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Reaction microenvironment control in membrane
electrode assemblies for CO, electrolysis

Chuanchuan Yan,?® Dunfeng Gao, 2 *® Juan-Jesus Velasco-Vélez® and
Guoxiong Wang (2 *@

CO; electrolysis is an emerging and promising carbon neutrality technology, but currently suffers from
challenging selectivity issues at industrially relevant reaction rates. Selectivity control in CO, electrolysis
relies on the molecular understanding and manipulation of multiple parallel reaction pathways that are
equally governed by catalytically active sites and the reaction microenvironments in their vicinity. In this
perspective, we summarize and discuss the latest achievements in reaction microenvironment control
for active, selective, energy- and carbon-efficient CO, electrolysis, with particular attention being
paid to that in membrane electrode assembly electrolyzers operating at industrial current densities
(>200 mA cm™2). The effects and underlying catalytic mechanisms of reaction microenvironments
tailored by functional organic molecules/polymers and reactant feed compositions on the activity and
selectivity of CO, electrolysis are discussed using selected examples. The efforts made to tailor acidic
reaction microenvironments by controlling the transport of reactive species for carbon-efficient CO,
electrolysis are also exemplified. Finally, we illustrate current challenges and future opportunities in the
mechanistic understanding and rational design of reaction microenvironments for improving CO,
electrolysis performance.

In the context of carbon neutrality, CO, electrolysis has recently become a hot topic in both academia and industry, as it can electrochemically convert CO, to
valuable chemicals and fuels under ambient conditions, with water and green electricity derived from renewable energy sources. However, CO, electrolysis

suffers from complex reaction pathways and selectivity issues, especially at industrially relevant reaction rates. Rather than focusing on rational design of
efficient catalytic materials, manipulating reaction microenvironments in the vicinity of catalytically active sites has been increasingly recognized as equally
important as catalysts in tuning activity and selectivity of CO, electrolysis. The reaction microenvironments are closely associated with local concentrations of
reactants (e.g., CO, and H,0) and reaction intermediates (e.g., *CO, *H, and *OCCOH) as well as other reactive species (e.g.;, H", OH™, carbonate, bicarbonate,

cations, and anions) at the electrode-electrolyte interface. This perspective summarizes and discusses the latest achievements in reaction microenvironment
control for selective, energy- and carbon-efficient CO, electrolysis, with a special emphasis on that in membrane electrode assembly electrolyzers operating at

industrial current densities. Strategies for effective reaction microenvironment control include molecular modification with organic molecules and polymers
(ionomers), adjusting reactant feed composition, as well as tailoring acidic microenvironments.

1. Background

methanol, and methane, as well as more valuable multicarbon
(Cs,) products like ethylene, acetate, ethanol, and propanol.’™

CO, electrolysis powered by renewable energy is one of the
emerging technologies towards carbon neutrality. It provides a
green and sustainable route that converts CO,, water, and
electricity to valuable chemicals and fuels such as CO, formate,
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As a complex electrocatalytic reaction involving carbon, hydro-
gen, and oxygen elements, CO, electrolysis suffers from many
challenges in selectivity control owing to a very broad product
distribution of CO, electroreduction, especially at industrially
relevant reaction rates. The strong competition of hydrogen
evolution from water electrolysis further adds complexity in
controlling selectivity towards specific products. Directing CO,
electrolysis pathways on demand is of remarkable importance
for highly efficient electrocatalytic CO, conversion.

