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Abstract: The electrocatalytic conversion of CO2 into multi-carbon (C2+) products provides an attractive route for
storing intermittent renewable electricity as fuels and feedstocks with high energy densities. Although substantial
progress has been made in selective electrosynthesis of C2+ products via engineering the catalyst, rational design of the
local reaction environment in the vicinity of catalyst surface also acts as an effective approach for further enhancing the
performance. Here, we discuss recent advances and pertinent challenges in the modulation of local reaction environment,
encompassing local pH, the choice of the species and concentrations of cations and anions as well as local reactant/
intermediate concentrations, for achieving high C2 + selectivity. In addition, mechanistic understanding in the effects of
the local reaction environment is also discussed. Particularly, the important progress extracted from in situ and operando
spectroscopy techniques provides insights into how local reaction environment affects C� C coupling and key
intermediates formation that lead to reaction pathways toward a desired C2+ product. The possible future direction in
understanding and engineering the local reaction environment is also provided.

1. Introduction

The electrocatalytic conversion of CO2 into fuels and
valuable chemicals powered by renewable electricity not
only offers a promising route for the utilization of the
captured CO2 from large emission sources, but also paves
the way to the storage of intermittent renewable energy in
the form of chemical bonds.[1–3] In CO2 electrolysis field, the
synthesis of single-carbon products that only involves two-
electron transfer, such as CO, has been well developed and
is nearing commercial deployment. However, the electro-
chemical conversion of CO2 into multicarbon hydrocarbons
and oxygenates (C2+), such as C2H4 and C2H5OH, is more
attractive owing to their widespread market potential and
compatibility with the existing energy infrastructures.

To date, the most promising catalyst is still Cu, which
can electrochemically catalyze the production of C2+ with
appreciable selectivity at high reaction rates under mild
conditions.[4–6] Over the past decades, great efforts have
been expended to develop selective and efficient Cu-based
electrocatalysts by tuning the morphologies[7,8] crystal
facets,[9,10] oxidation states[11,12] and compositions of the
catalysts.[13,14] For instance, the best ethanol selectivity
reported so far is ~52 % with a partial current density of
~150 mA/cm2 by coating Cu with nitrogen-doped carbon.[15]

After considering CO2 consumption (e.g. measuring outlet
gas flowrate) at gas diffusion electrodes (GDEs) and the

corresponding issue of CO2 utilization rate at high-rate
electrolysis,[16] recently reported C2H4 selectivity is no more
than 50% in acidic CO2 electrolysis.[17–20] Although signifi-
cant progress has been made on the improvement of
selectivity and activity for CO2 reduction (CO2R) to C2+

products, the performance toward a desired C2+ product
through solely engineering the catalyst still cannot achieve
the metrics required for practical utilization of CO2

electrolysis technology.[2,21]

The electrosynthesis of C2+ products from CO2 occurs in
the electrolyte, and the formation of numerous intermedi-
ates in multistep reaction process toward C2+ products
involves the complex interaction between an electrode and
the reaction environment at the electrode/electrolyte inter-
face. The local reaction environment in the vicinity of
catalyst surface, such as local pH, ionic species and
concentrations as well as local reactant/intermediates con-
centrations, has a significant effect on the formation and
coverage of intermediates in CO2R.[3,22] The coverage of key
intermediates on catalyst surface is closely correlated with
reaction pathways toward specific C2+ products, determining
final product formation. Thereby, rationally controlling the
local reaction environment has attracted significant interest
as an alternatively promising strategy for further improving
the selectivity and activity toward a desired C2 + product at
relatively low overpotentials.

This review aims at discussing some recent advances and
outstanding challenges in the modification of local reaction
environment for tuning the catalytic selectivity and activity
in electrocatalytic CO2 conversion. Specifically, we mainly
focus on the important progress in the effects of local pH,
the choice of electrolyte (the species and concentrations of
cation and anion) and local reactant/intermediate concen-
trations (Figure 1). Additionally, the efforts from in situ and
operando spectroscopy methods are also discussed, followed
with mechanistic insights into the role of the local reaction
environment in C� C coupling, intermediates formation and
related reaction pathways toward a desired C2+ product.

2. Local pH Effects

In CO2R, one of the most significant parameters is the pH
that is associated with the formation of certain intermedi-
ates, and the coverage of intermediates could influence the
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reaction pathways that determine the final products. The pH
rises locally at the cathode/electrolyte interface owing to the
OH� production in the CO2R and H2 evolution reaction
(HER), and the OH� production rate is linearly correlated
with current densities according to the reactions below:

xCO2 þ yH2Oþ ne� ! product þ nOH� (1)

The effect of local pH near the Cu cathode was initially
proposed by Hori et al.,[23,24] revealing the correlation of the
local pH with catalytic selectivity and activity of C2H4 and

CH4 in a H-cell reactor. In this section, we review the recent
advances in the modulation of local pH for selective CO2R
as well as the related mechanistic insights via CO electrolysis
and local pH determination methods. We also discuss low
carbon utilization triggered by local alkaline environment at
high-rate CO2 electrolysis.
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Figure 1. Overview of local reaction environment effects in CO2 reduction discussed in this review. a), Local pH effects. b), Cation effects. c), Anion
effects. b), Local reactant concentration effects. The red, white and grey balls represent O, H and C atoms, respectively.
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2.1. Tuning Selectivity

The different buffering strengths of the electrolytes can
influence the amount of neutralization reaction for OH�

ions generated via cathodic reactions, correspondingly
tailoring the local pH near the catalyst surface. For instance,
0.1 M K2HPO4 can easily neutralize OH� near the surface of
cathode, keeping local pH at relatively low value that
corresponds to the high selectivity of H2 and CH4 along with
suppressed C2H4 formation (as shown in Table 1).[23] In
contrast, 0.1 M KClO4 or K2SO4 does not have buffer ability,
resulting in a relatively high local pH that offers a high C2H4

selectivity. Thereby, early examples used electrolytes with
different buffer capacities (such as KClO4, K2SO4, KHCO3

and K2HPO4) to explore the local pH effect on product
distribution over Cu surface during CO2R in traditional H-
cell reactors, finding that a locally high pH region created
near the electrode suppresses the formation of CH4 and H2,
correspondingly favoring selectivity of C2H4.

