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Anthropogenic carbon dioxide (CO,) emission from the combustion of fossil fuels aggravates the global
greenhouse effect. The implementation of CO, capture and transformation technologies have recently re-
ceived great attention for providing a pathway in dealing with global climate change. Among these tech-
nologies, electrochemical CO, capture technology has attracted wide attention because of its environ-
mental friendliness and flexible operating processes. Bipolar membranes (BPMs) are considered as one of
the key components in electrochemical devices, especially for electrochemical CO, reduction and electro-
dialysis devices. BPMs create an alkaline environment for CO, capture and a stable pH environment for
electrocatalysis on a single electrode. The key to CO, capture in these devices is to understand the water
dissociation mechanism occurring in BPMs, which could be used for optimizing the operating conditions
for CO, capture and transformation. In this paper, the references and technologies of electrochemical CO,
capture based on BPMs are reviewed in detail, thus the challenges and opportunities are also discussed
for the development of more efficient, sustainable and practical CO, capture and transformation based on

BPMs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In the past decades, with the increase of population and the ex-
tensive use of fossil fuels, CO, emissions have caused severe green-
house effect [1-3], which has led to glacier melting, sea level rise,
climate change, ocean storms and other environment problems
[4,5]. It affects the normal life order and poses a great threat to
human beings. In addition, the Paris Agreement points out that the
global net zero emission of greenhouse gasses should be achieved
by the end of this century [6]. Therefore, it is an urgent need to
prevent global warming by capturing CO, and reduce the man-
made carbon cycle. Carbon capture, utilization and storage (CCUS)
by chemical method is considered as one of the most effective
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ways to reduce greenhouse gasses in the short term [7,8]. Based on
the concept of CCUS, the conversion of CO, into high value-added
products by electrochemistry has aroused widespread interest in
industry and academia [9].

Some non-electrochemical and relatively mature CO, capture
methods have been applied in large-scale industrial applications
[10], such as biological method [11,12], adsorption method [13,14],
membrane method [15], ammonia absorption method [16,17] and
low temperature capture [18]. However, these methods face chal-
lenges such as high energy consumption, limited environmental re-
cycling sites, energy and materials loss of regenerated adsorbents
[6,19,20].

CO, capture and transformation by electrochemical method
could be used as an efficient solution to overcome these problems.
Electrochemical method is not limited to capture the CO, from
point sources, but also capture and transform the carbonate from
air, ocean, waste gas and liquid. The modular nature of the electro-
chemical process could offer multiple cell stacks, resulting in low-
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cost structural materials for interconnections, gas diffusion layers
and catalytic layers [21]. In addition, such BPMs for CO, capture
could realize a smaller floor area and be easily scale-up as needed
[22]. The catalytic efficiency of CO, capture and transformation de-
pendents on the product distribution and the electrochemical cap-
ture ratio of CO, source [23], which shows the unique advantages
of electrochemical method.

For the CO, capture and transformation of BPMs, the main driv-
ing force of the BPMs system is the electrochemical potential gra-
dient. There is no need for external heat source or pressuriza-
tion. Therefore, CO, capture could be carried out under isother-
mal condition by controlling the potential gradient [23,24], which
is beneficial to reduce the demand for energy and cost. Usu-
ally, the acid-base capture of CO, by pH oscillation [25-27] and
electrocatalytic reduction with transition metal (such as Zn [28],
Cu [29,30] and Ni [31-33]) are two main approaches for elec-
trochemical CCUS of CO, [23]. By the pH change of solution
with the BPMs, CO, could be captured by local alkaline environ-
ment and finally converted into carbonate/bicarbonate, which CO,
could be stored. As the reutilization of CO,, the pH of the solu-
tion converted from high pH to low pH, the desorption of CO,
could be realized under acid condition. Similar pH oscillation in-
cludes capacitive ion storage [34], proton coupled electron trans-
fer (PCET) [35,36] and bipolar membrane electrodialysis (BPMED)
[37,38].

Bipolar membrane (BPM) is a new kind of ion exchange mem-
brane which could dissociate water into OH~ and H* by electrol-
ysis [39]. BPM consists of anion exchange layer, cation exchange
layer and catalytic layer (such as Al (OH)3) between them [40,41].
When the BPMs is charged, the water molecules dissociated at the
active sites of the catalytic layer into H* and OH~. The high po-
tential gradient would drive H* to the cathode through the cation
exchange layer and OH~ to the anode through the anion exchange
layer. Hence, bipolar membrane electrochemical device based on
the concept of pH oscillation could be used for CO, capture (such
as bipolar membrane electrodialysis (BPMED)) [42,43]. In recent
years, the electrocatalytic reduction of CO, into different high
value-added products using renewable energy sources as electric-
ity has received increasing attention from researchers. The conven-
tional H-type electrolytic cell for electrocatalytic CO, reduction has
a current density of less than 100 mA/cm? due to the lower mass
transfer limitation. The membrane electrode electrolyzer (MEA)
combined with membrane technology is considered as a promising
component for industrial CO, reduction due to its ability to pro-
vide higher current density and higher selectivity. However, at the
same time, the type of membrane has a key influence on the cur-
rent density and selectivity of MEA electrolyzer, such as cation ex-
change membranes (CEM) membrane electrode electrolyzer which
provides high current density but also brings serious hydrogen pre-
cipitation reaction, and anion exchange membranes (AEM) mem-
brane electrode electrolyzer which reduces hydrogen precipitation
reaction while allowing the cathode product to cross over to the
anode for re-oxidation. Since the BPMs could prevent the crossover
of H" and OH~ and stabilize the pH value of electrolyte [44,45],
thus improving ion transfer ability in electrolyte, electrochemical
CO, reduction reaction (ECO,RR) based on the BPMs could improve
the electrochemical reduction performance of CO, [46]. However,
commercial BPMs generally have non-negligible drawbacks such as
high resistance, easy delamination and blistering. The thicker film
layer is one of the reasons for the high resistance of BPMS com-
pared to monopolar films [47]. Therefore, the fabrication of thinner
anion exchange membrane (AEL) and cation exchange membrane
(CEL) by improving BPMs thickness will result in high conductiv-
ity and selectivity of the overall BPMs, while decreasing delami-
nation of BPMs requires improving AEL and CEL interfacial com-
patibility (e.g., developing a three-dimensional CEL-AEL interface).
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Fig. 1. Schematic diagram of electrochemical capture of CO, based on bipolar mem-
brane.
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Fig. 2. (a) Relationship between carbon dioxide equilibrium and pH (for a closed
system with a temperature of 25°C and a salinity of 35 ppt). (b) Schematic diagram
of pH fluctuations. Reproduced with permission [27]. Copyright 2020, Royal Society
of Chemistry. (c) Reaction mechanism for the preparation of different products by
electrochemical reduction of CO,. Reproduced with permission [51]. Copyright 2007,
Royal Society of Chemistry.