Since Hori’s seminal works in the 1980s,*” most studies on
improving CO, electrolysis performance have been devoted to
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the rational design and precise preparation of highly efficient
catalytic materials.*” On the other hand, similar to the sur-
rounding environments of metal centers in enzyme catalysis,
reaction microenvironments in the vicinity of catalytically
active sites have been increasingly recognized as equally impor-
tant as active sites for tuning activity and selectivity of hetero-
geneous catalytic reactions including CO, electrolysis.* ™" The
reaction microenvironments can modulate specific transition
states and control the transport of reactive species to and from
catalytically active sites, via multiple physicochemical effects.’
Rationally manipulating reaction microenvironments offers an
alternative strategy to break the linear scaling relationships
that are widely present in heterogeneous electrocatalysis over
bare metal surfaces.'? For CO, electrolysis, the reaction micro-
environments are closely associated with local concentrations
of reactive species including reactants (e.g., CO,, H,0), reaction
intermediates (e.g., *CO, *H, and *OCCOH) as well as other key
species (e.g., H', OH, carbonate, bicarbonate, cations, and
anions) at the electrode-electrolyte interface.”*™*® Such proper-
ties are also relevant to the configurations of electrodes
and electrolyzers used for CO, electrolysis."®*® A zero-gap
membrane electrode assembly (MEA) electrolyzer with gas
diffusion electrodes (GDEs) and solid polymer electrolytes has
been recently recognized as the most advanced device towards
practical application in modern electrochemistry, using
which high current density and high energy efficiency can be
simultaneously achieved.>*® In an MEA electrolyzer, liquid
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electrolytes or pure water and the CO, gas are fed to the anode
and the cathode, respectively. CO, electrolysis proceeds at the
cathode in the presence of reactive species (e.g., water and
cations) transported from the anode through an ion exchange
membrane. Compared to the liquid-solid interfaces in tradi-
tional electrochemistry, the gas-liquid-solid three-phase elec-
trochemical interfaces in MEA electrolyzers become much more
complicated, resulting in notably distinct reaction microenvir-
onments. In this perspective, we discuss recent advances in the
reaction microenvironment control for CO, electrolysis, with a
special emphasis on that in MEA electrolyzers operating at
industrial current densities that should be >200 mA ¢cm ? in
order to minimize the capital-expenditure of an electrolyzer
to economically compelling levels.>* Tailored reaction micro-
environments created by organic molecules and polymers as
well as reactant feed compositions for active and selective CO,
electrolysis, as well as acidic microenvironments for carbon-
efficient CO, electrolysis will be exemplified using selected
examples (Fig. 1).

2. Tailoring reaction
microenvironments by molecular
modifications

In the colloidal synthesis of size- and shape-selected nano-
particle catalysts, capping agents such as small molecule
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Fig. 1 Reaction microenvironment control in MEA electrolyzers for CO, electrolysis.
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ligands and polymers are commonly used to maintain specific
nanostructures by binding to metal atoms and minimizing
surface energies.”> While ligands blocking surface sites are
usually considered to be detrimental to catalysis, an increasing
number of reports have indicated that some ligands with
appropriate design can also play a positive catalytic role in
CO, electrolysis.”*™° The incorporation of such ligands onto
catalyst surfaces does not directly introduce alternative active
sites, but would create specific reaction microenvironments
that can influence the activity and selectivity of CO, electrolysis
via steric and electronic effects.”*° These molecular modifi-
cations are expected to control reaction pathways via manip-
ulating electrode hydrophilicity/hydrophobicity, modulating
interfacial cation solvation, tuning the adsorption of reaction
intermediates, inducing additional chemical activation of CO,
as well as increasing ion conductivity in MEA electrolyzers.

2.1 Organic molecules and polymers

As water is a reactant for both CO, electrolysis and the hydro-
gen evolution reaction (HER), the relative local concentration of
water versus CO, is a key factor affecting catalytic selectivity.
Water is usually in excess, while CO, is insufficient under high
current densities owing to limited gas diffusion from bulk
liquid electrolytes or gas-liquid interfaces.> Organic molecules
and polymers with remarkable hydrophobic character can repel
water molecules surrounding catalyst surfaces and allow CO,
gas to easily access catalyst surfaces. Mougel and co-workers
developed a superhydrophobic Cu dendrite catalyst modified
with 1-octadecanethiol, inspired by the gas-trapping cuticles of
subaquatic spiders.>* The hydrophobic dendritic Cu surface
pushes the liquid electrolyte away to form a gas-liquid-solid
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triple-phase boundary at the electrode, resulting in enhanced
CO, mass transport and thus an increased local CO, concen-
tration (Fig. 2a). The bio-inspired hydrophobic electrode
achieves an ethylene Faradaic efficiency (FE) of 56% and an
ethanol FE of 17%, compared to 9% and 4% on an unmodified,
wettable counterpart. Hydrophobic molecules are also argued
to prevent interfacial water from reorientation under the action
of a cathodic electric field, resulting in unfavorable water
dissociation to form protons for the HER.?> Polymers (includ-
ing ionomers) are often used as binders in the preparation of
catalyst layers in GDEs, and Nafion (with both hydrophilic and
hydrophobic functional groups) is the most widely used binder
as revealed by the knowledge from well-established fuel cell
technology. Luo and co-workers further investigated two other
polymer binders for Cu catalysts: polyacrylic acid (PAA, with a
hydrophilic -COOH group) and fluorinated ethylene propylene
(FEP, with a hydrophobic -CF, group).>® In a flow cell, the
Cu-FEP electrode exhibited a peak FE of 52% for C,. products
with a partial current density of over 600 mA cm 2, followed by
Cu-Nafion and Cu-PAA. The water contact angle follows the
order of Cu-PAA < Cu-Nafion < Cu-FEP, while the captive
bubble contact angle for the CO, bubble increases from
Cu-FEP (47°) to Cu-Nafion (73°) and Cu-PAA (117°). These
results suggest that electrode hydrophobicity and CO,-philicity
can be easily tuned by a thin layer of polymer binders with
distinct functional groups, with the hydrophobic FEP showing
the highest local CO,/H,0 concentration ratio.

