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Catalyst—electrolyte interface engineering propels
progress in acidic CO, electroreduction

Yunling Jiang, Linsen Huang, Chaojie Chen, Yao Zheng 2 * and
Shi-Zhang Qiao (= *

The electrocatalytic carbon dioxide reduction reaction (CO;RR) is a viable strategy that supports carbon
neutrality via transforming the dominant greenhouse gas CO, into high-value-added chemicals. The
CO2RR in alkaline and neutral media has thrived in recent years owing to their high CO, solubility and
favourable CO, activation ability. However, critical challenges have emerged, such as carbonate
formation and subsequent CO, crossover to the anodic sides, which decreases the carbon efficiency
and stability of the system. Alternatively, acidic media provide an advantageous environment to prevent
CO, crossover into the anolyte but suffers from strong HER competition, which is significantly more
active under acidic conditions, largely reducing the CO, conversion efficiency. Research on acidic
CO,RRs began with some basic studies, including testing various catalysts and electrolytes and
designing diverse substrate structures. With advancements in characterization technologies, it has been
found that the acidic CO,RR is not only influenced by variations in the composition of the catalyst,
substrate or electrolyte, but also by internal changes at the catalyst—electrolyte interface. Thus, catalyst—
electrolyte interface engineering, involving electrolyte engineering, catalyst modification, and interface
optimization, provides many feasible solutions for acidic CO,RRs to weaken the competing HER. Impor-
tantly, it extends acidic CO,RR investigation to the exploration of electronic structures, interfacial
adsorption of cations and anions, and surface hydrophobicity of catalysts in the presence of an electric
field. However, there are limited articles reviewing acidic CO,RRs from this perspective, and thus, this
review aims to discuss the challenges, history, evaluation, and breakthroughs in acidic CO,RRs regarding
catalyst—electrolyte interface engineering, thereby providing insights for the future development of
acidic CO5RRs.

Relentless utilization of fossil fuels has caused the accumulation of greenhouse gases, driving global warming and subsequent natural disasters. Carbon
dioxide (CO,), as a major greenhouse gas, demands innovative strategies for efficient conversion to achieve carbon neutrality. Powered by renewable electricity,
the electrocatalytic CO, reduction reaction (CO,RR) provides promising technology to transform CO, into high-value-added chemicals, thereby promoting a
sustainable carbon cycle. In the advancement of CO,RRs, alkaline and neutral media took precedence owing to their high CO, solubility, effective CO,
activation ability and excellent efficiency. However, alkaline and neutral CO,RR processes suffer from issues such as carbonate formation and carbon crossover,
compromising system stability and conversion efficiency. Thus, the acidic CO,RR has emerged as a promising alternative, although it still faces challenges such
as competing hydrogen evolution and limited CO,RR intermediate adsorption. Developments in catalyst-electrolyte interface engineering are crucial to
overcoming the obstacles in acidic CO,RRs. Focusing on catalyst-electrolyte interface engineering, this review highlights the development challenges and
trajectory of the acidic CO,RR, outlines its evaluation metrics, and summarizes the ongoing efforts in the development of the acidic CO,RR. Furthermore, a
concluding overview of the current limitations in the acidic CO,RR and an outlook on the future development of this research field are proposed.

1. Introduction

high level." As a key greenhouse gas, carbon dioxide (CO,)
emission has surged to as high as 540 billion tons annually,

With the rapid development of global industrialization, the
emission of global greenhouse gases has reached a historic
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resulting in an unprecedented acceleration in global warming.?
On the path to achieving carbon neutrality and zero emissions,
the electrochemical carbon dioxide reduction reaction (CO,RR)
powered by renewable electricity offers a feasible technology
for converting CO, into high-value-added chemicals, thereby
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advancing carbon capture and utilization.> > Taking advantage
of the high solubility of CO, and superior ability for CO,
activation, alkaline and neutral CO,RRs, which can signifi-
cantly suppress hydrogen evolution reaction (HER), dominate
the development of CO,RRs.>” As device technology advances,
including the development of flow cells coupled with gas
diffusion electrodes (GDE) and membrane electrode assemblies
(MEAs), CO,RR systems with excellent performance in alkaline
and neutral environments proliferate.*'® Notably, long-term
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stability of 2400 h (10 days) has been achieved by homoge-
neously alloyed Bi,;Sn crystals for CO,-to-formate conversion
under alkaline conditions.™ Meanwhile, as a significant break-
through, pure-water-fed CO,RRs demonstrated over 1000 h of
operation on a surface-step-rich Cu catalyst with a 50% faradaic
efficiency (FE) for ethylene at a total current of 10 A using a
scaled-up electrolyser stack.'> Advancements in the selectivity
for single products have continuously emerged in alkaline and
neutral media, including CO, formic acid, CH,, ethanol and
ethylene, with FE exceeding 90% for single-carbon products,
such as CO and formate, and FE of over 70% for double-carbon
products, such as ethanol and ethylene."*™"” Particularly, sev-
eral studies achieved promising progress in CO,RR toward
triple-carbon products. The production of propane with a high
FE of 91% was achieved on a 1-ethyl-3-methylimidazolium-
functionalized MozP nanocatalyst."® A co-electrodeposited
CuAg alloy catalyst could produce 2-propanol with an FE of
56.7% at 59.3 mA cm ™ 2.'° Nevertheless, a fatal weakness of
alkaline and neutral CO,RR has exposed, i.e., the inevitable
generation of carbonate due to the reaction between OH™ and
CO,, which can cross over into the anolyte, resulting in CO,
loss and reduced carbon conversion efficiency.>>*" Also, the
generated carbonate increases the resistance of the operation
system and blocks the gas diffusion channels, leading to
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additional reaction energy consumption and unnecessary
cost of electrolyte reuse.”™**> Consequently, the industrializa-
tion of alkaline/neutral CO,RR encounters significant
obstacles.