Thus, the active contact area and interfacial stability could be in-
creased [48,49].

In general, the BPMs have great potential for electrochemical
capture and utilization for CO, (Fig. 1). In this review, the bipo-
lar membrane electrochemical capture and more robust CO, uti-
lization processes are introduced in detail. Different types of BPM
membranes and devices design are investigated and compared.
In addition, the challenges and opportunities are also discussed
for the development of the BPMs structure design and reductive
equipment assembling for the CO, capture and transformation.

2. Basic reaction mechanism: pH oscillation and
electrocatalytic reduction reaction

Bipolar membrane electrodialysis (BPMED) uses the pH swing
of working fluid to capture and separate CO, at ambient temper-
ature and pressure, and to recover CO, by continuously changing
the pH value of working fluid between alkaline and acidic pH to
affect CO, balance [27]. As shown in the Figs. 2a and b, be re-
versible and the recycling of CO, could be realized by changing
the carbonate balance. Electrocatalytic reduction of CO, is much
more complex reduction process than acid-base CO, capture with
BPMs, which contains multiple charge transfer reactions, usually
involving 2~18 electron transfer pathways, many products, com-
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Table 1
Reaction equations and electrode potentials of different reduction products [50].

Main reaction equation Electrode potential (V vs. SHE)

2H*+2e~ — H, —0.42
CO; + 2H* +2e~ — CO+H,0 —0.53
CO; + 2H* + 2e~ - HCOOH —0.61
CO, +4H* +4e~ — HCHO+H,0 —0.48
CO, + 6H* + 6e~ — CH30H+H,0 —0.38
CO, + 8H* + 8e~ — CH4+2H,0 —-0.24
2CO; + 12H* + 12~ — C3H4+4H,0 —0.349
2C0O; + 12H* + 12e~ — C,H50H + 3H,0 —0.329
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Fig. 3. Schematic diagram of B-C-A-B triple compartment bipolar membrane elec-
trodialysis (BMED) unit for conversion of NaCl.

plex mechanism and high overpotential. The products include C;
products (CO, CH4, HCOOH, CH30H), C; products (C;H4, C;H5O0H,
C2H5, CH3COOH, CH3CHO) and C3 products (C2H5CHO, C3H7OH),
etc. Table 1 summarizes the main CO,RR products at standard at-
mospheric pressure, 25°C and the equilibrium potentials in aque-
ous solution with pH 7 (vs. SHE) [50]. CO, is first activated in aque-
ous solution into adsorbed CO,(ads), and then CO,(ads) is reduced
by one electron to form CO, anion radicals (:CO,~) (Fig. 2c). *CO,~
is formed at potential of —1.90V (vs. SHE), which is a key step
to determine the reaction rate. After that, the C-O bond of the
formed anion radical is broken and combined with protons or car-
bon atoms to form C-H or C-C bond [51]. When the Hg, Pb, In, Sn
and other metals are used as catalyst, formic acid could be selec-
tively generated, the oxygen of the anion radical coordinates with
metal active center, and the carbon atom combines with proton to
form C-H bond and get two electrons to form formate [52]. On the
contrary, when Zn, Au, Ag and other metal catalysts are used, CO is
selectively generated. The carbon atom of the anion radical coordi-
nates with the active center of the metal catalysts [53]. When the
Cu is used as catalyst, CO,(ads) could be desorbed or further re-
duced by combining four electrons in the presence of protons, thus
obtaining an adsorbed:CH, species. The surface methylene (:CH)
reacts with two other electrons and protons to form CHy4, or with
another :CH, to form ethylene [51].

3. Bipolar membrane electrodialysis (BPMED) method

When bipolar membranes are used with CEM and AEM, they
could form BPMED with different compartments, which different
compartments could convert salts in corresponding aqueous solu-
tions to acids and bases (Fig. 3) [54]. BPMED could be used in the
environmental protection to capture CO, from seawater [55], flue
gas [56], atmosphere [6] and the solutions containing carbonates.
With electrochemical pH oscillation, Bandi et al. use the BPMED to
regenerate absorbent and capture CO, from air [42]. This method
uses KOH solution to absorb CO, and the generated K,COs is acid-
ified by sulfuric acid. Then, K,CO3 solution enters the BPMED unit,
which alkaline washing solution and sulfuric acid were finally ob-
tained. In addition, BPMED uses stacked structure, which makes it
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possible to obtain high purity for CO, capture. BPMED mainly uses
two compartments and three compartments. Two compartments
compose of B-C-B (BPM-CEM-BPM), B-A-B (BPM-AEM-BPM) and
three compartments compose of B-C-A-B (BPM-CEM-AEM-BPM).
Different membrane stack configurations of BPMED have great dif-
ferences in energy consumption, efficiency, yield and product pu-
rity. The main characteristics of the two compartments are low en-
ergy consumption and small volume of compartments for acid and
base. The main drawbacks of the three compartments are more
membrane layer, high membrane resistance and high energy con-
sumption. However, since the AEM and CEM do not directly con-
tact with acid-alkali solution, the current efficiency and the prod-
uct purity could be increased [57,58]. The specific methods would
be discussed in detail for CO, capture in the next section.