On the other hand, water is not always in excess and is likely
insufficient in the case of MEA electrolyzers operating at
industrial current densities when a liquid electrolyte or pure
water is fed to the anode and dry CO, gas is fed to the cathode.
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Fig. 2 (a) Illustration of the role of hydrophobicity in promoting CO, electroreduction over HER. Reproduced with the permission.3! Copyright 2019,
Springer Nature. (b) CO partial current densities over QAPPT-, PTFE- and Nafion-modified Ni-N-C electrodes measured in an MEA electrolyzer.
Reproduced with the permission.>® Copyright 2023, Wiley. (c) Free energy differences between physisorbed and chemisorbed CO, for Ag-NOLI and bare
Ag surface. (d) Potassium K-edge XANES of Ag-NOLI, Ag foil, and carbon paper. Reproduced with the permission.** Copyright 2020, Springer Nature.
(e) Molecular structures of N-arylpyridinium additives. (f) Correlation between ethylene FE and the ratio of *CO4op/*COpyigge OVer Cu electrodes modified
by dimers of N-arylpyridiniums in (e). Reproduced with the permission.*> Copyright 2020, Springer Nature.
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In MEA electrolyzers, water needed for CO, electrolysis comes
from the anode through diffusion and electro-osmotic
transport.***> While humidified CO, is used in some cases,
the major source of water is still the anolyte.*>*** The excessive
consumption of water at high reaction rates would significantly
decrease the water concentration at the cathode, so that the low
water availability limits the reaction, especially for hydrophobic
catalytic materials. Using hydrophobic Ni-N-C as a model
catalyst, our group investigated the role of interfacial water in
CO, electrolysis in a custom-made alkaline MEA electrolyzer.>®
The amount of interfacial water (i.e., electrode hydrophilicity/
hydrophobicity) is facilely adjusted using three polymer binders:
Nafion, polytetrafluoroethylene (PTFE, containing nonionic surfac-
tants), and quaternary ammonia poly(N-methyl-piperidine-co-p-
terphenyl) (QAPPT), as evidenced by in situ environmental
scanning electron microscopy (ESEM) and contact angle mea-
surements. In contrast to the Cu electrodes measured in H-cells
and flow cells,*"**?’ the hydrophilic Ni-N-C-QAPPT electrode
shows the highest CO partial current density, up to 665 mA cm ™2,
outperforming all previously reported Ni-N-C catalysts for CO,
electrolysis (Fig. 2b). In situ attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy results indicate that
increasing the amount of interfacial water modulates the mecha-
nism of CO formation from the *COO™ pathway to the *COOH
pathway.*® It is unclear whether the structure of interfacial water is
also modified by different polymers, but it seems that the strategy
that the HER can be suppressed by interfacial water structure
modification with organic molecules or electrolyte additives in
H-cells’****° does not necessarily apply to the case of MEA
electrolyzers. This exceptional finding further highlights the
importance of reaction microenvironment control in MEAs.
Apart from hydrophilic/phobic modulation, organic mole-
cules and polymers can tune activity and selectivity of CO,
electrolysis by varying local pH. Gewirth and co-workers devel-
oped a Cu-polyamine hybrid catalyst through co-electroplating
and achieved an ethylene FE of 87% at —0.47 V vs. the reversible
hydrogen electrode (RHE) in 10 M KOH electrolyte.”® The
remarkable ethylene selectivity is attributed to the higher *CO
coverage and higher local pH in the presence of polyamine
retained on the Cu electrode surface as revealed by the in situ
Raman spectroscopy results. Xie and co-workers employed an
anti-swelling anion exchange ionomer (AEI) to manipulate the
reaction microenvironment of an oxide-derived Cu nanosheet
catalyst.*’ The OH -accumulated -N(CHj3);" groups and anti-
swelling backbone of AEI synergistically regulated local pH and
the water amount, resulting in a C,, FE of 85.1% at a current
density of 800 mA cm 2 Bell and co-workers tailored the
reaction microenvironment of a sputtered Cu catalyst using
bilayer cation- and anion-conducting ionomer coatings.'® In
combination with pulsed CO, electrolysis, the tailored reaction
microenvironment results in a 2.5-fold increase in the C,,;
production rate with a C,, FE as high as 90% compared with
static electrolysis over bare Cu, owing to the higher local pH
(via Donnan exclusion) and increased local CO,/H,O concen-
tration ratio (via ionomer properties). Although the current
densities reported in this work were low (10 to 20 mA cm™?),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the fundamental understanding may also be favorable for the
design of membranes and ionomers for high performance MEA
electrolyzers. For instance, Mallouk and co-workers introduced
a weak-acid cation exchange layer via layer-by-layer (LBL)
assembly into bipolar-membrane-based MEA electrolyzers.*?
Local pH measurements in MEA electrolyzers indicate a sharp
pH increase from ~2 to ~5 within the first few bilayers and a
steady pH in the bulk of the cation exchange layer. Thus, the
presence of the weak-acid layer increased local pH near the
catalyst layer and suppressed the HER current density without
affecting CO, electroreduction.