[7,23–26]

In addition, the cathodic morphology also can influence
the local pH. A highly nanostructured surface not only
provides the large electrochemical active surface area
needed for high current densities (i.e. enhanced OH�

production rate), but also has the function of confining
locally generated OH� due to limited diffusion process
within the nano-morphology. Thus, a highly nanostructured
surface is able to modify the local pH, which is widely
accepted as one of the possibilities that tune catalytic
selectivity in CO2R when using nanostructured
catalysts.[3,7,12,27–29] For instance, it was reported that system-
atically varying the length and density of the Cu nanowires
can provide a high local pH within the nanowire arrays via
the confined diffusion of generated OH� , thus tailoring the
selectivity of hydrocarbon products (such as C2H4, a gradual
increase in selectivity from ~2% to ~17 %) on Cu nanowire
arrays.[7] Additionally, high surface roughness[27] or high-
curvature surfaces[12] of nanostructure could induce high
current densities (i.e. enhanced OH� production rate),
leading to high local pH. The relatively high local pH
restricts the HER[7] and the protonation of bound CO
intermediate that leads to the formation of CH4,

[12] contribu-
ting to an enhanced C� C coupling toward C2+ production.

For understanding the local pH effect, rotating ring-disk
electrode technique was applied,[30–34] owing to that this
technique provides an effective method for the modulation
of local pH gradient through varying the mass transport of
anion species (such as OH� ) that is linked to the rotation

speeds. Specifically, with increasing the rotation (mass
transport) speeds, the locally generated hydroxyl ions are
transported away from the electrode surface at an accel-
erated rate,[35] decreasing the local alkalinity. By comparing
the catalytic performance of a polycrystalline Cu disk
cathode with different rotation speeds, it was discovered
that the electrocatalytic CO2R was suppressed upon increas-
ing the rotation speeds, accompanying with an enhanced
hydrogen evolution reaction.[30] This finding may be linked
to a decrease in the alkalinity near the Cu surface with an
increase in the rotation speed. However, the increased
rotation speed also influences the local reactant concen-
trations via enhanced convection, namely, increased local
CO2 concentration and decreased local intermediate concen-
trations (such as CO). Thus, variations in the local reactant/
intermediate concentration may be also partially responsible
for the catalytic performance observed on rotating Cu-disk
when considering local pH effect.

Recently, coating the cathode with ion-conducting ion-
omer has been shown to enable a tunable local pH via the
control of ion transport on the cathode, resulting in a
variation in CO2 reduction products.[36–38] For instance,
covering Cu with Nafion (a cation-conducting film) can lead
to a significantly enhanced C2+ selectivity with inhibited H2

evolution, since Donnan exclusion induced by the negative
background charge in Nafion enables an accumulation of
OH� generated via cathodic reactions on the Cu surface (i.e.
enhanced local pH).[37,39] Subsequently, the bilayer of
Sustainion (an anion-conducting film) covered with Nafion
not only promotes a high local pH but also tunes local CO2/
H2O ratio near the surface of Cu, thereby resulting in 90%
selectivity for C2+ formation with only 4% H2 selectivity at
12 mA/cm2 (� 1.15 V vs. reversible hydrogen electrode).[37]

All the above examples in traditional H-cell reactors
reveal that C2 + selectivity in CO2 electrolysis can be tuned
by tailoring the local pH via buffer capability of the bulk
electrolyte (Figure 2a) and mass transport of ionic species
(Figure 2b) near the Cu surface. The mass transport of ionic
species near the cathode can be influenced by surface
morphology, rotating ring-disk electrode technique and
ionomer coating (Figure 2b). In addition, while high local
pH can improve catalytic selectivity in CO2R, the local CO2

concentration may decrease via neutralization reaction in
local alkaline environment (particularly in H-cells), thereby
attention should also be paid to the balance between high
local pH and local reactant concentration.

2.2. Mechanistic Exploration via CO Reduction

CO2 forms carbonate or bicarbonate via buffering reaction
in alkaline electrolytes, which leads to significant changes in
ionic species and pH of electrolyte.[16] While CO can react
with OH� to produce formate, the reaction rate is extremely
slow, thus having negligible influence on ionic species and
pH of alkaline electrolyte.[40] Additionally, CO serves as the
key intermediate for C� C coupling that leads to the
formation of C2+ products. Thereby, in order to gain
mechanistic insights into the effect of local pH on the

Table 1: Faradaic efficiencies for major products in CO2-saturated
0.1 M various solutions over Cu foil at 5 mA/cm2 in a H-cell reactor.
Table was adapted from Ref. [23].

Solution pH Faradaic efficiency (%)
CH4 C2H4 Ethanol CO Fomate H2

KClO4 5.9 10.2 48.1 15.5 2.4 8.9 6.7
K2SO4 5.8 12.3 46.0 18.2 2.1 8.1 8.7
KHCO3 6.8 29.4 30.1 6.9 2.0 9.7 10.9
K2HPO4 6.5 17.0 1.8 0.7 1.3 5.3 72.4
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formation of CO2 reduction products and to achieve tunable
selectivity toward a desired C2+, CO electrolysis has been
explored in distinct pH electrolytes (Figure 2c, left).

The pioneering work performed in H-cells has demon-
strated the correlation of pH with the specific products
formation in CO reduction (COR) on Cu surface.[41–43] The
analysis of activity versus overpotential reveals that while
the formation rate of CH4 involves proton transfer and is
pH-dependent (Scheme 1), the formation rates of C2H4 and
C2H5OH are independent of pH, thus leading to the
observed variation in selectivity ratio of C2+/C1 in different
pH solutions.[43] A comparison of the product distributions
between COR and CO2R also suggests that the rate-
determining step for C2+ formation is pH-independent on
the SHE scale.[44]

