate the significance of controlling the proximity of
cations to the electrode surface and applying an ionomer layer
for cation adhesion in acidic environments to enhance the
efficiency of the CO,RR.

In terms of cation interactions within the EDL, applying
cation species with different radii and adjusting their concen-
trations enable regulation of the cation effect in acidic media
(Fig. 4b).°?%*>8 On a Ag/PTFE electrode, the application of
10 mM LiClO, in HClO, electrolyte led to a notable enhance-
ment in the CO FE of 70%, whereas the CO FE remained at
10% when no Li* was present in the HCIO, electrolyte. This
improvement can be attributed to the role played by Li" in aug-
menting the EDL field on the catalyst side.>® Since the cation
effect is intricately linked to the formation of the OHP on the
catalyst side, the size of the hydrated cation crucially influ-
ences this effect. When the size of hydrated ions decreases, a
greater number of ions aggregate within the OHP, conse-
quently strengthening the EDL field.

The influence of hydrated ion dimensions becomes evident
upon the introduction of K, which has a greater hydrated ion
radius than Li". The introduction of 10 mM KClO, into the
HCIO, electrolyte resulted in a marked increase in the CO FE,
reaching almost 100%. This underscores the pivotal influence

This journal is © The Royal Society of Chemistry 2024
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iting proton mass transport.>®

that differences in hydrated cationic radii have on CO,RR per-
formance. Moreover, a decrease in the K' concentration
directly correlates with a decline in the CO FE. Notably, a peak
CO FE of 40% was observed with 1 mM KCIlO,, in stark con-
trast to the value of 100% achieved with 10 mM KClO,. To gain
a more precise understanding of the cation effect, a general-
ized modified Poisson-Nernst-Planck (GMPNP) simulation
was conducted. The simulation results indicated that the gene-
ration of the EDL is closely associated with the radius and con-
centration of the hydrated cation, whereas the inhibition of
proton migration and alterations in diffusion layer thickness
are primarily influenced by the ion concentration.

Another approach involves the application of an adlayer on
the catalyst surface to elevate the local pH, effectively suppres-
sing the HER through the modulation of proton mass trans-
port and optimization of the EDL. Thus, the adlayer acts as a
protective layer for the catalyst under rigorous conditions,
suggesting an  efficient strategy for the acidic
CO,RR."781953:81.82 pdlayers commonly used for the acidic
CO,RR are ionomers that consist of a hydrophobic backbone,
side chains and hydrophilic ionic groups. Hydrated cations
migrate through the hydrophilic channel established by the
SO;~ ionic groups of the ionomer, which exhibit a greater

This journal is © The Royal Society of Chemistry 2024

Reproduced with permission from ref. 55. Copyright 2022, ACS Publications. (c) Enhanced local pH in adlayer-augmented GDEs by lim-
Reproduced with permission from ref. 53. Copyright 2023, Springer Nature.

affinity for K' than for protons. Moreover, the hydrophobic
segments of the ionomer create a gas diffusion pathway. This
implies that the ionomer can enhance the efficiency of the
CO,RR while impeding the HER by facilitating the mass trans-
port of K" and CO, gas. Nonetheless, a limitation exists in the
uneven distribution of the ionomer on the catalyst surface.