The ligands could improve CO, electrolysis performance by
modulating the composition, concentration, and solvation
structure of interfacial cations at the electrode/electrolyte inter-
faces. Yang and co-workers developed a nanoparticle/ordered-
ligand interlayer (NOLI) structure composed of an Ag nanopar-
ticle surface and a detached layer of tetradecylphosphonic acid
ligands in its vicinity.*® The reversible adsorption/desorption of
the ligand layer creates a catalytic pocket at the metal/ligand
interface, where hydrated cations are intercalated and then lose
their hydration shell due to the strong electrostatic interaction
between K' and anionic phosphonate groups of the ligands
(Fig. 2¢ and d). Thus, dehydrated K" cations are anchored close
to the metal surface, stabilizing the *COO™ intermediate,
consistent with the cation effects correlated with hydration free
energy over bare metal surfaces.** The modularity of NOLI is
demonstrated with other anionic ligands with a long hydro-
carbon chain (e.g., oleic acid) and other noble metals (e.g., Au,
Pd). With GDE and a neutral electrolyte, the NOLI achieved a
CO FE of 98.1% at 400 mA cm >,

Molecular modification provides an alternative strategy of
tuning the stabilities of key intermediates to facilitate desired
reaction pathways. Sargent and co-workers functionalized the
surface of Cu catalysts with a library of dimers of N-aryl-
pyridiniums (Fig. 2e) through electro-dimerization.*> These
adhered molecules improved the stabilization of the *COg¢qp
intermediate (Fig. 2f), thus favoring the C-C coupling pathway
via the dimerization of *CO,¢op and *COprigge. The optimal Cu
catalyst modified with N-aryl-substituted tetrahydro-bipyridine
oligomeric films achieved an impressive CO,-to-ethylene con-
version with an ethylene FE of 72% in a flow cell and a full-cell
energy efficiency of 20% in an MEA electrolyzer. As *CO is a
common intermediate for the formation of C,, products and its
coverage is relatively high compared to other intermediates
(e.g., *COOH, *OCCOH), many studies have been devoted to
tuning the configuration and coverage of *CO adsorption by
modifying Cu surfaces using ligands with versatile functional
groups.’®! The *CO intermediate can further be enriched at
the metal-organic interfaces using a tandem catalyst through
functionalizing Cu surfaces with a group of porphyrin-based
metallic complexes capable of reducing CO, to CO.*? The
interactions between ligands and complex C, intermediates at
the molecular level would also tune relative selectivity among
C,. products after C-C coupling; however, relevant mechanistic
understanding is still missing. Some adhered ligands could
induce surface reconstruction, thus generating specific surface
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sites for tuning adsorption of reaction intermediates during
CO, electrolysis.”* > Whether such ligands have other direct
electronic and steric effects is not yet well clarified.