In addition, in the most accepted theory, the CO
dimerization is the key reaction step toward C2 + products

on Cu surface, and CO dimer that does not involve the
proton transfer should be pH-independent,[45–48] which
reflects the key step of C2+ formation irrespective of pH, as
shown in Scheme 1. Furthermore, a combination of electro-
kinetic and in situ spectroscopic studies in CO reduction on
Cu also indicates distinct pH-dependent behaviors in
formation rates of CH4 and C2+ products that are likely
limited by the dimerization of CO.[49] While all the afore-
mentioned studies performed in traditional H-cells provide
significant understanding of the role of (local) pH in CO
electrolysis, the exceedingly low CO solubility in solutions
dramatically restricts CO mass transport to the surface of
the cathode, which may affect the mechanistic insights on
pH effect in CO reduction.In order to eliminate the effect of
mass transport limitations and to unveil a more accurate
correlation of the local pH with the catalytic selectivity,
recent work of CO electrolysis in distinct pH electrolytes
has been performed in flow-electrolyzers with gas diffusion
electrodes,[40,50,51] which can significantly accelerate the mass-
transport of reactant (i.e. CO) and gaseous products.[52,53]

Using GDE-type flow electrolyzers, the Jiao group discov-
ered an increased production ratio of acetate to other C2+

products in alkaline electrolyte at high-rate CO reduction.[50]

A combination of transport calculations and isotopic label-
ling suggests that a higher local pH facilitates the production
of acetate via the possible reaction of OH� with a certain
intermediate.[50] This finding is consistent with the previous
work in H-cell that also showed more favorable production
of acetate from CO reduction in alkaline conditions.[44]

To provide the direct evidence of the link between local
pH and specific C2 + selectivity, we recently developed a

Figure 2. Local pH effects in CO2 reduction. a), Buffer action of electrolyte for neutralizing local pH. b), Mass transport of ionic species for tuning
local pH. c), Mechanistic exploration via CO reduction (left, data of acetate selectivity in different pH electrolyte is from Ref. [40]) and local pH
determination (right). d), Low carbon utilization triggered by local alkaline environment.

Scheme 1. Possible reaction paths for CO reduction, with path (i),
showing pH-dependent CH4 formation (high local pH inhibits CH4

formation), and path (ii), showing pH-independent C� C coupling.
Reaction Scheme adapted from developments derived in
Ref. [40,44,49,54] with the Figure being a modified version of Ref. [55].
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very simple strategy for experimentally determining the
local pH in GDE-based high-rate CO electrolysis, thus we
explicitly demonstrated a gradually enhanced acetate selec-
tivity from 14% to nearly 50 % upon systematically increas-
ing OH� concentration in the vicinity of cathodic GDE
surface (Figure 2c, left), concomitantly inhibiting other C2+

formation such as C2H4 (selectivity decreased from ~45 % to
~34 %) and ethanol (selectivity deceased from ~15 % to
~5%).[40] It should be noted that although specific C2+

selectivity is locally pH-dependent, we found that the total
C2+ formation is almost pH-independent in alkaline con-
ditions (nearly identical Faradaic efficiency of ~90 % for
total C2+ in various KOH concentrations).[40]

Regarding the formation mechanism of acetate influ-
enced by OH� in CO electrolysis, the rate determining step
for acetate may be different from the other C2+ products,[44]

and it was reported by Birdja and Koper[56] that acetate may
be (partially) formed from Cannizzaro-type disproportiona-
tion of acetaldehyde promoted by local alkaline environ-
ment. Although the ethanol formation seems to be always
accompanied with acetate, the molar ratios of ethanol to
acetate produced in COR work were far from equal,[40]

which indicates that the majority of acetate may be formed
via a distinct reaction pathway rather than disproportiona-
tion of acetaldehyde. It has been shown that OH� can react
with ketene to form acetate in solutions,[57,58] and recent
simulation work based on density functional theory (DFT)
has also demonstrated that the electrosynthesis of acetate
from CO is likely through ketene intermediate that is
catalyzed by OH� .[59] Notably, this key step for acetate
formation is a homogeneous solution reaction that is directly
influenced by local pH near the cathode instead of bulk
pH.[40] Additionally, acetaldehyde oxidation induced by
OH� may also partially contribute to acetate formation.[55]

Additionally, Jouny et al. provided further evidence of
the ketene intermediate by adding amines (such as meth-
ylamine and dimethylamine) in the solvent during CO
electrolysis, producing various amides.[60] The production of
amides was explained by a nucleophilic attack on the ketene
(i.e. ethenone) by the amines. Since the amine competes
with OH� to react with the ketene intermediate, the amides
replaced the selectivity for ethanol/acetate but not for
ethylene, which further validates the area where the
branching occurred. Recently, the Kastlunger group showed
adding microkinetic models to account for reaction kinetic
barriers for DFT-calculated thermodynamic values of
intermediates,[54] which denotes some of the past limitations
of previous approaches and how this could result in
misleading hypotheses of mechanisms.

2.3. Local pH Determination

Quantifying the local pH value during electrolysis is highly
desirable to gain a better understanding of the catalytic
performance. CO2 not only works as a reactant but also acts
as a buffer (neutralization with OH� ), thus making the local
reaction environment complicated (uncertainty of local pH
and reactant concentration).[61] Gupta et al. developed an

initial mathematical model with the consideration of the
CO2 consumption, relevant diffusion process, and current-
induced OH� , theoretically showing a pH profile near the
Cu surface in CO2R.[62] Theoretical calculations showed an
enhanced local pH value at elevated current densities.[25,52,63]

For instance, the pH value increased from ~10 at 1 mA/cm2

to more than 12 at 100 mA/cm2 under identical conditions.[63]

Experimentally, in situ spectroscopy techniques have
been commonly employed to probe the local pH during
CO2R via comparing relative integration of pH-sensitive
electrolyte species signals near the surface of the electrode
(Figure 2c, right).[64–69] For instance, the pH near the cathode
during CO2R can be determined by the relative integration
of CO3

2� and HCO3
� signals, provided by in situ surface-

enhanced infrared absorption spectroscopy (SEIRAS) in the
attenuated total reflection (ATR) mode.[64] SEIRAS can
also offer the comparison of phosphate buffer species near
cathode surface to estimate the local pH value.[65] Partic-
ularly, for determining the local pH near the cathodic GDE
at commercially current densities, in situ Raman spectro-
scopy has been reported to be a powerful tool.[67,68] Although
spectroscopy techniques enable to probe local pH, they are
limited to only special systems with pH-sensitive electrolyte
species signals. Recently, a fluorescent confocal laser
scanning microscopy (CLSM) was employed to create maps
of the local OH� concentration near a copper-coated
GDE.[63] The CLSM can map pH in 3D, but a fluorescent
added into the electrolyte may affect electrolysis. In
addition, rotating ring-disk electrode technique[70] and scan-
ning electrochemical microscopy pH sensor[71] were also
shown to be capable of determining the local pH in CO2R,
whereas whether these methods are applicable to high-rate
CO2R is unclear. Furthermore, we reported a simple local
pH determination method in high-rate CO reduction on the
basis of CO2 capture rate via reaction with OH� .[40]