3.1. Extract carbon dioxide from seawater

The ocean has absorbed about 40% of the anthropogenic carbon
dioxide emitted since the industrial age [59,60], which its concen-
tration is 2.1 mmol/kg [61], far exceeding the concentration (about
140 times) of carbon dioxide in the air [62]. This means that if
CO, is captured from the air, a large volume of air would be pro-
cessed, which brings significant cost challenges for carbon capture.
However, the separation of carbon dioxide from the ocean by bal-
ancing total dissolved inorganic carbon (DIC) with the air would be
an attractive way to capture carbon [63,64]. Carbon dioxide mainly
exists in the form of HCO5~ ions in the ocean. Electrodialysis (ED)
has already proved that it could be used to recover carbon dioxide
from electrodialysis of alkaline carbonate solution (Fig. 4a) [43,65].
However, this method with only ion exchange and no acidification
to recover CO, has poor ion selectivity and low conductivity caused
by diffusion and migration of carbonate/bicarbonate species, which
are the main limitations of this method.

BPMED is expected to solve the shortage of electrodialysis. Bi-
carbonate/carbonate could be converted into H,CO3 (pH oscilla-
tion) by using the acid chamber in the bipolar membrane de-
vices containing BPMs, and then extracted into CO, by membrane
contactor in vacuum [25,27]. Based on this idea, Eisaman et al.
[66] proposed a new prototype design, the constructed BPMED
could efficiently extract dissolved inorganic carbon from seawater.
The absorption rate of CO, could reach 59% with the electrochemi-
cal energy consumption of 242 kj/mol (CO,), as shown in Figs. 4b-
d. However, hydrogen evolution (HER) and oxygen evolution (OER)
occur simultaneously in the cathode and anode during the elec-
trolysis process, which would lead to extra electrochemical energy
loss. Digdaya et al. [26] further proposed to replace the original
HER and OER in cathode and anode with reversible redox reaction.

Cyclically reversible redox coupling Ks3/K4[Fe(CN)g)] solution
was used as cathode and anode solution, thus significantly reduced
polarization and electrochemical energy loss. The capture efficiency
of CO, could reach 71% and the electrochemical energy consump-
tion is 155.4k]/mol. However, the voltage drop with the BPMs is
significant. The slow hydrodynamics causes the voltage loss.

In addition, another method of using BPMED to capture CO, in
seawater is mineral carbonization, and CO, mineralization is bene-
ficial in thermodynamics [55], which determines that it could cap-
ture CO, with lower cost and energy consumption. CO, mineraliza-
tion is the chemical combination of CO, with Ca%*/Mg2* and other
metal ions to form stable mineralized substances (such as CaCOs,
MgCO3) [25,55]. In the process of capturing CO, and mineralizing
metal ions, the system needs higher pH value (9.6-10) [67]. Com-
pared with adding chemical alkali agents to the system, BPMED
has shown the advantages of lower cost and no secondary pollu-
tion [55,68]. Zhao et al. [69] proposed a four-compartment bipo-
lar membrane electrodialysis, as shown in Fig. 5a. Combined with
calcium carbonate crystallizer, the problem of membrane fouling
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was solved, which decreased energy consumption during CO, car-
bonizing. Using cheap and easily available seawater, carbonate ions
generated by CO, and BPMED alkali chamber migrate to salt cham-
ber through cation exchange membrane, where they combine with
seawater. The membrane pollutants are controlled to keep in ion
state by adjusting CO, to enter alkali chamber instead of salt
chamber. Meanwhile, hydroxide is consumed immediately and mi-
grated to alkali chamber, which is one of the key factors to prevent
membrane fouling. As shown in Figs. 5b and c, the CaCO;5 crystal-
lizer and seed crystallization are also important to prevent mem-

brane fouling. Experiments show that the fixation rate of CO, could
reach 50.1%, and the decalcification rate could reach 73.4%. As
shown in Fig. 5d, in addition, Zhao et al. [56] changed its gas-liquid
contactor into a tower bubbling reactor by using the above system.
The capture and utilization of acid gas (CO,-S0O,) in flue gas were
investigated. It was found that SO, in flue gas decreased carbon
fixation rate, but increased decalcification rate. When current den-
sity was 12.5 A/m?, gas velocity was 40L/h and CO, in flue gas was
10%, carbon fixation rate was 31.4%, decalcification rate was 94.5%,
and SO, in flue gas could be completely removed (100%).
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Based on the above research results, to understand the op-
erating mechanism of the process and to optimize the reac-
tion conditions, Chen et al. [70] studied the competitive migra-
tion and reaction rate among OH-, HCO;~ and CO3%~, which ex-
perimentally determined the reaction rate of HCO3;~ and OH-
was greater than their migration rate. Therefore, the gas-liquid
contact device could effectively improve the absorption rate of
CO,. By adding gas refining device, the aeration efficiency is
greatly increased. Under the optimum conditions, the carbon fix-
ation rate could reach 100% and the total energy consumption is
1.54 kWh/kg. Therefore, Sharifian et al. [71] directly pump seawa-
ter into the alkali chamber of BPEMD, instead of the previous cap-
ture mode with high purity alkali solution (high pH). 60% DIC and
at least 16% Ca2t were captured from seawater. The energy con-
sumption for generating calcium carbonate was 0.88 kWh/kg. The
irreversible overpotential of BPMs accounted for 55% of the the-
oretical value. However, membrane fouling is serious, which lim-
its the large-scale use. To reduce the membrane fouling during the
mineralization, development of bipolar membrane with optimized
reaction kinetics and membrane thickness still remains a challenge.

3.2. Carbon sequestration by high pressure BPMED

When the bipolar membrane electrodialysis system captures
CO, from seawater or carbonate solution, working under normal
pressure and high current density would lead to CO, precipita-
tion in the membrane stack, which would stay in the membrane
stack and adhere to the membrane surface in the form of bubbles,
thus affecting the actual effective membrane area of bipolar mem-
brane electrodialysis. This would result in increased resistance, in-
creased electrochemical energy consumption, damage to the mem-
brane surface and decreased membrane life.