In contrast to alkaline and neutral CO,RR, CO,RR in an
acidic environment can prevent carbonate generation and CO,
crossover issues, enhancing the carbon efficiency and electrode
stability. Thus, electrocatalytic CO,RR in acid media has gained
increasing popularity recently.>® "> In fact, the initial attempt to
perform acidic CO,RR was reported in 2001. Yano et al. pio-
neered an electrocatalytic reaction system featuring a gas—
liquid-solid three-phase interface.>® Also, they examined the
influence of different pH values and K' ion concentrations in
the electrolyte, as well as the halide composition in the electro-
des on the CO,RR product selectivity.’*>® Thereafter, the
development of acidic CO,RR was dormant for approximately
ten years. However, with the identification of numerous prac-
tical challenges regarding alkaline and neutral CO,RR, acidic
CO,RR has regained attention. Nevertheless, acidic CO,RR has
encountered substantial hurdles, including intense competi-
tion with the HER and limited adsorption of the CO,RR
intermediates, resulting in unsatisfactory product selectivity.>
Specifically, in acidic media, high-concentration H' ions in
the electrolyte compete with CO,RR-promoted intermediates
to adsorb on the catalyst surface, aggravating the hydrogen
evolution reaction (HER). Generally, the aggravated HER com-
petition leads to a reduction in the FE for the CO,RR
products, while increasing the selectivity for H,. Additionally,
owing to the unstable adsorption of the CO,RR-promoted
intermediates (*CO, *CHO, etc.) in acidic media, it becomes
more difficult for the acidic CO,RR to support long-chain
reaction pathways and produce multi-carbon (C,.) products
compared to alkaline and neutral conditions. Therefore, it is
crucial to develop strategies that can significantly enhance
the acidic CO,RR, while effectively suppressing hydrogen
evolution.

Unlike the initial development stage focusing on the basic
exploration of simple component replacement in electrocata-
lysts and electrolytes for acidic CO,RR, advancements in var-
ious interface characterization techniques have further
broadened the understanding of acidic CO,RR by highlighting
the significant impacts of catalyst-electrolyte interfaces.**>
Specifically, it is acknowledged that the alkali metal cations in
alkaline and neutral CO,RR are closely related to the inter-
mediate stabilization and reaction efficiency.**** However,
unlike in alkaline and neutral electrolytes, in which alkali metal
ions are inherently present, acidic electrolytes contain no alkali
metal ions. Therefore, motivated by the role of alkali metal
cations in alkaline and neutral CO,RR, the effects of varying
concentrations and types of alkali metal cations on the catalyst-
electrolyte interface were investigated in acidic CO,RR by
introducing alkali metal salts into acidic electrolytes.**™” Stu-
dies on catalyst-electrolyte engineering demonstrate that intro-
ducing high concentrations of alkali metal salts into acid
electrolytes can induce cation aggregation on the catalyst sur-
face under an electric field.>>*”® The interfacial cations,
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especially K" and Cs', can effectively enhance the adsorption
of *OH and impede proton transfer. Thus, a localized alkaline
environment, namely a spatially confined and transient high-
pH area on the catalyst surface, can be constructed, suppres-
sing the competing HER.>**%*° It should be noted that in
contrast to the bulk pH governed by the electrolyte composition
and concentration, the local alkalinity is subject to the reaction
kinetics and local ion flux.*® Subsequent research integrated
the cation effect with catalyst modification in electronic struc-
tures or interface hydrophobicity engineering to synergistically
enhance the stability of the alkaline local environment and the
adsorption of the relevant intermediates on the catalyst-elec-
trolyte interface for acidic CO,RR.>**'~** However, it is worth
noting that due to a high local alkalinity, such high concen-
tration of alkali metal cations in the electrolyte, can lead to the
generation of carbonate and crystallization on the electrode,
hindering gas transport and threatening the long-term stability
of the whole reaction system.*®*>® Thus, to thoroughly prevent
salt crystallization caused by carbonate generation, some
researchers have focused on developing acidic CO,RR systems
using alkali metal ion-free electrolytes (pure acid) by
directly immobilizing cation groups on the surface of the
catalyst.*>*”*® Nevertheless, the stability of long-chain cation
groups and the high energy barrier for CO,RR in pure acid
electrolytes restrict the operation current density to below 300
mA cm > In short, catalyst-electrolyte interface engineering
has advanced the development of acidic CO,RR; however,
challenges are still emerging continuously.

Given that comprehensive reviews summarizing and cate-
gorizing these developments are limited, instead of focusing
on the type of catalyst or electrolyte, this review systematically
examines the developmental trajectory of acidic CO,RR by
discussing the complex interactions between the catalyst and
electrolyte, namely, the engineering of the catalyst-electrolyte
interface. By discussing the reaction system and mechanism
challenges for acidic CO,RR, the importance of modulating
the catalyst-electrolyte interface is underscored. Moreover,
the developmental history of acidic CO,RR highlights the
significance of the investigation of the catalyst-electrolyte
interfaces. Besides, beyond the common parameters for
CO,RR, some evaluation metrics associated with interfacial
properties specific to acidic CO,RR are also summarized.
Extensively, the propelling effects on acidic CO,RR via
catalyst-electrolyte interface engineering are comprehensively
reviewed based on three key aspects including electrolyte
engineering, catalyst modification and interface optimization.
Finally, we present a conclusive overview of existing contra-
dictions and constraints in acidic CO,RR, together with an
outlook on the future research directions and perspectives in
this field.