To address this concern, a PFSA ionomer was utilized in con-
junction with covalent organic frameworks (COFs) (Fig. 4c).>® The
presence of imine groups within COFs contributes to the uniform
distribution of the ionomer, thus enhancing its effectiveness and
remarkably constraining proton permeability. To demonstrate
proton inhibition by COFs, the pH value was measured by moni-
toring the permeates traveling from the bulk catholyte to the
backside of an electrode consisting of PFSA/COFs/Cu/hydrophilic
PTFE. When the ionomer was applied in conjunction with COFs,
the pH of the permeate increased significantly to pH 12 at a
current density of 250 mA cm ™2, whereas in the absence of COFs,
it increased to only pH 7. Furthermore, the FE for C,. chemicals
reached approximately 75% at a current density of 200 mA cm ™2,
and a stability of 30 hours was observed. Improving the distri-
bution of ionomers by applying COFs efficiently hinders proton
mass transport and induces a high local pH near the electrode
surface, which increases C,. chemical selectivity.
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In summary, the mass transport of protons from the bulk
electrolyte to the catalyst, the diffusion of OH™ from the cata-
lyst surface to the bulk electrolyte, and the local concentration
of cations can all be manipulated by controlling the microenvi-
ronment of the catalyst. Consequently, managing the local
microenvironment by adjusting hydrated ion radii or ion con-
centrations to optimize the cation effect and by applying an
adlayer on the electrode surface can be a highly impactful
strategy for enhancing the efficiency of the acidic CO,RR.

3. 3. Theoretical understanding of the electrolyte pH effect
on the CO,RR

Most DFT computations in the acidic CO,RR have focused on
the effect of catalysts or microenvironments on the *CO,
adsorption or *COOH stabilization.***” However, the effect of
electrolyte pH on tuning the CO,RR pathways has not been
studied frequently. Under acidic conditions with pH 1, it was
reported that the formation of *COH and *CHOH intermedi-
ates hinders the kinetic pathway for C, chemical formation
(Fig. 5a).%* This facilitates the C; chemical formation pathway.
Under neutral conditions with pH 7, they suggest that *COH
and *CO-COH exhibit nearly equivalent energy preferences,
implying a conducive environment for the formation of both
C; and C, chemicals (Fig. 5b). Conversely, under the alkaline
conditions with pH 12, the CO,RR pathway involving *CO-CO
is preferred and this enables an increase in selectivity towards
C, chemical formation (Fig. 5¢).** In all modeled systems, the
C; pathway was calculated at the low *CO coverage (6co = 1/9
or 1/16), resulting in preference for the HER.

Theoretical CO,RR pathways according to the electrolyte pH
reveals that H, can be the major product by the HER in the
acidic CO,RR. Therefore, comprehensive strategies from nano-
scale-to-bulk scale are required to address the challenges of
the acidic CO,RR. They include strategies such as catalyst
development to enhance *CO binding and microenvironment
engineering to control the metal cations and local OH™ con-
centration to sustain a high local pH near the catalysts.

3. 4. Catalyst degradation and stability in the acidic CO,RR

The harsh environment of acidic electrolytes promotes the dis-
solution of metal ions in heterogeneous catalysts, causing cor-
rosion or reconstruction with dissolution and electrodeposi-
tion.”® Indeed, the rate of metal extraction in the reaction
environment, as influenced by the electrolyte pH, plays a
pivotal role in determining the catalyst’s lifespan. Catalyst
stabilities of over 150 hours in alkaline or neutral electrolyte
environments were reported previously, whereas significantly
shorter stability has been observed in acidic media (Fig. 6a,
Table 1). Catalyst stability in an acidic environment has
already been studied with respect to the HER or OER via Pt- or
Ir-based catalysts.®®> Unfortunately, these noble metals are
not active in the CO,RR.

Metal catalysts mainly used in the CO,RR, especially Cu,
exist in the form of oxides or ions in acidic environments that
cause corrosion or detachment from the electrode surface due
to their ionization kinetics (Fig. 6b).%* The corrosion phenom-
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enon observed in these non-noble metal catalysts not only pre-
vents achieving the desired catalytic performance because of
catalytic reconstruction, but also poses a substantial hindrance
to commercialization due to their limited lifetime.?*"®° Hence,
we propose a catalytic approach to sustain catalytic stability in
acidic electrolytes; this is based on emphasizing factors that
are expected to exert a substantial influence on catalyst dura-
bility instead of employing an indirect approach to elevate the
local pH.