The ligands may chemically activate the inert CO, molecule
via specific interactions between CO, and functional groups
such as amino, pyridyl, and imidazolium.?® For instance, the
cysteamine ligand can promote CO, chemisorption through
hydrogen bonding with the amino group, giving rise to 53-fold
enhancement in turnover frequency (TOF) for CO production
over Ag.”® By generating a highly reactive N-heterocyclic carbene
(NHC) structure under reducing conditions, the imidazolium
ligand can capture CO, to form carboxylate intermediates.”” Wang
and co-workers put forward a polyquinone modification strategy
that activated CO, via quasi-reversible bonding between electro-
chemically reduced quinone groups and the CO, molecule.*®
Further incorporating the polyquinone into a Cu GDE resulted
in an ethylene partial current density of 325 mA cm™ > at a cell
voltage of 3.5 V in an MEA electrolyzer fed with pure water.
In addition to CO, activation, the ligands may also play a physical
role as a CO,-enriching layer when dilute CO, is fed to GDE.>>®°

2.2 Bifunctional ionomers

As discussed above, ionomers such as Nafion and QAPPT have
been used as binders in the preparation of catalyst layers used
in MEAs. However, when liquid electrolytes (e.g., KHCO3, KOH)
are fed to MEA electrolyzers,”®*® the ion conductivity of iono-
mers is not a governing factor for CO, electrolysis performance.
In contrast, when pure water is used, the introduction of ionically
conductive ionomers into catalyst layers can remarkably enlarge
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the electrochemical interface, as revealed by other modern poly-
mer electrolyte-based technologies like fuel cells. CO, electrolysis
with pure water completely avoids electrolyte consumption and
corrosion issues.*" It is highly desirable to integrate ion conduc-
tivity and chemical activation of CO, into one ionomer/polymer.
Zhuang and co-workers developed such a bifunctional ionomer,
namely, quaternary ammonia poly(ether ether ketone) (QAPEEK)
with carbonyl groups in the polymer chain.®* In situ ATR-SEIRAS
measurements indicated that the carbonyl groups close to the
electrode surface played a similar role to alkali metal cations,
which helped in activating CO, and stabilizing the *COO™ inter-
mediate (Fig. 3a and b). The remarkable advantage of the bifunc-
tional QAPEEK ionomer versus other anion exchange ionomers
(e.g., QAPPT, Sustainion, Fumasep, and PiperION) was verified by
its drastically improved ethylene production (Fig. 3c and d). With
a porous Cu catalyst, the QAPEEK ionomer helped achieving an
industrial-scale ethylene partial current density of 420 mA cm ™~ at
a low cell voltage of 3.54 V without any electrolyte consumption.

3. Tailoring reaction
microenvironments by reactant feed
compositions

While pure CO, is usually used in fundamental studies of CO,
electrolysis, the realistic composition of flue gas streams
(e.g., from coal-fired power plants) is very complicated. The
CO, concentration is only 10-25% in flue gas which contains
considerable amounts of N,, unconverted O,, trace amounts of

(b) !
1,840 -
| /.
"
~ 1,820 : P
[ | AR
g | 5
= 1,800 ! b B
é | A g |
2 1,780 I mg®  v(CO)
E i g
. 9
= 1,760 - "
Epmiyg i
1,740 ! Cu-QAPEEK
T T T
-1.8 -1.4 -1.0 -0.6 -0.2
Potential (V) versus RHE
(d) 400
£
: 300 - —=— QAPEEK >
£ —e— QAPPT
%‘ —A— Sustainion
$ 200 —v— Fumasep T
©
2 —&— PiperlON
3
3 100 -
5
[©)
0 L . .
2.0 2.5 3.0 3.5 4.0

Cell voltage (V)
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(*CO,) on Cu-QAPEEK. (c, d) Ethylene partial current densities of (c) Cu-QAPEEK electrodes with different amounts of QAPEEK and (d) Cu electrodes
with different ionomers. Reproduced with the permission.®* Copyright 2022, Springer Nature.
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SO, and NO, as well as CO (due to incomplete combustion).
Direct electrolysis of CO, from such industrial sources is
necessary but very challenging. On the other hand, the presence
of these impurities in the feed would also change the reaction
microenvironments for CO, electrolysis.