2. Challenges in acidic CO,RR

Despite the significant advancements and continuous emer-
ging results in CO, electroreduction under alkaline and neutral
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conditions, inevitable issues such as the formation of carbo-
nate and subsequent carbon crossover continue to pose sig-
nificant challenges. Thus, these drawbacks have driven the
revitalization of acidic CO,RR. However, chronic problems
and challenges of acidic CO,RR, such as competing HER, weak
adsorption of CO,RR intermediates, and sluggish CO,RR
kinetics, still exist and require the application of cutting-edge
technologies for analysis. In this chapter, we comprehensively
discuss these challenges with regards to the reaction systems
and mechanisms.

2.1 Reaction systems

From a kinetic perspective, it is preferable for the CO,RR
process to take place in alkaline and near-neutral environ-
ments, owing to the effective activation of CO,, reduced HER
competition and enhanced CO,RR product selectivity.>"3>%°
However, although the primary species in the alkaline system at
the start of electrolysis are just the KOH electrolyte and CO,
reactant, it is inevitable for these two species to react and
form carbonate (KHCO; or K,COs;) during prolonged electro-
lysis (OH™ + CO, — HCO;~ and 20H™ + CO, — CO;*™ + H,0,
Fig. 1a).>"" The generation of carbonate will lead to carbon
crossover to the anode side and salt participation on the
electrode, significantly reducing the carbon efficiency and
blocking the gas transport channels.”* Also, when KHCOj is
utilized as the neutral electrolyte for CO,RR, OH can be
generated during CO, reduction (CO, + H,O + 2¢° — CO +
20H7) and H,0 decomposition (H,O + 2e~ — H, + OH).*
Therefore, carbonate formation and carbon crossover are also
unavoidable (Fig. 1b). Additionally, the increase in cell voltage
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under neutral conditions, resulting from the high overpotential
of the oxygen evolution reaction (OER), leads to additional
energy consumption.>® Thus, based on the discussion above,
carbonate generation is a common issue in both alkaline and
neutral CO,RR, resulting in carbon crossover during continu-
ous electrolysis. These issues can result in a significantly lower
CO, single-pass conversion efficiency (SPCE), threaten the
device operation stability, and even cause higher energy con-
sumption for large-scale applications. Consequently, addres-
sing the carbonate formation issue is essential to achieve an
economically viable CO, electroreduction. When operating
CO,RR in the acidic mode (Fig. 1c), OH™ anions can still be
generated during the reaction operation and react with CO,,
leading to the formation of unwanted carbonate salts near the
cathode. Ingeniously, the acidic environment will consume
these carbonate salts and convert them back into CO,, prevent-
ing the carbon loss issue.>”® Thus, in theory, the CO, SPCE of
strongly acidic CO,RR is 100%. Due to the high conductivity of
strong acid and the efficient acidic OER kinetics, the increased
cell voltage issue under neutral conditions can also be alle-
viated, benefiting the energy efficiency (EE).® However, there
are always two sides to consider. It is obvious that acidic CO,RR
is challenging due to the intense HER competition, resulting
from the kinetically favourable H' transport in strong acids.’
Thus, HER tends to dominate on most catalysts in pure acid,
significantly obstructing CO,RR.

2.2 Reaction mechanisms

As mentioned above, alkaline and neutral environments are
more advantageous for CO, activation, resulting in high
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Fig. 1 Schematic of the internal carbonate generation and crossover phenomena in (a) alkaline and (b) neutral CO,RRs. (c) Schematic of the internal
carbonate-free operation in an acidic CO,RR. (d) Differences in intermediate adsorption in alkaline, neutral and acidic media. (e) Variations in CO, binding
strength with changes in electrolyte pH.>® (f) FEs of CO,RR products on a Bi nanosheet catalyst in a 0.05 M H,SO, catholyte with different KCl
concentrations, showing the effect of K* on suppressing the HER.>® Reproduced with permission from ref. 59. Copyright 2022, the American Chemical
Society.
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selectivity for the CO,RR products. In contrast, in acidic
CO,RR, the bulk system will fill with H" ions, which can be
adsorbed on the cathode as *H during the reduction process,
further leading to the dominance of H, among the released
products (Fig. 1d).*® Then, it is of high difficulty for the CO,
molecules to contact with the active sites and become adsorbed
*CO, species in pure acid. Besides, CO,RR-related intermedi-
ates tend to bind weakly and unstably in acidic media, making
them prone to easy desorption, which further diminishes the
reaction efficiency. As shown in Fig. 1e, the reaction intermedi-
ates of acidic CO,RR on Sn single-atom catalysts were mani-
fested and compared under different pH values and
reduction potentials through in situ attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy.”® It can be
observed that the surface coverage of *CO, was promoted with
an increase in the pH value, and simultaneously the *CO,
adsorption strength on the catalyst was enhanced following
the improvement in alkalinity. Therefore, the priority for
advancing acidic CO,RR is to establish an interfacial alkaline
microenvironment that strengthens *CO, adsorption, while
weakening *H adsorption even within acidic bulk electrolyte
systems.