To discuss catalyst stability, it is necessary to understand
the catalyst reconstruction behavior during the CO,RR
(Fig. 6¢). Catalyst reconstruction takes place when metal ions
are released into the electrolytes during the reaction and are
subsequently redeposited onto the electrode surface due to the
reduction potential, resulting in alterations in the morphology
based on the rate of metal ionization.®>® Catalyst reconstruc-
tion will occur more actively in an acidic environment with a
higher ionization rate than in a neutral or alkaline electrolyte
with a lower metal ionization rate.”®®’ Understanding this

This journal is © The Royal Society of Chemistry 2024
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Table 1 CO,RR performances of electrocatalysts in acidic, neutral, and alkaline electrolytes

Total Stability
Electrolyte Catalyst Electrolyzer J (mA cm™) Potential FE (%) (h) Ref.
Acidic  0.05 M H,SO, + ER-CuNS (reduced Cu porous Flow cell 700 —1.48 Vrug 75 (Cas) 30 44
KCl nanosheet)
1MH,;PO,+3M COF: PFSA-modified PTFE-Cu Flowcell 200 —2.4 Vagiagal 5 (Ca4) 30 53
KCl
1M H;PO, +3M Cation-augmenting layer-modified Cu ~ Flow cell ~ 1200 4.2V (full cell) 25 (C,H,) 12 42
KCl nanoparticles
0.05 M H,SO, +3 SiC-Nafion™/SnBi/PTFE Flowcell 100 —1.5 Vrus 0 (HCOOH) 125 48
M KCl
0.5 M K,SO, + Ni-N-C MEA 500 3.7V (full cell) 95 (CO) 8 47
H,SO,
Neutral 0.5 M KCl Cu nanostructure Flow cell 150 4.5V (full cell)  84.5(C,Hy) 55 125
0.1 M KHCO; Ligand-doped ZIF-8 H-cell 3 —1 Vrug 72 (CO) 10 126
0.1 M KHCO;, Co;0, atomic layer with oxygen H-cell 2.7 —0.87 Vscg 85 (HCOOH) 40 127
vacancies
0.1 M KHCO; CuOHFCl H-cell 15 —-1.00 Vgus 53.8 (Cy) 240 126
0.5 M KHCO;3 Bismuthene (Bi-ene-NW) H-cell 100 —1.17 Vgrug 90 (HCOOH) 500 128
0.5 M KHCO, CoPc@MWCNTS H-cell 1 —0.7 Vrus 96 (co) 100 129
1 M KHCO;4 OD-Cu-III Flowcell 300 -1 Veue 70 (C,.) 50 130
0.1 M KHCO; CuAg Custom 45 —1.05 Vgus 50 (C,H,) 12 131
cell
0.1 M KHCO; Cu and iridium oxide supported on a Flow cell 600 ~ 3.3V (full cell) 70 (C,H,) 190 119
titanium mesh
1 M KHCO, DMAN-modified CuNPs Flowcell 100 -1 Vue 60 (C,.) 7.5 132
Alkaline 7 M KOH Graphite/carbon NPs/Cu/PTFE Flow cell 80 —0.55 Vgyg 70 (C,H,) 150 18
1 M KOH Bi rhombic dodecahedra Flow cell 200 —0.68 Vrur 86 (HCOOH) 20 133
1 M KOH Sn MEA 40 2.2 V (full cell) 93.3 48 17
(HCOOH)
1 M KOH N-coordinated Ni on CNTs MEA 100 2.1V (full cell) 98 (co) 70 134
1 M KOH CNT-sulfamethoxazole(SMX) Flow cell 100 —0.7 Vrur 98 (CO) 24 135
1 M KOH BaO/Cu Flow cell 400 —0.75 VRuge 58 (alcohol) 20 21
2 M KOH MWNTs/PyPBI/Au Flow cell 100 —0.44 Vgrug 90 (CO) 8 32
1 M KOH Cu-Cl-Cs Flow cell 1000 —0.75 Viue 31 (C,HsOH) 20 136

This journal is © The Royal Society of Chemistry 2024
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behavior is advantageous for increasing catalyst stability
because the reconstructed catalyst structure will actively par-
ticipate in the reaction.