All of these localized pH probe techniques demonstrated
an increase in local pH at elevated current densities.
However, in GDE-based high-rate CO2R, we did not
observe apparent variations in C2+ selectivity upon increas-
ing current densities,[16] which may be attributed to that
current-induced OH� near the cathodic GDE/electrolyte
interface is significantly neutralized by CO2 that is supplied
sufficiently and rapidly thought GDEs.

Additionally, high local pH detected near the cathode
surface during electrolysis, especially at elevated current
densities, indicates very low H+ concentration near the
cathode. Considering that high-rate COR is widely per-
formed in alkaline electrolytes, local H+ source near the
cathode is dramatically limited, thereby the proton donor in
CO2R/COR should derive from water instead of H+. This
statement agrees with recent discoveries in mildly acidic
media.[72–74] In most of the cases (with the exception of using
acidic electrolytes), the dominant proton donor for the
competing HER also stems from water.[31,52,72] Even in mild
acid, proton reduction to H2 can be significantly suppressed
through neutralizing H+ with OH� generated in CO2R.[75]
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2.4. Low CO2 Utilization at High Current Densities

In the past, highly concentrated KOH electrolytes (i.e. high
alkalinity environment) was commonly employed in GDE-
type flow electrolyzers for increasing the electrolyte con-
ductivity and reducing the overpotentials for high-rate
CO2R.

[1,2,76] However, a substantial amount of CO2 reactant
is captured at the cathodic GDE/electrolyte interface via
reaction with OH� , forming CO3

2� , as shown in Fig-
ure 2d.[16,77] Even in relatively neutral electrolytes, we found
that ~70 % of the total consumed CO2 was captured in the
form of CO3

2� via high local pH created near cathodic GDE,
which not only influences the quantification of gas products
(due to gas flow variation) but also leads to low carbon
utilization (only ~30 %).[16]

Many attempts have been made in order to minimize
loss of CO2 feedstock induced by carbonate formation and
to increase the utilization of CO2 input at high-rate CO2

electrolysis.[78] Here, we classified all these attempts into two
main strategies: (i) regeneration of CO2 from carbonate and
subsequent reuse in CO2 reduction as well as (ii) a cascade
approach with CO2R to CO and subsequent COR to C2+.
Specifically, carbonate formation (i.e. CO2 capture) near the
cathodic GDE is inevitable owing to high local OH�

concentration created via cathodic reactions in GDE-type
flow electrolyzers.[16,77–79] Thus, for enhancing carbon source
utilization, regeneration of high-purity CO2 from the formed
carbonate and subsequent recycling has been shown by
using bipolar membrane[80,81] or adding a porous and ion-
conducting solid electrolyte buffer layer.[82] Recently, CO2R
to C2+ in acid has been demonstrated to improve the carbon
utilization as the formed carbonate can be locally converted
back into CO2 again via neutralization reaction with H+ in
acid and utilized in situ near the cathode for CO2R.[17–19,83]

Although acidic CO2 reduction can significantly enhance
carbon utilization, CO2R does not take place efficiently and
selectively owing to kinetically favored HER in acid
conditions. To suppress HER in acidic CO2 reduction, a
locally alkaline or neutral environment near the catalyst
surface should be created by balancing bulk solution pH and
current density.[18]

In addition, the group of Jiao has proposed a two-step
cascade reaction strategy, where CO2 is initially converted
into CO, followed by CO reduction to C2+ .

[50,77] Subse-
quently, this cascade strategy has been demonstrated
experimentally to improve carbon source utilization.[84]

Although all these emerging strategies can dramatically
enhance carbon utilization, how to enhance the commer-
cially relevant long-term stability for the overall system
while maintaining high C2+ selectivity and minimizing the
cell voltage in this process remains a challenge.

2.5. Reactor Configurations

The above-mentioned local pH studies including the pH test
and mechanistic explorations were all based on traditional
H-cell reactors and GDE-based flowing-catholyte reactors
(Figure 3a, left). The two types of reactors contain a

catholyte layer between a cathode catalyst and a membrane.
This catholyte layer provides a platform for relatively
readily identifying and controlling the local pH discussed in
this section and cation/anion species near the cathode in the
following sections. Additionally, the catholyte layer also can
reduce the effect of the environment near the membrane on
the catalytic performance. Typically, the different ion-
selective membranes have a negligible effect on catalytic
selectivity in GDE-based flowing-catholyte reactors (Fig-
ure 3a, right), which is due to that the introduction of the
catholyte layer helps to create the similar local pH at the
catholyte/electrolyte interface regardless of membrane types
under identical conditions.[80] However, this catholyte layer
means the large ohmic resistance that increases the voltage
of the whole reactor, which reduces the energy efficiency,
restricting the commercialization of this technology.

In a membrane electrode assembly (MEA) electrolyser,
a membrane is sandwiched between a cathode catalyst and
an anode catalyst (as displayed in Figure 3b, left). This direct
contact between catalyst layer and membrane is also
referred to as a zero-gap electrolyzer, which can lower the
ohmic resistance of the whole reactor, resulting in enhanced
energy efficiencies. However, in the MEA configuration, the
local environment on the surface of the membrane could
significantly affect the catalytic performance due to the
direct contact between the catalyst layer and membrane. For
instance, when using a cation exchange membrane (Fig-
ure 3b, right), the proton generated via anodic reactions
(water oxidation) serves as the dominant charge-carrying
species, transporting from anode side to cathode side via the
cation exchange membrane (CEM), which leads to signifi-
cantly reduced local pH near the cathodic catalyst. Due to
the acidic environment with H+ favoring the H2 formation,
the use of the CEM showed unfavorable CO2 reduction with
dominant H2 evolution in the MEA configuration.[85] In
practice, an anion exchange membrane (AEM) is widely
used in MEA design due to that the AEM provides an
alkaline environment for the cathode layer via transferring
anionic species (such as OH� , and carbonate) through the
membrane (as shown in Figure 3b, right), and CO2 con-
version is more selective and efficient when occurring in
locally neutral to basic pH conditions. Additionally, it
should be noted that both GDE-based flowing-catholyte and
MEA reactors suffer from low carbon utilization due to
inevitable (bi)carbonate formation near cathodic GDE
during CO2 electrolysis, which remains an ongoing challenge
for the field.