In terms of the reaction system and mechanism challenges
for acidic CO,RR, introducing high-concentration alkali metal
cations in acidic electrolytes stands as an effective solution to
suppress the competing HER and reduce *H adsorption.
Research revealed that alkali cations from the electrolyte can
adsorb onto the catalyst-electrolyte surface under the influence
of an electric field during acidic CO,RR processes.*”*° This
cation effect can facilitate the adsorption and accumulation of
*OH, while suppressing the H" diffusion, which subsequently
elevates the local alkalinity. As a result, the HER competition
can be suppressed, and the adsorption of CO,RR-related inter-
mediates can be promoted, favouring the CO,RR process in
acidic media (Fig. 1f).>**>%%%! Further, an increasing number
of studies combined catalyst structural optimization with the
introduction of high-concentration alkali metal salts into acidic
electrolytes to effectively regulate the catalyst—electrolyte inter-
face and achieve high-performance acidic CO,RR.****** How-
ever, careful concentration modulation of the added alkali-
metal cations is necessary. It was reported that an alkali-
metal cation concentration of at least 2 M is typically sufficient
to enhance CO,RR product formation, especially for the pro-
duction of multi-carbon products.>® Nevertheless, the increase
in local alkalinity driven by the addition of high-concentration
alkali metal salts can result in generation and crystallization of
carbonate on the catalyst-electrolyte interface. Therefore, even
if the carbon crossover is well addressed in the acidic mode, the
gas diffusion channel blocking issue still exists.*®*>
situation, it is required to explore strategies to decrease the
concentration of alkali metal salts, while maintaining a com-
parable acidic CO,RR performance. Some studies introduced
additional cation-enriched layers on the catalyst-electrolyte
surface to increase the interfacial cation concentration in the
bulk electrolyte with a low cation concentration, constructing a
balanced trade-off between the cation concentration and acidic

Given this
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CO,RR performance.”® Furthermore, several researchers
focused on alkali metal cation-free acidic CO,RR by immobiliz-
ing long-chain cation groups on the cathode surface.*>*”*8
However, maintaining the stability of the cation-augment layers
over long-term and high-current reaction processes is difficult.
Additionally, it is extremely challenging to achieve high CO,RR
product selectivity in pure acid. As a result, reports in this field
are limited and this research direction remains in its early
stages.

In short, although the research field of acidic CO,RR is
developing rapidly as the understanding of the catalyst-electro-
Iyte interface expands, challenges continue to emerge. Cur-
rently, a foolproof solution for achieving high-performance

and long-term acidic CO,RR is still lacking.

3. Development history of acidic
CO3RR

As feasible technology to achieve carbon neutrality, CO,RR has
undergone decades of development with continuous innova-
tions in terms of catalysts, electrolytes, and electrolysers. These
advancements have enabled breakthroughs in the challenging
acidic CO,RR. The acidic CO,RR has been in development for
more than twenty years, undergoing different stages including
preliminary attempts, subsequent stagnation, and recent resur-
gence (Fig. 2a). This chapter will retrospect the development
history of acidic CO,RR chronologically, alongside the evolu-
tion of the electrolysers and key perspectives.

3.1 Preliminary attempts (2002-2004)

During the early research stage of acidic CO,RR, the main
challenge was the limited CO, concentration near the electrode
due to the low solubility of CO, in acid solution and the two-
phase (liquid-solid) interface electrolysis system. In the early
21st century, to increase the CO, concentration at the cathode
interface, Yano et al. developed an electrolysis cell featuring a
three-phase interface (gas-liquid-solid), in which CO, gas can
be pressed and contacted with the working cathode through a
glass filter.®® This led to substantial advances in the acidic
CO,RR. Capitalizing on the momentum, Yano and colleagues
conducted further in-depth explorations, including the promot-
ing effect of three-phase interfaces on both Cu and Ag-based
catalysts, as well as the time and pH dependence of acidic
CO,RR.**** Additionally, they studied CO, conversion in elec-
trolytes containing different types and concentrations of
cations and anions.*® Furthermore, they delved into the effects
of introducing Cu®" ions in the electrolyte and doping different
halogens into Cu on the acidic CO,RR.>”*® As pioneers in the
field of acidic CO,RR, they proved that three-phase interface
reaction system is more effective than the two-phase system in
acidic CO,RR. In addition, they found that potassium cations
(K") and higher concentrations of cations are conducive to
producing more multi-carbon products. Also, they demon-
strated that feeding Cu®" into electrolyte and doping halogens,
especially Br, can promote ethylene production on Cu catalysts.

Energy Environ. Sci., 2025, 18, 2025-2049 | 2029
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of CO2RR electrolyser development: (b) H-cell, (c) flow cell, and (d) MEA.

Although their research merely focused on the direct relation-
ship between the acidic CO,RR production and the catalyst/
electrolyte composition, the findings laid the foundation for
the subsequent advancement in the acidic CO,RR field.

3.2 Subsequent stagnation (2005-2020)

After the initial attempt to perform acidic CO,RR, this research
area remained dormant for nearly a decade. Following this
decade-long hiatus, some intermittent studies on acidic CO,RR
began to emerge in 2015, although most of them utilized CO,
reduction as an auxiliary process.