In addition, the concentration also determines whether CO, is
precipitated or not [72]. Low concentration could effectively pre-
vent gas from precipitating in the membrane stack and it also di-
rectly leads to the current density being reduced to 10mA/cm?
or even below. In order to solve this serious problem, Eisaman
[72] and others proposed a high-pressure bipolar membrane elec-
trodialysis. The designed device controls the pressure of acid, alkali
and electrode solution by adjusting needle valves in the flow path,
and adjusts the pressure in the range of 1.5-10 atm (Fig. 6). Exper-
iments show that increasing the pressure could effectively prevent
CO, precipitation in bipolar membrane electrodialysis stack. At a
high current density of 139 mA/cm?, the desorption energy at high
voltage operation (6 atm) is reduced by 29% compared with that
at approximately normal pressure operation (1.5 atm).

Furthermore, in order to accurately evaluate the high-pressure
bipolar membrane electrodialysis proposed by Eisaman et al. and
Sabatino et al. [6] used MATLAB to model the BPMED unit, in or-
der to evaluate and improve the process performance by means of
sensitivity analysis and process optimization. The data show that
the model could well reproduce the experimental results, in which
Egs. 1 and 2 accurately describe the relationship between bubble
generation and conductivity. The analysis shows that the rapid CO,
generation rate would lead to the generation of CO, bubbles, the
non-conductive phase would increase the resistance of the elec-
trolytic cell, and the composition would also affect the conductiv-
ity, thus affecting the voltage drop of the electrolytic cell.

k;cid - 1"'AB(/)COZ
kiia 1 —By¢co,

y=1+ (pz(pm(/’co2 (2)

m

(1)

where A is the parameter of bubble shape, B is the parameter of
its conductivity, ¢co, is the volume fraction of CO, in the acid so-
lution, and ¢, is the maximum volume fraction attainable [6].
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3.3. Microbial fuel cell-bipolar membrane electrodialysis
(BPMED-MFC)

Microbial electrochemical technology is a potential green
method for sustainable production of electricity or chemical fu-
els [73]. Its sustainable energy recovery provides a broad prospect
for electrochemical conversion of CO, into high value-added prod-
ucts [74]. CO, is a thermodynamically stable molecule with short
bond length and high bond energy, so it needs high energy input
to transform CO, molecules, which requires external energy to be
carbon neutral, thus realizing green recovery of CO, [75]. Microbial
fuel cell (MFC) is a typical microbial electrochemical system (MES),
which could convert wastewater into renewable electricity by mi-
croorganisms. Combining MFC with electrodialysis of BPMs shows
the potential of high cost-effectiveness and environmental friend-
liness for CO, capture [74,76].

Based on the concept of pH oscillation, CO, adsorption by al-
kali (NaOH) has the characteristics of low pressure and low energy
consumption. Electrodialysis with BPMs could be integrated with
MEFC to produce alkali to capture CO, impurities in biogas, so as to
purify biogas. Chen et al. [77] used MFC as power combined with
BPMED to capture CO, in biogas in alkali production. As shown in
Fig. 7, the bioconversion substrate on the anode of MFC is con-
sumed by electricity-producing anaerobic microorganisms, which
generate electrons and protons.

The electrons are transferred to the cathode electron acceptor
through external resistance, and the protons are transferred to the
cathode chamber through cation exchange membrane, thus provid-
ing power for BPMED. The research proves that the alkali solution
prepared by BPMED-MFC has a good CO, capture effect, and the
CH4 concentration in biogas could reach 100%. However, the volt-
age required to use BPMs is higher than that generated by the
device with biological cathode and anode. Therefore, it is neces-
sary to provide additional energy from the outside [75], which has
also been confirmed by Chen et al. [77]. Zhu et al. [75] designed a
microbial reverse electrodialysis electrolysis and chemical produc-
tion cell (MRECC), which uses reverse electrodialysis (RED) stack as
power supply. This device could generate electricity through salin-
ity gradient in wastewater [76,78], avoiding the usage for external
voltage. This new MRECC system mineralizes CO, into carbonate
products. Additional H, could be produced by combining the gen-
erated acids and bases with minerals, which would hopefully re-
duce the cost of capturing CO,. The results show the cost of cap-
turing CO, per ton is $25, which is lower than that of other mature
methods.

Further, to recycle HCO;~/CO32~ ions formed by CO, absorption
by alkali solution, Jin et al. [79] proposed a microbial electrolytic
capture separation regeneration cell (MESC). The anode and cath-
ode of the regeneration tank are separated by the BPMs and AEM,
and the middle chamber is an acid chamber. BPMs keep the an-
ode pH stable to prevent anode bacteria from growing. The gener-
ated H* migrates to the acid chamber through the cation exchange
layer of BPMs, and the alkaline solution produced by the cathode
is used to capture CO, in biogas. The generated HCO3;~/CO3%~ mi-
grates to the acid chamber through AEM driven by potential dif-
ference to combine with H* for CO, regeneration. This combina-
tion of systems has been proven to be useful for capturing, sepa-
rating and regenerating CO, from biogas, as well as for wastewater
utilization. In addition, the newly proposed separation and regen-
eration system has a lower voltage for water decomposition than
that of the abiotic electrolysis system. The results show the power
consumption for biogas is 0.09 kWh/Nm?3. The H, generated at the
cathode makes up about 27% of the cost.

Most of the reported BPMED-MFC systems use NaCl as elec-
trolyte, which increases its operating costs. Therefore, seawater and
high-salt wastewater could be combined in actual operating pro-
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Fig. 6. (a, b) Schematic diagram of the high-pressure BPMED experimental setup used to solve CO. (c, d) Energy (kJ/mol CO,) and CO, flow rate (slpm) versus pressure.