Nonetheless, there is less understanding about the recon-
struction of CO,RR catalysts in an acidic electrolyte, and pre-
dicting alterations in the catalyst morphology during the cata-
lytic reaction remains challenging. Accordingly, proposing a
method to mitigate the extraction of active metals could rep-
resent a significant innovation. For this kind of catalyst design
strategy, sacrificial metals can be utilized. When two metals
with different ionization tendencies come into contact within
a bulk electrolyte, the metal with the greater ionization ten-
dency will undergo oxidation in place of the other metal. In
other words, by locating the sacrificial metal around the active
metal in acidic media, it is possible to inhibit the dissolution
of the active metal during electrochemical operation.
Consequently, employing metals with higher oxidation ten-
dencies, such as Fe, Mg, and Al, alongside Cu as the active site
for CO, conversion into C,; chemicals, could enhance the
stability of Cu active materials due to the dopant materials
acting as sacrificial agents. However, it is crucial to optimize
the dopant species and its concentration, as these materials
may also function as active sites for the HER.

3. 5. CO,RR electrolyzer strategy for high CO, utilization

GDE-based electrolyzers have been developed for the CO,RR to
overcome low CO, solubility and mass transport. The flow cell,
where gaseous CO, is directly supplied to catalyst layer,
enables to overcome mass transport limitations in an H-type
cell and is the most actively used electrolytic cell (Fig. 7a).”>
However, due to the low catalytic stability and iR loss induced
by liquid catholytes, this is inadequate in terms of long-term
operation and energy efficiency.

To address the challenges of energy loss and low stability, a
zero gap MEA has been used for the CO,RR. The MEA consists
of a two-electrode system capable of extracting protons and

S

e L
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products from humidified CO,, thereby mitigating ohmic
losses, and is well suited for long-term operation (Fig. 7b).%**?
Nonetheless, within the MEA setup, CO;>~ that permeate
through the AEM can result in the loss of reactants and
increased costs associated with anodic separation. This energy
loss can be mitigated by utilizing an acid electrolyte in both
electrolyzer systems, thereby enabling the development of a
zero carbon loss electrolysis system.

To develop a high carbon efficiency electrochemical reac-
tion system, a flow cell to flow-cell electrolysis system was con-
structed; this system achieved a high efficiency CO,RR by creat-
ing a significantly elevated local pH using a SiC-Nafion™ addi-
tive layer on a Sn-Bi alloyed metal, even in a harsh electrolyte
environment (pH = 1).** The HCOOH FE of SiC-Nafion™/SnBi/
PTFE was over 92% in all current density ranges (100-800 mA
cm™?). The cathodic energy efficiency (CEE) corresponding to
the CO,RR performance was calculated, revealing a notably
high CEE of 50% at a current density of 100 mA cm™>
Furthermore, for an economic evaluation, the SPCE was calcu-
lated in an acidic environment at a CO, flow rate of 3 scecm
and an efficiency of 65% was achieved that was unattainable
with an alkaline electrolyte. To enhance the SPCE, two flow
cells based on acidic electrolytes were connected, enabling the
conversion of unreacted CO, from the first electrolyzer into a
product. As a result, a 76% SPCE was achieved through the
reaction in the second electrolytic cell. During this process,
the proportion of H, produced in the first electrolytic cell
remained below 10% and had a negligible impact on the
CO,RR in the second electrolyzer.