Specifically, in the catalyst design aspect, Shen et al
reported the use of a cobalt protoporphyrin molecular catalyst
supported on graphite for acidic CO,RR at pH values of 1-3 in a
one-compartment electrochemical cell in 2015.%° The results
from online electrochemical mass spectrometry demonstrated
that the CO,RR products, CO and methane, originated from the
cobalt protoporphyrin active sites. Also, Ni-doped covalent
triazine frameworks were synthesized and utilized to compare
CO production on GDE and PE (plate electrode) at the pH

2030 | Energy Environ. Sci., 2025, 18, 2025-2049

values of 2.0-2.5, showing the superiority of GDE.®” Addition-
ally, although an alkaline environment is conducive to suppres-
sing the competing HER, some products, such as formic acid,
are dissociated in alkaline media, further complicating the
separation process. Therefore, acidic CO,RR is also advanta-
geous for the downstream separation process. Then, research-
ers attempted to utilize high pressure to boost the conversion of
CO, to formic acid in acid. Ramdin et al. demonstrated that the
FE of formic acid could reach 80% with the assistance of 50 bar
pressure at 30 mA cm ™2 in acidic media.®* Furthermore, there
has been research on novel CO,RR system designs and the
mechanisms among the competing water-reduction HER,
proton-reduction HER and CO,RR, which were explored under
different pH conditions.®®

During this period, the development of acidic CO,RR was
accompanied by attempts to design different cells for both
performance and mechanism research. Although the number
of reports is limited, these studies illustrated the possibility of
acidic CO,RR operation by designing catalysts and modulating
the competitive relationship between CO,RR and HER.

This journal is © The Royal Society of Chemistry 2025
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3.3 Recent resurgence (2020-now)

In recent years, as the detrimental impact of carbon crossover
and carbonate formation issues on the practical viability of
CO,RR under alkaline and neutral conditions became increas-
ingly apparent, the necessity of developing acidic CO,RR has
been significantly recognized. Meanwhile, given the significant
evolution of CO,RR reactors and characterization technologies,
revisiting acidic CO,RR at this stage can potentially lead to
further advancements.

Firstly, regarding the transformation of CO,RR electrolysers
(Fig. 2b-d), they evolved from two-phase interface reactors to
three-phase interface reactors, including conventional H-cells,
flow cells, and membrane electrode assemblies (MEA).®® The
traditional two-phase interface reactors include single-chamber
reactors and membrane-containing dual-chamber reactors (H-
cells). When these two-phase interface reactors are utilized as
electrolysers for CO,RR, the solubility of CO, in the electrolyte
becomes a decisive factor in determining the product
selectivity.” However, the solubility and diffusion coefficient
of CO, in acidic electrolyte are limited, resulting in low mass
transfer efficiency and slow reaction rates.®®”° In addition, the
distances between the anode and cathode are always large in H-
cells, leading to increased internal resistance.”® As a further
refinement, flow cells are designed with a porous hydrophobic
gas diffusion electrode (GDE), cathode and anode chambers,
and an ion exchange membrane. CO, can directly contact the
GDE layer, allowing the CO,RR process to take place at the gas-
liquid-solid three-phase interface, largely addressing the issues
of low mass transfer efficiency and slow reaction rates.”* Also,
the distance between the anode and cathode is shortened,
reducing the resistance of the entire system.®® Although flow-
cell electrolysers are capable of high-current CO,RR operation,
their stability resulting from the unstable GDE poses a risk of
the electrolyte “flooding” issue.® The flooding issue originates
from the loss of hydrophobicity in the GDE under high-current
and long-term operation, causing penetration of the bulk
electrolyte into the gas diffusion channels and failure of the
CO,RR operation. Thus, to alleviate the flooding issue, it is
critical to design GDE with exceptional hydrophobicity, porosity
and mechanical strength. Operating with no electrolyte passing
through the cathode chamber, MEA can partially alleviate the
gas diffusion layer blockage and electrolyte flooding issues.
Nevertheless, it is likely that the anolyte will diffuse to the
cathode side, causing electrolyte flooding. Typically, MEA oper-
ating in a two-electrode system retains the high mass transfer
efficiency characteristic of the flow cell, enabling a high current
density operation. Humid CO, passes through GDE and the
gas-solid reaction occurs directly. Moreover, compared to flow
cells, the shorter anode-cathode distance in MEA further
reduces the system impedance, enhancing the reaction rate
and energy efficiency. Meanwhile, experimental characteriza-
tion technologies and theoretical simulation calculation meth-
ods for electrocatalytic reactions gradually flourished during
this period. Specifically, in situ ATR-FTIR and Raman spectro-
scopy are powerful tools to provide strong evidence for the
adsorption of the reaction intermediates and guide the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

inference of reaction pathway mechanism.*”>”® With the
continuous development and widespread adoption of in situ
electrolysers, laboratory-level in situ characterization has ulti-
mately achieved near-complete simulation of the CO,RR reac-
tion environment, broadening the understanding of the
reaction interfaces. Furthermore, an increasing number of
researchers advocated the combination of experimental work
and theoretical calculations; therefore, theoretical calculations
have also been adopted for simulating the interfacial adsorp-
tion behaviours and reaction pathways.”>”*