Reproduced with permission [72]. Copyright 2011, Royal Society of Chemistry.
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Fig. 7. Schematic diagram of the AEM-CEM-BPM configuration of the BPMED-MFC:
(A) Desalination chamber and (B) alkali production chamber. Reproduced with per-
mission [77]. Copyright 2013, Elsevier.

cess. In addition, wastewater could increase the conductivity of
the working fluid, which could further reduce the operation cost.
However, the selection and exploration of related materials have
not been carried out, and its interference to other components in
wastewater needs to be further explored, which still remains a
challenge and an opportunity.

4. Electrocatalytic reduction method

Electrochemical CO, reduction reaction (CO,RR) is another way
to convert CO, into value-added fuels and high value-added chem-
icals by using renewable energy sources (wind energy and solar
energy) [80,81], such as CO [82-84], formic acid [85], methanol
[86], methane [87], ethylene [88,89], ethanol [90], acetic acid [91],
propanol [92]. Energy storage in chemical products could reduce
dependence on traditional fossil energy, thus reducing greenhouse
gasses. It also helps to solve the problem of power misallocation
due to seasonal and climatic factors [93]. In addition, CO,RR sys-
tem is modular structure. Its structure is relatively simple, which
could be operated at normal temperature and pressure. Meanwhile,
different reduction products can be changed by controlling the re-
duction potential.

The CO,RR process is normally realized by an electrochemi-
cal CO, electrolytic cell, which is composed of a working elec-
trode, a reference electrode and a three-electrode/two-electrode
system. An ion exchange membrane is also used for separating
the cathode chamber and the anode chamber to prevent the prod-
uct from being reoxidized. In recent years, there are many stud-
ies on catalytic materials for electrochemical CO, reduction re-
action electrode (CO,RR). For C; products (such as formic acid,
CO, methanol), Lin et al. [94] prepared homogeneous intermetallic
Pd3Bi nanocrystals by solvothermal method. Nearly 100% formate
selectivity could be obtained for reversible hydrogen electrode at
—0.35V in 0.1 mol/L KHCO3 solution. The crystal sequence of Pd
and Bi atoms in the catalyst could inhibit the side reactions of
CO. Ag is usually used for the electrochemical reduction of CO,
to CO, however, monometallic catalysts suffer from slow kinetics,
low product selectivity and poor stability, etc. Bimetallic catalysts
made by doping with other metals are significantly different from
monometallic catalysts. The newly doped metal of bimetallic cata-
lysts not only changes the electronic structure of the raw material,
but also provides more active sites and improves the structural sta-
bility of the active ingredient [95,96]. Zhang et al. [97] proposed a
"two ships in a bottle" Zn-Ag-O ternary catalyst design (Figs. 8a-
f), for the reduction of CO, to CO, achieving an energy efficiency
of 60.9% and achieving a Faraday electrolysis efficiency of 94.1% +
4.0% for CO (Figs. 8g-i). By thermodynamic DFT analysis and in situ
X-ray absorption, it was shown that the delocalization of electrons
stabilized the intermediate product *COOH, increasing the intrin-
sic CO activity and increasing the energy barrier for the formation
of HCOO* and *H, thus inhibiting the occurrence of formic acid
and hydrogen side reactions, resulting in enhanced selectivity for
CO. Ren et al. [98] reported a strategy of implanting non-precious
metal-active Sn-ZnO heterogeneous surfaces into the nanopores of
high surface area carbon nanospheres (Sn-ZnO@HC, Figs. 9a-d) to
reduce CO, to CO with a Faraday electrolysis efficiency of up to
91% at —0.53V for CO and stability up to 240h (Figs. 9e and f).
With the help of density functional theory (DFT) and finite el-
ement method (FEM) calculations, the electronic interactions be-
tween Sn and ZnO reduced the Zn-d bandwidth and increased the
Sn-d bandwidth, which facilitated the fracture of the *COOH inter-
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Fig. 8. "Two Ships in a Bottle" design concept and CO,RR performance. (a) Schematic diagram of the "two ships in a bottle" catalyst. (b) SEM image of ZnO-Ag@UC. (c) TEM
image of ZnO-Ag@UC. (d) HRTEM image of ZnO-Ag@UC. (e) Ag(111) and (f) ZnO(101). (g) LSV curve of catalyst. (h) FE distribution of ZnO-Ag@UC on product. (i) FE of catalyst
on CO. Reproduced with permission [97]. Copyright 2021, American Chemical Society.
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Fig. 9. (a) Schematic diagram of Sn-ZnO@HC catalyst preparation (blue, gold, red, white, and gray atoms represent Sn, Zn, O, H and C elements). (b) SEM image of Sn-
ZnO@HC. (c) TEM image of Sn-ZnO@HC. (d) Histogram of size distribution. (e) FE distribution of Sn-ZnO@HC on reduction products. (f) FE of different catalysts on FE of the
partial current density of CO. Reproduced with permission [98]. Copyright 2022, Wiley.
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mediate. Hence, this bimetallic oxide heterostructure further pro-
motes the CO, reduction reaction kinetics due to the mutual syn-
ergistic effect between the two metals [95]. Wei et al. [99] syn-
thesized a multi-stage porous Ag nano-foam (AgNF) modified by
SCN on Ag surface. The maximum faraday electrolysis efficiency of
AgNF for CO reach 97%, which commonly maintains above 90% in
the potential range of —0.5 ~ —1.2V (vs. RHE). The main reason is
the SCN ligand could promote the formation of COOH* intermedi-
ates by changing the local electron density on Ag surface. For C,
products (such as ethylene, acetaldehyde), Zahid et al. [100] pre-
pared oxidized derived copper (ODCu) electrode by hydrothermal
method. The electrode has high selectivity for C,, products, and
the Faraday electrolysis efficiency of C,, products could reach 58%
at —0.95V. Zhu et al. [101] prepared three-dimensional dendritic
copper-cuprous oxide composites by reductive electrodeposition.
The contact resistance between the electrocatalyst and compos-
ite matrix is almost zero. The dendritic structure helps to expose
abundant active sites of Cu. Therefore, the overpotential for acetic
acid and ethanol is only 0.53V and 0.48 V. The Faraday electrolysis
efficiency for C, products could reach over 80% at 11.5mA/cm?.