Considering their unique advantages of the two typical
electrolyzers (Figure 3), the effect of reactor configurations
on local cation, anion and reactant near the cathode is also
taken into account in the following sections.

3. Cation Effects

The nature of electrolyte cations plays an important role in
the electrocatalytic selectivity and activity of CO2R.[17,72,86]

On Cu surfaces, the selectivity toward C2+ formation can be
steered by varying the size of the alkali metal cations in the
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electrolyte. In particular, the dramatically enhanced C2+

products such as alcohol and C2H4 have been shown with
increasing the cation size (in the order of Li+<Na+<K+<

Cs+) in electrolytes, as presented in Figure 4a.[87] In contrast,
in Li+-containing solution (smaller cation size), H2 evolution
was obviously favorable over CO2 reduction. While the
consistent catalytic trends and phenomena were manifested
in many different studies regarding cation effects, numerous
theories have been proposed to elucidate the cation effects,
and the exact mechanistic effect remains controversial. In
this section, we divided the previous theories into two main
categories: (i) cation-induced pH variation and (ii) inter-
action with intermediates.

3.1. Tuning pH

The effect of cation on CO2 reduction selectivity was initially
demonstrated on Cu catalysts by Hori and co-workers,[42]

followed with the explanation of the variation of the
potentials (E2) at the outer Helmholtz plane (OHP) caused
by the cation species (Figure 4b). In this theory, the value of
E2 is more positive with increasing the cation size in the
order of Li+<Na+ <K+<Cs+, and the more positive E2

corresponds to a higher local pH at the electrode surface.
As discussed in the previous section, the enhanced local pH

inhibits formation of HER and CH4 while promoting C2H4

production at larger cation size.
In contrast to the local electric field effect on pH,

another theory attributes product distribution with different
cation sizes to the enhanced buffer capability of larger alkali
metal cations.[87] In this hypothesis, the hydrated cations
serve as buffering agents to vary the local pH near the
cathode, influencing local CO2 concentration. Specifically,
the pKa for cation hydrolysis reduces with increasing cation
size, thus larger cation size could lead to an increase in local
concentration of CO2 by maintaining the local pH at a
relatively low value (Figure 4c). Subsequently, in situ
SEIRAS[64] and rotating ring-disk electrode[70] were em-
ployed to determine the local pH with different alkali metal
cations during CO2R, showing that the local pH follows the
tendency of Li+>Na+>K+>Cs+, which is consistent with
the hypothesis of cation hydrolysis.

However, contradictory to the hypothesis of cation
hydrolysis (Figure 4c), the Xu group[88] probed the trend of
interfacial CO2 concentration in situ using SEIRAS in ATR
mode, discovering a decrease in local CO2 concentration
with increasing size of alkali metal cations. In addition, the
local pH trend with different alkali cations proposed in the
hypothesis of cation hydrolysis[87] contradicts that in the
theory of local electric field.[42] Notably, local CO concen-
tration is not affect by pH, but the hypothesis of cation

Figure 3. Schematic of reactor configurations for high-rate CO2 reduction. a), GDE-based flowing-catholyte reactors (left) and membrane effect on
catalytic selectivity (right, Figure adapted from permission).[80] b), Membrane electrode assembly electrolysers (left) and the charge-carrying ionic
species for the different ion-selective membranes (right).
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hydrolysis is unable to explain the similar catalytic trend in
COR with increasing cation size.[42] Future studies require
more advanced in situ and operando spectroscopy techni-
ques to further clarify these hypotheses.

3.2. Stabilization of Certain Intermediates

In addition to cation-induced pH variations near the cathode
surface, the presence of specifically adsorbed alkali cations
on Cu surfaces have been hypothesized to affect the binding
strength or coverage of the certain intermediates (Fig-
ure 4d).[89,90] For instance, adsorbed K+ may stabilize *CO
and *CHO, which makes paths toward C2+ products more
favorable.[89] DFT simulation studies suggested that cation-
induced stabilization of intermediates was primarily due to
local electrostatic interaction between solvated cations at
OHP and adsorbed species that possess large diploles/
polarizabilities.[91–93] In this theory, weakly hydrated cations
(i.e. larger cations) experience a stronger driving force of
cations toward OHP from bulk solution.[92] The electric field
induced by local cations can stabilize the intermediates,[91]

thus the enhanced activity of C� C coupling toward C2+

formation in the presence of larger cations (i.e. weakly

hydrated cations) arises from a higher concentration of the
cations accumulated at OHP with increasing cation size.[92]

To experimentally confirm the correlation of the cation
concentration on the cathode surface with catalytic perform-
ance, SEIRAS was utilized to probe the displacement of
specifically adsorbed tetramethylammonium (methyl4N

+)
with alkali metal cations.[94] It was demonstrated that the
coverage of alkali metal cations follows the order Li+<Na+

<K+<Cs+. The authors proposed that the surface coverage
of different alkali metal cations is correlated with their free
energy of hydration and determines their distinct catalytic
performance.[94]

The role of alkali cation species in CO2 electrolysis was
further explored with and without alkali cations in acidic
electrolytes, revealing that CO2R does not take place with-
out cations, and only adding cations in electrolytes could
transform the selectivity from HER to CO2R.[17,72] Cations
act as the main promoter for enabling CO2R to occur via
stabilizing the key intermediates formation in the pathways
toward CO and C2+ products.[72,95–97] In addition, it was
proposed that alkali cations accumulated at OHP shield the
local electric field, which suppresses HER by decreasing the
force for migration of hydronium towards the cathode
surface in acidic electrolytes while stabilizing key intermedi-
ates in CO2R (Figure 5a).[74] Thus, cation has been widely