Based on the improvement in CO,RR reactors and charac-
terization technologies, the resurgence of acidic CO,RR is
bound to drive further breakthroughs. In 2021, the first break-
through came from Huang et al.>* They focused on the inter-
facial characteristics between the catalyst and the electrolyte,
modelling the local pH values at their interface during acidic
CO,RR under different reduction current densities. Subse-
quently, they identified the key factor, namely, the cation effect,
and leveraged the CO, electrostatic stabilization by high-
concentration K' together with a cation-augmenting layer to
induce a local alkaline environment and mitigate the HER
competition issue in strongly acidic CO,RR. Based on this
strategy, high multi-carbon product efficiency (FEc,, >50%)
and SPCE (77% at 3.0 scem) could be achieved in flow cell
operation at high current density.>* Since then, an increasing
number of researchers have shifted their focus to acidic CO,RR,
leading to a surge in catalyst-electrolyte interface engineering
research. Specifically, researchers have begun designing var-
ious catalyst electric structures for acidic CO,RR assisted by
high-concentration cation electrolytes to promote the interfa-
cial cation effect and alkalinity.”>**> Additionally, efforts have
also been made to develop methods for acidic CO,RR at lower
cation concentrations to mitigate the salt crystallization
effects.®"*737% Further, there are also sporadic reports on
acidic CO,RR in cation-free electrolytes to completely eradicate
salt crystallization.*>*”*® The descriptions of these advance-
ments on acidic CO,RR, particularly in catalyst-electrolyte
interface engineering, will be categorized and discussed in
detail in Section 5.

4. Evaluation metrics for acidic CO,RR

As emerging technologies advance, an in-depth and precise
understanding of their evaluation metrics becomes increas-
ingly important. Numerous direct and indirect evaluation para-
meters have been reported to assess the electrochemical
activity, conversion efficiency, and stability within CO,RR reac-
tion systems. Different from the evaluation for neutral and
alkaline CO,RR, acidic CO,RR requires special consideration of
the HER competition and local pH-value variation at the reac-
tion interface. Besides, the CO, conversion efficiency is
generally highlighted as a main advantage of acidic CO,RR
compared to its neutral and alkaline counterparts. This
chapter will explore the special parameters related to acidic
CO,RR, including methods for detecting H' diffusion at the
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catalyst-electrolyte interface, localized alkalinity and CO,
single-pass conversion efficiency.

4.1 H" diffusion

As a fundamental technique, voltammetry, including linear
sweep voltammetry (LSV) and cyclic voltammetry (CV), is a
common characterization for most electrocatalytic reactions
to investigate the catalyst activity, overpotential, the redox
transformation process of the catalyst phase, and electroche-
mically active surface area (ECSA).>*’” Specially, in this section,
LSV, and CV tests will be discussed for assessing the H'
diffusion and analysing the competition between HER and
CO,RR in acidic media.

By conducting LSV measurements using a rotating disk
electrode (RDE) in different acidic electrolytes or with varying
catalysts, typical LSV curves exhibiting an obvious plateau
region, followed by a current density increasing region, can be
observed.’”*® The plateau region represents the H" reduction,
while the subsequent slope-increasing part corresponds to H,O
reduction.®® Through RDE-LSV experiments, the diffusion
situation of H' during acidic CO,RR can be revealed. Also,
the lowest limiting diffusion current density of H' reduction
(Jimit) can be calculated using the Levich equation, as follows:*®

Jtimit = —0.62nFADy 2P0 Py o0y (4.1)

where 7 is the electron transfer number in the half reaction, Fis
the Faraday constant, A is the electrode area, w is the RDE
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rotating speed (rad s™'), v is the kinematic viscosity of water
(1.0 x 107°® m? s7'), and Dy is the H diffusion coefficient in
water. As an application, research demonstrated that with an
increase in the alkali-cation concentration in the electrolyte,
the current density for H' reduction, namely the plateau region,
decreases and gradually approaches the jimi value (Fig. 3a).
This result demonstrates that a high concentration of alkali
cations suppresses the H' mass transfer and competing HER
during acidic CO,RR.****”® Empirically, this method can be
extended to more electrolyte modification systems as an eva-
luation indicator and a factor for predicting the performance
for acidic CO,RR.

As an extended application, the transformed form of the
Levich equation can be utilized to compare the Dy+ values
based on different catalysts in the same electrolyte formula
and highlight the positive influence of catalyst engineering for
acidic CO,RR on suppressing the competing HER. Specifically,
the CV curves of different electrocatalysts in a certain electrolyte
can be obtained by RDE experiments at different rotation rates
(Fig. 3b). Further, the ratio of the H' diffusion coefficients (Dy-+)
of the experimental group to the control group can be calcu-
lated using the following equation:**

(4.2)

Dcontrol jcontrol/wcomrol 1/2

3/2
P 1/2
Dexperiment o </experimenl/wexperimemal / )

Thus, after linearly fitting the plateau current () against the
square root of the RDE rotation rate (w'?), the ratio of Dy
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Fig. 3 (a) LSV curves of Au RDE in Ar-saturated acidic electrolytes with different concentrations of Li*. The red dashed line represents the limiting
diffusion current density of H* reduction using the Levich equation.*® Reproduced with permission from ref. 38. Copyright 2023, the American Chemical
Society. (b) CV curves of modified-Cu RDE in N,-saturated 0.1 M KClO4/HClO4 solutions at different rotation rates and linear fitting of ipiateau Vs. w*’? for
modified-Cu RDE based on Levich equation.®® Reproduced with permission from ref. 63. Copyright 2023, Wiley-VCH. (c) pH modelling results at
different current densities and cathode distances in 1 M HsPO4 and 3 M KCL.>* Reproduced with permission from ref. 24. Copyright 2021, the American
Association for the Advancement of Science. (d) Schematic of working mechanism of ATR-SEIRA, SEIRA spectra of phosphate standard solutions, and the
corresponding calibration curves.”® (e) Schematic of working mechanism of SECM, voltammetry curves of pH sensor in different pH-based Li»SO4
standard solutions, and corresponding calibration curves.®® (f) SPCE comparison of Ag/PTFE under acidic and neutral conditions.®* Reproduced with

permission from ref. 81 Copyright 2022, the American Chemical Society.
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values can be obtained and the H' mass transfer near the
electrode interface induced by different catalysts can be
compared.®”®3