The adoption of acidic anolytes in the MEA can dramatically
diminish carbon loss by suppressing the penetration of CO;>~
generated in the cathodes through a cation-exchange membrane
(CEM). Furthermore, the proton crossover through the CEM
enables the regeneration of CO;>", potentially decreasing the
CO, loss and enhancing the SPCE.*””** Similar to the neutral
MEA, there is an increase of local pH in the cathode of the
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Fig. 7 Application of the acidic CO,RR in a tandem electrolyzer system for achieving high SPCE. Schematics of the (a) flow cell and (b) MEA. (c)
Zero carbon loss tandem MEA system for MEA to MEA, CO, to CO, and CO to C,H,.*” Reproduced with permission from ref. 47. Copyright 2023,

The Royal Chemical Society.
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acidic MEA due to the continuous consumption of protons and
the generation of OH™ due to PCET. However, the local pH in
the acidic MEA is around pH 7, significantly lower compared to
over pH 12 in the neutral anolyte MEA.** This is due to the large
amount of proton crossover from the anode to cathode side in
the acidic MEA. Lower pH in the acidic MEA can suppress the
formation of CO;>~ more effectively than the neutral MEA.
Additionally, the penetration of metal cations along with the
protons through the CEM modulates the EDL, stabilizes the
intermediates and enhances the CO,RR performance.47

DFT calculations suggest that the concurrent penetration of
protons and cations through the CEM stabilizes CO,RR
intermediates.*®*” This is attributed to a decrease in OH™,
which otherwise interferes with the interactions between inter-
mediates and cations, an effect amplified by coexisting protons.
Taking advantage of this point, the MEA system was developed
into a zero carbon loss reaction system via cascade electrolysis
(Fig. 7c). A CO,RR-CORR tandem electrolysis system was
designed with a CO,-to-CO conversion in the acidic MEA and a
CO-to-C,H, conversion in the alkaline MEA in sequence, which
promoted C,, chemical formation.”” A Ni-N-C single-atom cata-
lyst was utilized to facilitate CO formation in an acidic MEA with
a substantial reaction area of 25 cm?. The residual CO, was cap-
tured by a high-concentration alkaline solution trap, and C,.
chemicals were produced at a 4 cm® MEA in alkaline electrolytes
as a second electrolyzer by converting CO from the first electro-
lyzer. The formation rate of C, chemicals was 0.35 mmol min™"
without any carbon loss since CO does not form CO;*~ even
under alkaline conditions. Therefore, designing an electrolyzer
that leverages the advantages of the acidic CO,RR allows for sig-
nificantly enhanced carbon efficiency and price competitiveness
that aligns closely with commercialization goals.

In terms of full cell operation in the acidic MEA, addressing
the issues for overpotential, catalyst stability, and leaching in
the anode is important for ensuring economic feasibility.
These challenges have been extensively studied in acidic water
electrolysis.”> %" Despite the advantages of acidic water elec-
trolysis, such as low ohmic loss, high energy efficiency, and
high hydrogen purity, the harsh acidic conditions require strat-
egies to solve low stability issues for both cathode and anode
designs. Such strategies include (1) metal alloy active sites and
(2) carbon supports in electrocatalysts for the acidic OER.

In acidic water electrolysis, core/shell structured catalysts
including Ru-based catalysts (core) for high OER activity with
Ir oxide (shell) for high-stability exhibited superior catalytic
performances.”” At a current density of 10 mA cm™2, they
required only 282 mV overpotential and showed high OER
stability for 24 hours at 1.55 V (vs. RHE). Furthermore, the use
of low-cost, highly conductive, structurally modifiable, and
acid corrosion-resistant carbon supports can provide an
avenue toward the stable OER. For example, Zn-doped RuO,
embedded in carbon cloth catalysts, resulted in 179 mV over-
potential at a current density of 10 mA cm™> and sustained
long-term operation for 100 hours."® There have been various
efforts to achieve high activity and long-term stability in OERs
within acidic water electrolysis. CO,RR studies have mainly

This journal is © The Royal Society of Chemistry 2024
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focused on half-cell cathodic reactions, with less attention
being given to the anode side. Therefore, we envision that
applying the rational design principles of OER electrocatalysts
in water electrolysis to the CO,RR might be helpful in achiev-
ing highly efficient and stable anodes for the acidic MEA.