From above research, most research focused on cathodes and
anodes preparation and performances for electrochemical reduc-
tion of CO,. However, the assembling of electrocatalytic reduction
of CO, system also need to be introduced, since the structure de-
sign of electrolytic cell is also a key factor which affects current
density, product selectivity, Faraday electrolysis efficiency and so
on [93,102]. The typical H-type electrolytic cell has simple struc-
ture and low cost, which could be widely used. The drawback of
the H-type electrolytic cell is slow mass transfer, large electrode
space and small electrode area. Hence, its current density is far
from the current density required by industry (> 200mA/cm?).
Continuous flow electrolytic cell has the advantages of reducing
the transfer path, and reducing the mass transfer limitation when
used with gas diffusion layer (GDL) [45]. To increase the cat-
alytic performance of continuous flow electrolytic cell, polymer
electrolyte membrane plays an important role, which could be
divided into cation exchange membranes/proton exchange mem-
branes (CEMs) [103], AEMs [104,105] and BPMs [106], etc. These
polymer electrolyte membranes could prevent cathodic reduction
products (such as formic acid, ethanol) from diffusing and migrat-
ing to anode to be reoxidized, thus avoiding the problem of reduc-
ing electrolysis efficiency of electrolytic cell. Different membranes
determine different transfer types, which would directly affect the
selectivity of products and Faraday electrolysis efficiency. For ex-
ample, anion exchange membrane AEM would transfer cathode re-
actants (CO32~/HCO; ™) to anode, thus reducing CO, conversion ef-
ficiency. Cation exchange membrane would make H™ migrate to
the cathode, resulting in cathode acidification environment, which
is beneficial to the HER side reaction [103] and greatly reduces
CO, conversion efficiency. Bipolar membrane is expected to solve
these problems and provide a stable cathode/anode pH environ-
ment. Therefore, in this section, the influence of membrane proper-
ties on the selectivity and reduction efficiency of electrolytic cells
is discussed. The structure and mass transfer of electrolytic cells
with different cells design are compared and analyzed. The devel-
opment of potential BPM-based electrolytic cells is emphatically
summarized and discussed.

4.1. H-type electrolytic cell and microfluidic cell

Microfluidic electrolytic cell is composed of cathode gas diffu-
sion electrode loaded with CO, reduction catalyst and anode gas
diffusion electrode loaded with oxidation catalyst [107-109]. The
two diffusion electrodes are separated by an extremely thin elec-
trolyte channel. The distance is usually less than 1 mm. During
electrochemical reduction, CO, gas enters the cathode and reaches
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Fig. 10. (a) Schematic diagram of the microfluidic reactor used for CO, conversion.
(b) Efficiency of different catalysts used in the microfluidic reactor. Filled symbols
indicate Faraday efficiency, while open symbols indicate energy efficiency. Repro-
duced with permission [110]. Copyright 2010, Electrochemical Soc Inc.

the surface of gas diffusion electrode (GDE) to be reduced by cath-
ode catalyst. O, produced by anode oxygen evolution is emitted
into the air. Whipple et al. [110] first proposed a microfluidic re-
actor for electrochemical reduction of CO,. As shown in Fig. 10a,
an Ag/AgCl reference electrode is inserted into the electrolyte be-
tween two gas diffusion electrodes to detect the electrode poten-
tial. This reactor is used to quickly evaluate the catalyst and ex-
plore the influence of electrolyte pH on the reduction efficiency
of carbon dioxide to formic acid. Experiments show that working
at acidic pH value could significantly improve the performance of
this electrolytic cell. When Sn/C is used as the cathode catalytic
material, the Faraday efficiency (FE) of formic acid prepared by
CO, is 89% and the energy efficiency reach 45% (current density
100mA/cm?). As shown in Fig. 10b, the flowing electrolyte flow
is beneficial to change the pH and composition of electrolyte. The
ultra-thin electrolyte channel also reduces the ohmic polarization
loss of the cell. In addition, compared with the membrane-based
flow cell, it could also reduce the permeation resistance of wa-
ter molecules across the membrane and the concentration gradi-
ent caused by proton transfer across the membrane, thus avoiding
the cathode flooding. Furthermore, Wu et al. [111] used microflu-
idic electrolyzer to reduce CO, to CO and established steady-state
isothermal microfluidic cell mathematical model for microfluidic
cell to reduce CO, to CO, which confirmed CO, reduction kinet-
ics depends on CO, concentration at active sites to a great extent.
This model is important to enhance CO, transfer rate to the cat-
alytic layer (CL). In addition, CO, concentration in feed, gas feed
flow rate, channel length and GDE porosity all have different ef-
fects on performance. Although microfluidic cell has great poten-
tial in electrochemical reduction of CO,, it also has many draw-
backs. Liquid reduction products produced in cathode would dif-
fuse in electrolyte to anode and be reoxidized, which leads to the
decrease of reduction efficiency.

In order to avoid the reduction products migrating to the anode
and being reoxidized, the ion exchange separation membrane be-
tween the cathode and the anode is expected to solve this prob-
lem. Typical H-type electrolytic cell is still the most commonly
used CO,RR reactor in experiments. The cathode and anode cham-
bers of H-type electrolytic cell are separated by an ion exchange
membrane that only allows corresponding ions to pass through.
The cathode chamber contains working electrodes and reference
electrodes, and the anode chamber contains counter electrodes.
The current density is usually less than 100 mA/cm? [112-114] due
to the low solubility of CO, in water solution. In addition, the small
electrode area and large electrode spacing also affect the over-
all electrolysis efficiency. Therefore, to overcome problems such
as low mass transfer efficiency, it is necessary to adopt ultra-
thin spacing and GDE of microfluidic cell. lon exchange membrane
also needs to be introduced to overcome the cross diffusion be-
tween cathode and anode products, which ensure continuous flow
of electrolyte and reduce the limitation of CO, mass transfer, thus
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Fig. 11. (a-c) CEM, AEM and BPM ion transport mechanisms used for MEA configuration CO, reduction electrolytic cell. (d) Schematic diagram of the membrane elec-
trode configuration electrolytic cell structure. Reproduced with permission [133]. Copyright 2019, Royal Society of Chemistry. (e) Comparison between the BPM-based and
Nafion-based zero-gap electrolyzers in terms of timekeeping potential. (f) FE of analytical products of BPM-based and Nafion-based zero-gap electrolyzers. Reproduced with

permission [124]. Copyright 2011, Wiley.

increasing the current density of the cells. The specific discussion
would be presented in the next section.