Furthermore, it is worth noting that the voltage loss due to
the electrolyte between the working and reference electrode
should be considered and corrected using iR compensation in
the analysis of the CV and LSV results.?” Simultaneously, the
scan rate also significantly impacts CV and LSV measurements,
and thus maintaining a consistent scan rate is crucial for
effectively controlling the variables in comparisons.®®

4.2 Interfacial pH

To date, the importance of interfacial properties is increasingly
emphasized in CO,RR, and thus methods for the characteriza-
tion of interfaces have continuously diversified through the
dedicated efforts by researchers. As mentioned before, inter-
facial alkalinity is a key parameter to predict the potential
CO,RR performance in acidic media, which can affect the
reaction selectivity, efficiency and product distributions. Mon-
itoring the local pH value allows researchers to deeply under-
stand the reaction environment at the catalyst-electrolyte
interfaces. However, unlike the bulk pH level, directly measur-
ing the interfacial pH value is challenging, making it necessary
to rely on other methods for assistance. To date, various
techniques have been developed to monitor the interfacial pH
indirectly, including theoretical calculation modelling, in situ
spectroscopy (FTIR and Raman), fluorescent probes and elec-
trochemical measurements.

As a crucial breakthrough of acidic CO,RR, Huang et al.
pioneered the investigation of the interfacial pH levels on the
catalyst interfaces, examining how the pH level changes with
variations in the operating current density and distances to the
cathode through theoretical modelling.>* Specifically, they
employed the COMSOL Multiphysics software to account for
all the species interactions within the phosphate buffer electro-
lytes (CO,, HCO;~, CO;*, H;PO,, H,PO, , HPO,>", PO,
OH~, H' and H,0). Also, the model incorporated all homo-
geneous and heterogeneous reactions throughout the system.
The concentrations and pH levels of the bulk electrolytes were
identified by experiments and applied to the model. Addition-
ally, the thickness of the diffusion layer, porosity and catalyst
length were set as fixed parameters. After setting the boundary
conditions of the model, the local pH values were calculated at
different current densities, revealing the pH variation trend on
the catalyst-electrolyte interface. The results indicated that in
the bulk electrolyte with a pH of 1, the interfacial pH (distance
to cathode was 0 pm) is almost similar to that in the bulk
solution, and the interfacial pH level increases to neutrality and
even alkalinity as the current density increases (Fig. 3c).
This effect originates from the local rate of the H" consumption
exceeding the H' mass transfer rate from the bulk.
However, the pH level can reduce to acid within the cathodic
distance of 50 um, avoiding CO, loss and carbon crossover to
the anolyte.

Further, in situ spectroscopy (ATR-FTIR and Raman) has also
been applied to investigate the surface pH changes during the
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acidic CO,RR process.”® Specifically, to enhance the signal
intensity and sensitivity, surface-enhanced techniques for both
ATR-FTIR and Raman spectroscopy, named attenuated total
reflection surface-enhanced infrared adsorption spectroscopy
(ATR-SEIRAS) and surface-enhanced Raman spectroscopy
(SERS), are implemented by coating a polycrystalline Ag/Au
underlayer on the cathode substrate (Fig. 3d).'®”>** During
the pH detection process, a phosphate buffer solution serves as
an indicator of the pH variation. Firstly, it is necessary to record
the spectra of the phosphate species (H,PO,”, HPO,>~, and
PO,’") within different pH-value phosphate standard solutions,
creating a calibration spectrum. After peak deconvolution, the
peak intensities attributed to H,PO,~, HPO,*>~, and PO,*>~ can
be identified and plotted as a function of pH value to generate a
calibration curve (Fig. 3d, inset). In the case of experimental
samples, it is necessary to detect the ATR-SEIRAS or SERS
spectra and calculate the intensity of the phosphate-related
peaks. Subsequently, the interfacial pH is estimated by match-
ing the peak intensities to the calibration curve. It should be
noted that in neutral and alkaline systems, carbonate species
can also act as a local pH indicator; however, carbonates
are unstable in acid media, and thus phosphate species are
more suitable for monitoring the interfacial pH in the acidic
CO,RR.

Fluorescence confocal laser scanning microscopy (CLSM)
measurement has been extended to monitor the interfacial
pH during acidic CO,RR.”® After selecting an appropriate
fluorescent probe that is sensitive to the required pH range,
the probe is dissolved in standard solutions with varying pH
values. Subsequently, the probe is excited by lasers at two
different wavelengths. By collecting the fluorescence emission
from both excitations, the resulting emission ratios serve as pH
indicators, which can be plotted against pH value to create a
calibration curve. Similarly, to characterize the interfacial pH in
acidic CO,RR, fluorescent probes are deposited on the CO,RR
cathode, and adsorption spectra are acquired during the acidic
CO,RR process. Finally, the emission ratio is calculated and
compared with the calibration curve to determine the inter-
facial pH level.