4. Requirement of nanoscale
catalysts for the acidic CO,RR

Acidic electrolytes for the CO,RR induce the HER with abundant
protons and decay the catalyst due to the harsh environment by
the low pH. To overcome these shortcomings of the acidic
CO,RR, it is necessary to interrupt the proton transport toward
the catalyst surface and block the absorption of protons on the
active site for the suppression of the HER. In addition, the cation
effect, which lowers the reaction energy barrier and increases the
selectivity of the CO,RR, can be maximized by confining the ions
near the surface of catalysts. This confinement increases the local
ion concentration with the structural factor of the electrode.'*>
Thus, the electrochemical CO,RR performance can be affected by
the behaviors of ions and intermediates.'**'**

Structural control of the nanoscale catalysts allows to
modulate microenvironments while maintaining the large
active surface area.'®>™%” For instance, nanostructured Cu cat-
alysts can maximize the cation effect by regulating the electric
field distribution near the electrode surface. According the
multiphysics simulations (COMSOL), the high curvature of
Cu nanoneedles (CuNNs) increased the local electric field to
1.19 x 10° kV m™" near the tip, while a small electric field
intensity of about 0.6 x 10* kV m™" was induced on a Cu
plate.’®” This increased the tip-adsorbed K" concentration to
4.22 M, which exceeds the solubility limit of 3 M KCI solution
(3.5 M). The promoted K* solubility by CuNNs was also identi-
fied by ion chromatography. CuNNs showed over 4 times
higher K' concentration than that of the Cu film.

It is also important to apply nanotechnology for the design
of supports because they enable to confine ions near the
surface of the catalyst.*"’°® The carbon nanoparticle layer on
the Cu-based catalyst increased the local OH™ concentration in
both neutral and acidic electrolytes.”” OH™ ions generated
during the CO,RR were confined near the catalyst surface by
the carbon layer and the increased local OH™ concentration
improved the C,H, FE to 64.5% at a current density of 300 mA
em™ in 0.5 M K,SO, solution with H,SO; (pH = 2.0).
Nanoscale catalysts are crucial for the CO,RR under acidic con-
ditions because they enhance catalytic performances by opti-
mizing the structures of active sites/supports and induce the
cation effect which controls the local pH and suppresses the
HER.

5. Conclusion and outlook

We have highlighted the potential of the acidic CO,RR in con-
trast to the use of alkaline and neutral electrolytes. The reac-
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tion and energy losses induced by CO;*~ formed during the
CO,RR in alkaline or neutral electrolytes can be suppressed in
acidic electrolytes. Despite these advantages, the acidic CO,RR
faces challenges such as a high HER preference and low cata-
lyst stability, for which we have outlined strategies across reac-
tion scales from the nanoscale to the bulk scale. At the nano-
scale, refined catalyst design enables the enhancement of
CO,RR selectivity in acidic electrolytes. The morphology of the
carbon support and the porosity of the active material can be
manipulated to enhance CO,RR activity via ion diffusion
control and an expanded reaction area. Additionally, alloying
of the active metal facilitates an increase in *CO binding
energy, enabling the removal of ¥H binding sites. At the micro-
scale, the proximity of cations to the electrode, coupled with a
protective adlayer, affects an EDL, serving to stabilize the
CO,RR intermediate while also impeding proton mass trans-
port. At the bulk scale, designing electrolyzers suitable for
acidic electrolytes or constructing a cascade reaction system
can remarkably increase the SPCE. Similarly, the CO,RR in
acidic media not only retains the advantage of zero carbon
loss but also offers economic benefits via minimized energy
loss, thereby showcasing potential for the development of the
acidic CO,RR. However, the stability of catalyst materials
remains limited in acidic electrolytes. We anticipate that
future work aimed at the stabilization of catalysts under harsh
acidic conditions could markedly elevate the competitiveness
of the acidic CO,RR in terms of both cost and energy efficiency
and make an impact in the field of carbon neutrality
technologies.
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