The reduction of O, is thermodynamically favorable over
that of CO,; so it is urgently needed to develop O,-tolerant
electrodes. A polymer of intrinsic microporosity®® and a
hydrated ionomer catalyst coating® have been developed to
locally slow O, transport as a CO,-selective layer on the electro-
des. The presence of O, in the feed is also argued to facilitate
CO, electrolysis by stabilizing surface Cu oxide or oxyhydroxide
species.®®®®> The presence of a trace amount of NO, shows a
negligible impact on CO, electrolysis despite loss in FE due to
the facile electroreduction of NO,,**°® while SO, could poison
Cu catalysts and suppress the C,, production.®®®” Another
important feature of flue gas is its low CO, concentration which
limits CO, electrolysis rate owing to the first-order reaction
kinetics. This issue stimulates a new research direction, namely,
integrated CO, capture and electroreduction technologies.’®%°
Coating a layer of organic ligands onto catalyst surfaces to enrich
CO, and increase the local CO, concentration in reaction micro-
environments is an effective method to improve electrolysis
performance of dilute CO, feed.*

The flue gas from steel plants contains a large fraction of
CO, and simultaneous conversion of CO, and CO is desirable.
The co-electrolysis of CO,/CO is rarely studied to date, and the
underlying co-electrolysis mechanism is also under debate. The
promoting effect of cross-coupling of CO,/CO and the major
contribution from CO, or CO alone have been proposed.”®”*
These studies are conducted in H-cells with neutral electrolytes.
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Our group conducted CO,/CO co-electrolysis in an alkaline
MEA electrolyzer where reaction microenvironments were quite
different from those in H-cells.®® An obvious difference was the
available CO,/CO concentration which was close to that in the
CO,/CO feeds in MEAs without being affected by CO,/CO
solubility. With increasing CO pressure in the feed, the major
product gradually shifted from ethylene to acetate and mean-
while the current density increased drastically (Fig. 4a). Under
optimized reaction conditions, C,, FE and partial current
density reached 90.0% and 3.1 A cm ™2, respectively. Structural
characterization, control experiments with Ar/CO co-feeds, iso-
topic labeling experiments, and operando Raman spectroscopy
measurements (Fig. 4b-e) indicated that the feed-composition-
dependent selectivity changes were not ascribed to any struc-
tural changes, but were induced by reaction microenviron-
ments, herein, *CO coverage (by the pressure of CO) and
local pH (by the ratio of CO,). It should be noted that CO,-
CO cross-coupling did occur in CO,/CO co-electrolysis under
MEA conditions,®® but did not improve the formation of
ethylene.”””* The insights presented in our work highlight
the great importance of both reactant feed composition and
electrolyzer configuration in the reaction microenvironment
control for selective production of single products.

4. Tailoring reaction
microenvironments in acidic CO,
electrolysis

A challenging issue of CO, electrolysis in alkaline and neutral
media is carbonate formation and crossover which leads to

(a) i (b) S| 0.6 MPaco
/ 4( E—
- co
/ 30 COICO,(3:1)
Ethylene > CO/Ar (3:1)
—u— Acetate ] 20 COICO, (1:1)
@0.6 Acm?2
CO/Ar (1:1)
P N = COICO, (1:3)
A _
ol ~ H COZ
Co, CO/CO, COICO,COICO, CO co 20 15 10 5 0 0 10 20 30 40
13 1:1 31 0.6 MPa Ethylene formation rate (umol min™' cm?) Acetate formation rate (umol min”' cm?)
(c) 100 ] (@) 0 ®)
804 g
L = 0.08- 5
g, 607 12013¢ 2 s 0.4 MPa CO
£ 5 = m
c ° = i
g 40 2 0.06 g :;
K 2 = COICO, (3:1)
@ i
20 = H :
S 0,041 WW
Z M
0
CO/CO, CO/CO, COICO, CO/CO, CO/Ar COICO, COJ/Ar 2000 2050 2100 2150 2200
(1:3) (1:1) (3:1) (3:1) (3:1) (1:1) (1:1) Raman shift (cm'1)