Figure 4. Cation effects in CO2 reduction. a), Cation effect on catalytic selectivity of CO2 reduction (Data reproduced from Ref. [87]). b), Potential
distribution near cathode. Figure adapted from Ref. [42]. c), Effect of cation hydrolysis. Figure adapted from Ref. [87]. d), Interaction with
intermediates. The red, white and grey balls represent O, H and C atoms, respectively.
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accepted to be necessary for promoting CO2R. Particularly,
it was reported that the highly concentrated cation in the
vicinity of the catalyst is capable of facilitating the selective
and efficient C2+ formation in acid CO2R (Figure 5b).[17]

However, beyond the activation of CO2 and stabilization of
intermediates in the presence of cation, the local pH may
play a more important role in the enhanced C2+ formation
at highly concentrated alkali cation in acidic CO2 electrol-
ysis. In acid, the locally neutral to basic pH conditions that
favor CO2 conversion should be created in the vicinity of the
catalyst surface at a high concentration of alkali cation,
owing to the local electroneutrality near the surface between
the cathodic-reaction generated OH� (equation 1) and a
large amount of alkali cations. Thereby, when exploring the
cation effect in acidic CO2 reduction, it should be noted that
adding H+ may vary the local pH, which may complex the
local environment factors near the cathode surface, making
difficulties in disentangling a single cation effect.

3.3. Salt Precipitation

Although cations have a critical effect on the improvement
in CO2 electrolysis, a high local concentration of
(bi)carbonate could be formed via the reaction of CO2 with
OH� generated in the cathodic reactions (equation 1) at
high current densities. Thus, alkali cations can precipitate in
the form of alkali (bi)carbonate salts in cathodic GDEs via
combing with (bi)carbonate, giving rise to flooding of GDEs
and severe CO2 mass transport limitations.[98,99] Recently,
this salt precipitation was also observed in acidic CO2

electrolysis at high current densities,[20,100] which may reflect
that a relatively high local pH near GDE catalysts is created
for electrochemically converting CO2 in acid.

In GDE-based flowing-catholyte reactors, washing the
salt precipitation using deionized water was shown to be
able to restore the catalytic performance of CO2

reduction.[98] In addition, using a combination of highly
soluble alkali cation salts[101] with diluted cation
concentrations[102] in MEA devices is capable of circum-

Figure 5. a), Cation effect in acidic CO2 reduction (top: electrolyte without metal cations; bottom: electrolyte with metal cations). Figure adapted
from Ref. [74]. b), Cation concentration effects in acidic CO2 reduction. Figure adapted from permission.[17] c), C2H4 current densities for porous Cu
surface in CO2 reduction at various cell potentials (left, data reproduced from Ref. [103]) and the molecular structure of QAPEEK (right).
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venting salt precipitation that limits their long-term durabil-
ity. For instance, with circulation of 10 mM KHCO3 in
anode of a MEA device, Dioxide Materials has demon-
strated a remarkable stability of 3800 hours (98% CO
selectivity was maintained) at 200 mA/cm2.[102]

Interestingly, the Wang group reported that the use of
functionalized ionomer for covering Cu surface is capable of
having a cation-like function for activating CO2 and
facilitating C2+ formation in cation-free electrolytes.[103]

Specifically, by coating the ionically conductive QAPEEK
on porous Cu surface, C2H4 partial current density of
>400 mA/cm2 has been achieved at cell voltages of just
above 3.5 V in MEA configuration with only pure water
(Figure 5c).[103] Similarly, replacing alkali cations with immo-
bilized cationic groups such as benzimidazolium CG[20] and a
cross-linked polyelectrolyte,[100] CO2 reduction were also
demonstrated in GDE-based flowing-catholyte reactors
using metal cation-free acidic electrolyte. While it has been
showed a significant progress in CO2 electrolysis in metal
cation-free electrolytes, these works do not coincide with
the recent detailed fundamental work from Monteiro
et al.[72] which showed that cations are essential for CO2

electrolysis. Thus, further work is still required to provide a
more comprehensive understanding of CO2 electrocatalysis.

4. Anion Effects

Electrolyte anions have been shown to have a considerable
effect on the catalytic performance of CO2R. The focus of
most anion effects research has concentrated on tuning local
pH (via distinct buffer capabilities), serving as proton and
CO2 source, modifying catalysts, as well as directly affecting
intermediates formation during CO2R (Figure 6).

4.1. Tuning Local pH

Since strong buffer anions can keep the local pH at a
relatively low value via neutralizing OH� generated in the
cathodic reactions, electrolytes containing different anions
that have distinct buffer strength (pKa: H2PO4

� <HCO3
� <

ClO4
� ) have been employed to modulate the local pH in

CO2R (Figure 6a).[7,23–26] The detailed dependence of local
pH on CO2R product distributions over Cu surface is
discussed in previous section.

Figure 6. Anion effects in CO2 reduction. a), Anion effect on local pH. b), Bicarbonate contribution as proton for HER (left) and carbon source for
CO2R (right). c), Halide effect on intermediates formation in CO2R. The red, white and grey balls represent O, H and C atoms, respectively.
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4.2. Serving as Proton and CO2 Donor

As discussed in the section on local pH effects, water
generally serves as the proton donor in CO2R and HER. Of
particular note, buffering anions that have lower pKa than
water also can contribute to HER as potential proton
donors.[4] For instance, in the case of the widely used
bicarbonate electrolytes, proton donors for the HER path-
way may be partially from bicarbonate (Figure 6b,
left).[33,34,104] CO electrolysis in KHCO3 also revealed an
apparent increase in catalytic activity of HER compared to
that in alkaline electrolytes, which may be linked to that the
bicarbonate also contributes proton for HER.[40]

Additionally, while dissolved CO2 is the carbon donor in
CO2R, Dunwell et al. has proposed that bicarbonate could
increase the concentration of dissolved CO2 in the vicinity of
the cathode surface through rapid equilibrium exchange
between bicarbonate and dissolved CO2 (Figure 6b,
right).[105] Thus, bicarbonate not only works as a pH buffer
but also serves a proton donor in HER and CO2 donor in
CO2R, which complicates the role of bicarbonate during
CO2 electrolysis.