4.2. CO, capture by MEA solid electrolyte

4.2.1. MEA configuration electrolytic cell based on CEM

Membrane electrode assembly (MEA) electrolytic cell is a new
type of electrolytic cell. MEA electrolytic cell is a CO, reduction re-
actor formed by pressing polymer electrolyte membrane together
with cathode and anode [115-117]. As shown in Fig. 11a, the con-
tinuously humidified CO, stream is directly supplied to the cath-
ode. CO, reduction occurs at the boundary between the membrane
and the cathode electrode. Gas-phase membrane-based CO,RR re-
actor provides low current density by constructing electrochemical
cells composed of membrane electrode assemblies (MEA), which
solves the problem of low solubility and slow diffusion of CO,
in water. Compared with liquid-phase CO,RR reduction, it shows
higher product selectivity and energy efficiency [45,115,118]. The
addition of polymer electrolyte membrane effectively reduces the
cross between reactants and products between cathode and anode,
thus reduces the risk of catalyst poisoning caused by impurities in
cathode electrolyte. Polymer electrolyte membranes used in MEA
CO, reduction electrolytic cell are mainly divided into AEM, CEM
and BPM, and their ion transfer mechanism is shown in Figs. 11b-
d [119]. Delacourt et al. [103] first proposed the use of cation ex-
change membrane (Nafion®117) and the construction of MEA elec-
trochemical cells. The cathode humidified CO, and the anode used
pure water as electrolyte. At the current density of 20mA/cm?,
no CO, reduction product was detected at the gas outlet, but the
current efficiency of HER was close to 100%. The main reason is
mainly due to the migration of H* from the anode to the cathode
through the cation exchange membrane, which promoted the cath-
ode selectivity to the side reaction of HER. In addition, it is also
related to electrode poisoning and electrolyte property change. In
order to alleviate the influence of acidic environment of cathode
on CO,RR, a 0.5mol/L KHCO3 buffer layer supported by glass fiber
was introduced between cathode and cation exchange membrane
[103]. At the same current density (20 mA/cm?), the CO selectivity
was greatly improved and the FE of CO was about 82%. The addi-
tion of buffer layer slowed down the arrival of H* to cathode, thus
reducing the occurrence of HER. In addition, in the Nafion-based
electrochemical cells, cations (such as K*) would migrate from the

anode side to the cathode in the Nafion-based electrolytic cell at
pH < 1, which cations would affect the catalytic kinetics of CO,RR
[120,121]. In the process of CO,RR based on proton exchange mem-
brane using high concentration phosphate buffer (1 mol/L H3POy),
the increase of K* concentration would weaken the selectivity of
HER. At the higher current density of 400 mA/cm?2, when local pro-
tons are exhausted (local pH > 7), the increase of K* concen-
tration could tune the selectivity of HER to CO,RR and increase
the selectivity of CO,RR [122]. The mechanism is that cations trig-
ger CO, activation in the environment where protons almost dis-
appear, thus inhibiting HER of water reduction [122,123]. On the
other hand, the migration of metal cations from anode to cath-
ode would cause the transfer of cathode electrolyte, which would
increase the purification and separation cost of downstream elec-
trolyte. In addition, metal cations migrating to the cathode would
react with cathode carbonate and bicarbonate to form salt deposi-
tion at the interface between the membrane and the catalytic layer,
thus preventing CO, gas from diffusing into the catalyst [124,125].
Adding sufficient water to the cathode could decrease salt deposi-
tion, but this would cause product dilution and GDE flooding in the
cathode, which would limit the mass transfer of CO, and increase
the cost of concentrating downstream products [126-128]. There-
fore, improving water management system is a promising solution
to salt deposition in CO,RR based on cation exchange membrane.
When the selective product is formic acid or formate, CEMs could
prevent the migration of formate anions to the anode and prevent
the product from being further oxidized at the anode [129,130]. In
addition, the thickness of cation exchange membrane is low, so its
potential drop in CO,RR process is lower than that of other poly-
mer electrolyte membranes (such as BPM) [131,132]. As shown in
Figs. 11e and f, the initial cell potential of MEA configuration elec-
trolytic cell based on bipolar membrane is 4V, while the cell po-
tential based on Nafion is 2.7V [124]. Temperature also has an im-
portant influence on the voltage of CO,RR electrolytic cell with
MEA configuration. When the operating temperature of the elec-
trolytic cell rises, the electrolytic cell voltage decreases [133].
When the cell temperature rises from 30°C to 80°C, the elec-
trolytic cell voltage decreases from 2.5V to 2.2V, shown in Fig.
12a. The main reason is the kinetic effect of electrode reaction
and ion conduction could be improved when the temperature in-
creases. The reduction of high frequency resistance does not de-
crease the corresponding voltage potential (Fig. 12b). However, the
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Fig. 12. (a) Effect of operating temperature on the reduction of MEA CO,RR elec-
trolytic cell to CO cell voltage and FE. (b) AC impedance spectrum recorded at open
circuit voltage, inset zooms in on the high frequency region to show the variation
of ion conduction with temperature. Reproduced with permission [133]. Copyright
2019, Royal Society of Chemistry.

increase of temperature would also adversely affect the membrane.
Cation exchange membranes based on perfluorosulfonic acid (such
as Nafion) have low proton conductivity at high temperature and
could be decomposed [134,135]. In addition, fluorine-based mem-
branes are complicated and expensive, hydrocarbon-based mem-
branes could be an alternative design. The introduction of -SO,H-
group between carbon atom and sulfur atom of sulfonic acid group
reduces the activation energy and increases the stability of the
film. The main reason is that SO, is inserted between carbon atom
and sulfur atom in neutral and anionic states, which leads to the
withdrawal of electrons by SO, group and charge distribution, re-
sulting in uniform and flat charge distribution [136]. Therefore, in-
troducing highly electronegative groups between carbon atoms and
sulfur atoms of sulfonic acid groups could be used as an important
way to prepare fluorine-free hydrocarbon base membranes.