Fig. 4 (a) FEs and (b) formation rates of ethylene and acetate, (c) molar ratios of 22CH,='2CH,, *2CH,="*CH,, and *CH,='*CH in produced ethylene,
(d) available OH™ formation rates, and (e) operando *CQO,, Raman peaks over CuO nanosheet catalyst measured with different feeds. Reproduced with

the permission.®®> Copyright 2023, Springer Nature.
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substantial CO, loss, high cost for downstream CO, regenera-
tion and separation, as well as reduced long-term electrolyzer
stability.”® Strategies such as rinsing GDEs with water, applying
periodic regeneration voltage and using bipolar membranes
(BPMs) have been proposed to alleviate the effects of carbonate
formation,”®”’® but failed to address this issue by eliminating
its formation intrinsically. The origin of the carbonate for-
mation is the homogeneous reaction of CO, with OH™ that is
present in electrolytes or is formed as a side product of proton
consumption via the reduction of CO, and water. The latter
would be the major OH™ source for the carbonate formation in
MEA electrolyzers operating at industrial current densities. CO,
crossover occurs via electromigration of carbonate or bicarbo-
nate ions from the cathode to anode through an anion
exchange membrane. The Bjerrum plot of the carbonate system
suggests that the formation of carbonate and bicarbonate can
be completely suppressed at a pH lower than 4. Therefore, CO,
electrolysis in acidic media holds great promise in achieving
carbon-efficient CO, conversion. Given the remarkable inter-
facial pH increase upon applying high current densities as
revealed by the reaction-diffusion modelling results,”® reaction
media should be strongly acidic, ideally with a bulk pH lower
than 2, in order to fully eliminate the carbonate formation.
However, such harsh reaction conditions give rise to extra
difficulty in selectivity control owing to facile HER and unfavor-
able C-C coupling.

Many attempts have been made to improve acidic CO,

electrolysis by tailoring reaction microenvironments, for

Proton-rich solution

(a)

Proton-flux-constraining adlayer

View Article Online
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instance, creating a locally alkaline environment and increas-
ing the cation concentration near catalyst surfaces.®*®* Sinton
and co-workers developed a cation-carrying and proton-
blocking catalyst adlayer to suppress HER and promote CO,
electrolysis to C,, products.®® The adlayer was composed of
insulating polymer nanoparticles (IPN, imine- and carbonyl-
functionalized covalent organic frameworks) and perfluori-
nated sulfonic-acid (PFSA) ionomers, and it can restrict proton
transport flux to cation-conducting hydrophilic nanochannels
and enrich K near the Cu catalyst surface (Fig. 5a). The
resulting high local alkalinity and cation-enriched reaction
microenvironment enabled a C,. FE of 75% and a single-pass
CO, utilization of 45% towards C,. at 200 mA cm 2 in a slim
flow cell. The asymmetric ion migration-adsorption strategy
has also been verified via modifying catalyst surfaces with
covalent organic frameworks and organic additives.**® In addition
to manipulating local cation concentrations, such molecular
modifications were also expected to exhibit other direct micro-
environment effects by interacting with intermediates, similar
to the case of alkaline electrolysis discussed above (Section 2).
Our group developed an acidic MEA electrolyzer using K,SO, +
H,S0, anolytes with pH 0-2 and used HER-inactive Ni-N-C as a
model catalyst.®” By optimizing pH, K" concentration and CO,
pressure, acidic CO, electrolysis achieved a CO FE of 95% at a
total current density of 500 mA cm 2 at pH 0.5 and the CO, loss
can be reduced by 86% at 300 mA cm >, compared with
alkaline CO, electrolysis (Fig. 5b-d). By further adjusting the
flow rate of input CO,, the single-pass CO, utilization reached
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Fig. 5

(a) Reaction microenvironment control in strong acid via proton-flux-constraining ionomer adlayer design. Reproduced with the permission.