4.3. Modifying Catalysts

Utilization of anions to restructure morphology, chemical
state and compositions of catalysts is an effective strategy to
improve selective CO2R.[9,106–108] Halide ions, the most
commonly used anions for modifying Cu catalysts, can be
involved in the synthesis procedure in different ways. An
electrochemical oxidation-reduction cycling method in the
presence of halide ions has been demonstrated to restruc-
ture the Cu surface with preferential (100) facets, enhancing
selectivity toward C2H4 and alcohols in CO2R.[108–112] Anoth-
er way is to prepare Cu(I)-Halide and subsequent reduction
of Cu(I) to Cu, and the halide-derived Cu catalysts also can
result in reconstruction of Cu surface with improved C2+

formation.[113–115] The enhanced C2 + formation via halide
modification of Cu catalysts has been explained by
nanostructure,[108] grain boundaries,[109] chemical state[116] or
even the presence of halide ions adsorbed on Cu
surface.[111,117]

4.4. Modulating Intermediates Formation

In addition to the effect of halides on the synthesis of
catalysts, the presence of halide anions near the catalysts in
CO2R could also tune the formation of key intermediates in
the reaction pathways, affecting the catalytic
selectivity.[117,118] Distinct theories have been proposed to
elucidate the effect of halide anions on intermediates (Fig-
ure 6c). The Strasser group[119] proposed that electronic
charge donation from halide ions to Cu surface changes the
local surface electronic environment, promoting certain
intermediates formation in CO2R. The charge donation of
halide ions was reported to promote COOH* formation
(COOH* formation is the initial step in CO2R and requires

a relatively high activation energy barrier), thus not only
lowering the overpotential in CO2R

[120] but also increasing
the population of CO adsorption that may undergo
coupling.[121] In addition, halide ions (such as fluorine) have
been demonstrated to enhance hydrogenation of CO to
*CHO intermediate that can form C2+ products.[117]

5. Local Reactant Concentration Effects

The surface coverage of COx (x=1 or 2) is directly
correlated with the local COx concentration in the vicinity of
the catalyst surface.[51,122] Thereby, tuning local COx concen-
tration allows for altering surface coverage of COx, which
may influence certain intermediates formation and corre-
sponding reaction paths toward C2+ products in electrolysis.

5.1. Local CO2 Concentration

For tuning local CO2 concentration, several methods have
been demonstrated, as shown in Figure 7a–c: (i) controlling
CO2 feed partial pressure, (ii) modulating mass transport of
cathodic GDEs and (iii) changing pressure and temperature.

Since that the local CO2 concentration is directly linked
to CO2 partial pressure on the basis of Henry’s law, the
effect of local reactant concentration on catalytic perform-
ance has been explored by controlling CO2 partial pressure
(Figure 7a).[122–124] For instance, through diluting the CO2

feed from 100 % to 25 % at 200 mA/cm2, 50% CO2 feed was
found to provide the highest C2+ FE while inhibiting C1

formation, which is linked to that local CO2 concentration
when feeding the 50 % CO2 inlet may create the more
optimal coverage of CO and other intermediate species for
the improved rate of C� C coupling.[122] Thus, C� C coupling
was demonstrated to be enhanced via regulating the local
CO2 availability in the vicinity of Cu surface.[122] For
achieving controllable local reactant availability, special
morphology of catalysts was prepared.[125,126] For instance, a
hydrophobic Cu hierarchical structure on a GDE was
prepared to provide a robust gas-liquid-solid phase, which
can trap more CO2 near Cu surface, improving C2+

selectivity.[126] In addition, the composition and structure of
carbon fiber substrate and microporous layer in GDEs have
been shown to be able to influence mass transport of CO2,
which affects local CO2 availability (Figure 7b), leading to
variation in CO2 performance.[127]

Alternatively, changing pressure and temperature also
could modulate local reactant concentration, although
CO2R is commonly performed at ambient pressure and
temperature (Figure 7c). An enhanced CO2 solubility can be
achieved with increasing pressure or decreasing
temperature,[4] which corresponds to an increase in local
CO2 concentration. Thereby, a high pressure not only
enhances the CO2R activity, but also changes selectivity of
CO2R.[25,128–132] A promoted C2H4 selectivity on Cu catalysts
was found with increasing CO2 pressure due to the improved
C� C coupling at high local CO concentration (i.e. high CO
coverage).[25] Metal catalysts (such as Ag) that are inactive
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for C2+ formation at ambient pressure exhibited Cu-like
activity at an elevated pressure.[131,133] Additionally, while
decreasing temperature showed trends of suppressed H2

evolution with enhanced CO2R selectivity, an increased
selectivity toward CH4 was found upon lowering
temperature.[134,135] The role of temperature is still elusive
due to that the temperature variation affects many factors
such as CO2 solubility, pH, electrolyte resistance, diffusion
rate, and intermediates adsorption. Thus, more work needs
to disentangle the temperature-induced parameters for CO2

electrolysis.
Reactor design also plays a role in the mass transport of

CO2 that may affect local CO2 concentration in the vicinity
of the cathode surface. The flooding of cathodic GDE may
occur over CO2 electrolysis, particularly in the case of
flowing-catholyte reactors (Figure 3a, left), owing to the
decomposition of the hydrophobic chemical in the GDE and
imbalanced pressure between catholyte and gas chamber.[2]

The water penetration into the gas chamber through the
GDE could restrict the CO2 transport to the catalyst surface
(due to thick mass-transfer boundary layer[53,136]), lowering
the local CO2 concentration near the catalyst that leads to
rapid degradation in CO2 reduction activity over electrolysis.
To overcome this issue, the polytetrafluoroethylene
(PTFE)-based GDE has been proposed by introducing a
pure PTFE gas diffusion layer (a more stable hydrophobic
layer), which can prevent flooding and achieve long-term
stability (from 150 h to 2000 h) in flowing-catholyte
reactors.[76,137] In an MEA design, thousands of hours
durability has been demonstrated without flooding,[102] as

discussed in the previous section. For the most promising
MEA reactors (Figure 3b, left), a flow-field design such as
serpentine or parallel design not only provides an electrical
contact for GDEs but also affects reactant transport. But
inappropriate designs of flow fields could lead to an uneven
flow distribution of reactants and uneven chemical reaction
that may be linked to the durability and reliability of large-
scale utilization. More details of the flow-field design of
MEA configuration have been summarized in the fuel cell
field.[138]

5.2. Local CO Availability

In CO2R, CO is a crucial intermediate for C� C coupling,
and the exploration of the role of local CO concentration in
C2+ selectivity revealed that high CO coverage favors C� C
coupling toward C2+ products such as acetate and C2H4.