Also, electrochemical signals can also be applied as a
response to interfacial pH level. Under mass transport control,
the local pH level changes during CO,RR can be measured
using the rotating ring-disk electrode (RRDE) technique, with
an Au disk and Pt ring electrode.®® In this method, the CO,RR
product, CO molecule, serves as the probe, which can be
generated at the Au disk during the CO,RR process, and then
oxidized into CO, on the Pt ring electrode by CO oxidation. The
oxidation of CO at the Pt ring electrode causes a pH-sensitive
peak shift, which can be used to track the local pH changes. To
measure the local pH values, the CV curves are first recorded in
standard solutions with known pH values. A calibration curve
can be created based on the correlation between the known
solution pH and CO oxidation peak potential. By matching the
measured CO oxidation peak potential in experimental acidic
CO,RR systems, the interfacial pH can be estimated. Scanning
electrochemical microscopy (SECM) based on electrochemical
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mechanisms can drive the microelectrode to scan the
sample interface and detect current variations induced by the
oxidation and reduction of substances within the micro-zone.
With advancements in SCEM technology, it has been utilized
as a high-resolution tool for local pH measurements in
CO,RR, using specialized pH-sensitive probes (Fig. 3e).5%®°
Typically, the probes consist of redox species with distinct
oxidation and reduction peaks observable in CV tests, where
the mid-peak potentials shift in response to the pH changes.
Thus, a calibration curve can be constructed by correlating the
pH values and their corresponding mid-peak potentials, and
the interfacial pH of the experimental systems can be
determined.

In summary, advances in characterization techniques have
driven a deeper understanding of electrocatalytic reactions. As
the importance of creating surface alkaline microenvironments
continues to be emphasized in acidic CO,RR, more interfacial
pH measurement methods have been developed, certainly
driving further progress in catalyst-electrolyte engineering.

4.3 CO, single-pass conversion efficiency

When evaluating the efficiency of CO,RR, three key dimensions
are involved, i.e., electron transfer, electricity consumption, and
carbon conversion, which correspond to the faradaic efficiency
(FE), energy efficiency (EE), and CO, single-pass conversion
efficiency (SPCE), respectively. As the most common metrics of
product selectivity and electricity cost for CO,RR, FE and EE are
used to evaluate CO,RR across all pH levels, respectively. SPCE,
defined as the ratio of the carbon content in the CO,RR
products to the total input CO,, serves as a measure of the
carbon utilization efficiency.>® Due to the generation of carbo-
nate and the subsequent carbon crossover phenomenon, the
input CO, gas in neutral and alkaline media is mostly trans-
ferred to the anode side, and theoretically the SPCE is typically
lower in alkaline and neutral CO,RR, which is less than 50% for
C; products and below 25% for C,, products.*™*" Thus, in most
reported works on alkaline and neutral CO,RR, SPCE is rarely
discussed. In contrast, carbon crossover is significantly reduced
in acidic media, and the SPCE values are more widely discussed
in acidic CO,RR studies, with values up to 90% achieved
(Fig. 3f).%"
The SPCE can be calculated using the following equation:

_ consumed CO;

SPCE (%) == —rco, < 100

_ 60 x I x x x FE
TN X F X Vigpy X 1 min+Vy

x 100 (4.3)

where I represents operation current of the reaction, x is the
mole ratio of CO, for a specific product (x; = 1 for C; products
and x; = 2 for C, products), FE is the faradaic efficiency of a
certain product, N represents the mole number of electrons for
one molecule of a certain product, F is the Faraday constant,
Vinput 1 the experimental input CO, flow rate, and V;,, is the gas
molar volume.
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5. Catalyst—electrolyte interface
engineering for promoting acidic CO,
electroreduction

Recently, an increasing number of strategies have been
proposed to promote CO,RR-related intermediate adsorption
and enhance the performance of acidic CO,RR. In general,
these strategies revolve around catalyst-electrolyte engineering
and can be categorized into three main approaches, catalyst
modification, electrolyte engineering and interface optimiza-
tion (Fig. 4). In this chapter, we summarize these modification
strategies and highlight the recent advancements in this field.

5.1 Electrolyte engineering

In the CO, electroreduction reaction, the electrolyte directly
interacts with the electrocatalyst, significantly affecting the
overall reaction environment, the distribution of active sites
and the reaction efficiency. Thus, a thorough investigation of
the electrolyte properties, including its pH level, composition
and concentration, is meaningful for understanding and opti-
mizing the reaction process. Building on the comprehensive
understanding of the influence of electrolyte pH level, compo-
sition and cation concentration on acidic CO,RR processes,
some studies have been dedicated to integrating additives into
acidic electrolytes, reconstructing the electrolyte structure and
driving a CO,RR-promoted interface in acid media. The afore-
mentioned methods are all involved in electrolyte engineering,
which involves deliberate modification of the electrolyte prop-
erties to effectively optimize the reaction microenvironment,
promote the adsorption of CO,RR-related intermediates, and
ultimately enhance the CO,RR performance in acidic media.
Different from pure electrolyte engineering, electrolyte engi-
neering at the interface specifically influences the cathodic
region within the electrical double layer during the acidic
CO,RR process, impacting the ion transport, local pH and
intermediate adsorption.®” In this section, electrolyte enginee