84

Copyright 2023, Springer Nature. (b) Schematic representation of acidic MEA electrolyzer. (c) Acidic CO, electrolysis performance over Ni-N-C catalyst.
(d) Comparison of CO, loss in acidic electrolysis (0.5 M K,SO4 + H,SO4 anolyte with pH 0.5, 0.5 MPa CO,) and alkaline electrolysis (1 M KOH anolyte,
0.5 MPa CO,) over Ni-N—-C catalyst. Reproduced with the permission.®” Copyright 2023, Royal Society of Chemistry.
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as high as 85%, breaking the upper limit of 50% for CO
production in alkaline CO, electrolysis. The impressive CO
selectivity at high current densities was attributed to the
presence of high-concentration K' cations that migrated from
the anolyte. Li and co-workers also achieved a CO FE of ~80%
and a single-pass CO, utilization of ~90% in an acidic MEA
electrolyzer using Cs"* cations and Ag catalyst.®® It seemed that
high-concentration cations were indispensable for efficient
acidic CO, electrolysis. A couple of mechanisms on cation
effects have been proposed, such as interfacial electric field,
buffering interfacial pH, stabilizing intermediates and non-
electric field effect.'® All the proposed reaction mechanisms
were positively correlated with cation concentration. Further
investigations on producing C,. products in acidic MEA elec-
trolyzers are still needed, due to relatively facile HER perfor-
mance of Cu catalysts and the limited local cation
concentration in MEA configurations. It should be noted that
for acidic CO, electrolysis in anolyte-fed MEA electrolyzers, salt
deposition still occurred at an extended electrolysis period,
especially when using high-concentration cations due to the
transfer of cations from the anolyte to cathode through
membranes.’” Replacing alkali metal cations with organic
cations or cationic functional groups/ionomers likely achieved
sustainable CO, electrolysis under acidic conditions or even
with pure water.®>9°! This strategy has recently shown great
promise, but whether the catalytic capability of these organic
cations is comparable to that of alkali metal cations is still not
yet clear. Given that CO does not react with OH™ to form
carbonate and C,, selectivity of CO electrolysis is higher,
tandem acidic/alkaline electrolysis, namely, connecting an
acidic MEA electrolyzer (CO, electrolysis to CO) and an alkaline
MEA electrolyzer (CO electrolysis to C,.), has been proposed
and demonstrated as an energy- and carbon-efficient route for
CO, electrolysis to C,, products.®’

5. Conclusions and outlook

In this perspective, we have summarized and discussed the
fundamentals and strategies of tuning reaction microenviron-
ments for active, selective, energy- and carbon-efficient CO,
electrolysis, with particular attention being paid to those exam-
ples using MEA electrolyzers towards practical applications.
The effects and underlying mechanisms of reaction microen-
vironments created by molecular modifications with organic
molecules/polymers and tuned by reactant feed compositions
on the activity and selectivity of CO, electrolysis are illustrated
in detail. The efforts to rationally control the transport of
H'/OH™ and cations to modify acidic reaction microenviron-
ments for carbon-efficient CO, electrolysis are also discussed.
The presented examples and associated mechanistic insights
highlight future opportunities and design strategies towards
reaction microenvironment control for improved activity and
selectivity of CO, electrolysis.

Despite the recent achievements, the intrinsic underlying
effects of reaction microenvironments around catalytically

© 2024 The Author(s). Published by the Royal Society of Chemistry
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active sites are not understood in depth. For instance, mole-
cular modification of catalyst surfaces is the most widely
studied case of reaction microenvironment control, but multi-
ple likely effects (e.g., due to hydrophobicity, local pH, inter-
mediate stabilization, and ion transport) often co-exist in one
catalyst system and are difficult to be decoupled. Although
control experiments can be performed to rule out contributions
of some factors, it is hardly realistic to precisely control ligand
structures, catalyst surface structures as well as their compli-
cated interactions, especially under industrially relevant harsh
conditions. Currently, the enhancement in C,, production has
been demonstrated with the aid of tailored reaction microen-
vironments of Cu catalysts and has been mainly ascribed to the
enrichment and activation of CO, and the improved adsorption
of key intermediates such as *C0."%*%***>¢1 However, how the
organic ligands interact with more complex intermediates
beyond *CO, and *CO at the molecular level is still not yet
clarified. The precise molecular control over specific inter-
actions between ligands and intermediates would be favorable
for tuning selectivity among C,. products and generating
specific C,, products.”> Advanced operando spectroscopy and
microscopy characterization with sufficient temporal and spa-
tial resolution would help in resolving the exact structures of
catalysts and ligands in these systems.*>3™”

In addition to initial states and conditions, reaction micro-
environments are also dynamic and closely associated with
reaction rates. As the mass transport of reactive species
(e.g.,, CO,, H,0, H', OH™, carbonate, bicarbonate, cations,
and intermediates) at the mesoscale in the reaction microen-
vironments significantly influences reaction kinetics, their
concentration profiles at the electrode/electrolyte interface
should be accurately determined via experimental measure-
ments under reaction conditions and/or multiphysics simula-
tions using reasonable reaction-diffusion models.*>7?%7102
The reaction microenvironments in MEAs (e.g., membrane,
ionomer, and catalyst layer structure) are more complex, but
currently not well-investigated yet, adding extra degrees of
freedom for activity and selectivity control, especially in acidic
CO, electrolysis. We believe that revealing the nature of elec-
trocatalytic interfaces at the mesoscale would help in designing
customizable reaction microenvironments for active, selective,
energy- and carbon-efficient CO, electrolysis.
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