[40,139]

For enhancing the local CO availability, Cu-based tandem
catalysis has been widely utilized (Figure 7d), whereby one
CO-selective catalyst provides an in situ source of CO for
C� C coupling on Cu surface.[140–146] As the typical strategy of
tandem catalysis, bimetallic catalysts are used to enhance
C2+ products via a spillover mechanism, where CO gen-
erated on CO-selective catalyst desorbs and then migrates to
nearby copper active sites for C� C coupling (Figure 7d,
left).[140–145] For instance, the group of Jaramillo[145] showed
that gold nanoparticles decorated on a Cu foil is highly
active for producing alcohols, owing to that gold selectively
converts CO2 into CO to produce a high CO concentration

Figure 7. Local reactant concentration effects in CO2 reduction. a), Fed CO2 concentration effect. b), Cathodic GDE effect. c), Effect of pressure and
temperature. d), Tandem catalysis for modulating local CO concentration via bimetallic catalyst (left) and segmented design (right). The red, white
and grey balls represent O, H and C atoms, respectively.
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on nearby Cu. In addition, a segmented gas-diffusion
electrode, in which an Ag segment at the inlet increases CO
availability through CO2R and a subsequent Cu segment for
C� C coupling, was designed to enhance the formation of
C2+ products (Figure 7d, right).[146] Alternatively, a cascade
strategy that couples with CO2R to CO and COR to C2+

could not only enhance CO2 utilization, as discussed in the
section of local pH effects, but also provide a direct way of
controlling CO concentration for improving C2+ formation.
For achieving this goal, the direct CO-to-C2+ electroreduc-
tion has been explored.[40,50,77] Recently, high-pressure CO
gas (10 atm) was reported to significantly enhance CO
coverage, thus reaching more than 90% Faradaic efficiency
for CO-to-acetate.[147]

Interestingly, compared to a pure CO2 feed and a pure
CO feed, the Strasser group reported that CO2/CO co-feeds
onto Cu-based nanocatalysts could have an unexpected
improvement in production of C2H4.

[148] Kinetic isotope-
labelling experiments revealed the existence of separate and
non-scrambling reactant-specific sites for CO2 and CO,
thereby the cross-coupling pathway of CO (from CO)� CO
(from CO2) facilitates the yield of C2H4. In addition to C2H4,
the recent work by the Xu group showed other C2+ products
including ethanol, n-propanol and acetate also follows the
similar trend (enhanced yield) via co-feeding the mixed
CO2/CO.[10] This work not only further confirmed the result
that the existence of separated reactant-specific sites for
CO2 and CO, but also demonstrated that this cross-coupling
concept is also applicable to other C2+ products.

6. Conclusions and Outlook

In the past decade, the focus of most CO2R research has
concentrated on the development of highly selective and
active electrocatalysts for the synthesis of a specific C2+

product. However, the reaction process of electrosynthesis
relies not only on the advanced design of the catalysts but
also on the modulation of the local reaction environment
near the surface of the catalysts. The selective CO2R to C2+

can be significantly improved by the rational modulation of
local reaction environment parameters, mainly including
local pH, the species of cation and anion as well as local
reactant/intermediate concentrations, as discussed in this
review (Figure 1). However, there are some technical
challenges, such as low carbon utilization and salt precip-
itation, which come with tailoring local reaction environ-
ment for high C2+ selectivity. These challenges need to be
addressed when engineering the local reaction environment.

While substantial progress has been made in mechanistic
understanding of the local factors near the catalyst surface
in CO2R through in situ and operando spectroscopy, the
electrolysis process commonly involves multiple local effects
that influence the final performance. Concurrently, local
reaction environment factors may also lead to the variation
in surface morphology, crystal facets, oxidation states or
compositions of catalyst, thus the contributions from the
alteration of catalysts should also be taken into account. To
disentangle the local environment factors and get a better

understanding of a specific local parameter effect on C2+

formation, a well-defined system should be designed with
isolating the effect of single local factor.

In recent years, to attain commercially relevant reaction
rates, the field of CO2 electrolysis has rapidly progressed
from H-cells to GDE-type flow electrolyzers. More efforts
regarding local reaction environment need to be conducted
in GDE-type flow electrolyzers, which circumvents mass
transport limitations, unveiling more accurate correlations
between local reaction environment and catalytic selectivity.
Notably, high-rate electrolysis complicates the evaluation of
gaseous and liquid products, thus we proposed a bench-
marking protocol for quantification of products at high-rate
electrolysis,[16,149–151] which enables us to obtain reliable
catalytic trend.

The formation of C2+ products is a complex multistep
reaction, which involves not only C1 intermediates (such as
CO) but also numerous multi-carbon intermediates. Multi-
carbon intermediates have weak signals due to their low
coverage, and their signals are also indistinguishable from
electrolytes,[152] thereby direct observation of the key multi-
carbon intermediates with the use of in situ and operando
techniques remains a challenge. It is highly desirable to
develop more advanced in situ and operando techniques to
provide direct evidence for reaction pathways affected by
local reaction environment, simultaneously with assistance
of the theoretical simulations, unveiling more reliable
mechanisms. With more dedicated efforts toward local
reaction environment effects, future work should switch
from solely focusing on design of selective catalysts to a
synergistic combination of optimizing local reaction environ-
ment and engineering catalysts for significantly facilitating
the electrosynthesis of a desired product.
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ment for Electrocatalytic Conversion of CO2

into Multicarbon Products

Beyond engineering the catalyst, rational
design of the local reaction environment
near the catalyst surface, including local
pH, the choice of the species of cations
and anions as well as local reactant/

intermediate concentrations, also acts
as an effective approach for further
improving the catalytic performance of
CO2 reduction to valuable multicarbon
products.
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