4.2.2. MEA configuration electrolytic cell based on AEM

MEA electrolytic cell based on AEM is more widely used than
MEA electrolytic cell based on cation exchange membrane. On the
one hand, AEMs prevent H* from migrating to the cathode cata-
lyst surface through fixed cationic groups, thus avoiding undesired
HER. On the other hand, AEMs transfer anions (such as OH™) from
cathode to anode through fixed cationic groups, and CO,RR occurs
in alkaline environment due to the continuous formation of cath-
ode hydroxide. CO, stream would react with OH~ to form HCO3~
and CO32~. These anions would migrate to the anode through
AEMs (called "cross"). Compared with OH~, their charge mobility
is lower and the transfer rate is slower, which leads to the de-
crease of ionic conductivity of AEMs [104]. HCO;~ and CO32~ gen-
erated are neutralized by H* at the anode and converted back to
CO, again. The neutralized CO, accounts for 50%—60% of the CO,-
consuming gas stream [105,137]. In addition, these anions crossed
to the anode would be oxidized back to CO, at the anode [138,139]
and mixed with the product O, of the anode, which makes this
part of CO, unable to be directly reutilized and increases the cost
of downstream gas separation. The standard potential at 298 K and
relative to the standard hydrogen electrode (SHE) [E°] [139] is
summarized in Table 2. When the cathode target product is for-
mate, the produced formate would also reach the anode electrolyte
through AEMs, which reduces the concentration of the product and
makes it difficult to purify the product [140].

Excessive water accumulation (water flooding) on porous elec-
trodes is undesirable in the CO,RR. Cathode flooding occurs when
the amount of water transferred from anode to cathode exceeds
the required amount of CO,RR. The characteristics of AEMs are re-
lated to the water management of MEA electrolytic cell, and then
affect the occurrence of flooding [119]. The use of low water ab-
sorption, thin AEM membrane (< 40pum) and hydrophobic cath-
ode has been proved to reduce water flooding [141]. In addition,
transmembrane transfer of water could promote the migration of
cations (such as KT) in cationic electrolyte across AEMs to cathode.
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Table 2
Standard potentials for cathode and anode electrochemical reactions [139].

Standard electric
potential (vs. SHE)

Cathode and anode electrochemical
reactions

Cathode main reaction:

CO,+2H*+2e~ — CO+H,0 E°— _0.103V
or CO+H;0 + 2e~ — CO + 20H~
Cathode side reaction:
2H*+2e” > H, E%=0.000 V
or 2H,0 + 2e~ — H,+20H~
Anode main reaction:
H,0 — H++Ze’+%02 EO— 1229V
or 20H — H,0+2e +10,

. . E%=0.765V
Anode side reactions: FO— 0.692 V

2HCO03%~ — H,0+10,42e+2C0,
C03*~ - 10,+2e+C0;,

These cations combine with cathode HCO;~ and CO32~ and pre-
cipitate as K,CO3 and KHCOs3. The solubility of K;CO3 and KHCO3
is lower than that of KOH, which would deposit on the surface of
porous gas diffusion electrode. These precipitates hinder the reac-
tants from reaching the catalyst layer and limit the migration of re-
actants, which affect the CO,RR performance [104,142]. But cations
at the cathode promote CO,RR through local electrostatic effect
[143,144]. Therefore, ideal AEMs hope to have high ionic conduc-
tivity, high ionic mobility and low permeability of products [93],
thus reducing the occurrence of side reactions and improving the
selectivity of products. Gabardo et al. [145] first proposed a strat-
egy to apply AEMs to MEA (Figs. 13a and b), and to efficiently
reduce CO, to C,,while carbon nanoparticles and graphite pow-
der sprayed on the cathode surface of the Cu nanoparticles were
used to achieve efficient removal of the concentrated liquid prod-
ucts (ethanol and n-propanol) from the exit gas stream. The anode
is made of titanium mesh loaded with IrO,. This design strategy
achieves 50% and 80% Faraday electrolysis efficiencies for C;H4 and
C,, products (Figs. 13c-e). For AEMs, developing AEMs with higher
performance is in urgent need to improve CO, reduction efficiency.
Zou et al. [146] successfully synthesized a series of BC-PDDA-OH™
(PDDA: diallyl dimethyl ammonium chloride) membranes with dif-
ferent mass ratios by impregnation, chemical crosslinking and ion
exchange with bacterial cellulose (BC) membrane as skeleton and
polyquaternary ammonium salt compound.

The results showed that when the mass ratio of BC to PDDA
was 1:0.5, the ionic conductivity was 23.87 mS/cm. The ionic con-
ductivity of OH~ was even higher (28.5 mS/cm) after soaking in
0.5mol/cm KHCO3; for 720h. When these membranes are applied
to the electrochemical reduction of CO,, they have high selectivity
for formate. As shown in Fig. 14, FE could reach 50.8%. The electro-
chemical performance is better than that of Nafion and basic A901
membranes in 0.5 mol/L KHCO3/0.5 mol/L KOH electrolyte. The rea-
son is that BC-PDDA-OH~ membrane could promote the kinetics
of CO,RR, inhibit HER and reduce the cross of formate products to
anode, thus improving the performance of electrolytic cell. Wang
et al. [147] reported a series of polymer composite AEMs based
on polyvinyl alcohol and guar hydroxypropyl triammonium chlo-
ride (PGG). The effects of three functional groups in PGG mem-
brane on the efficiency and selectivity of CO, reduction to formate
were investigated. The performance of PGG-GT (GA and TCA as bi-
nary crosslinking agents) membrane containing thiophene group
for formate was better than that of PGG-GT membrane containing
dimethyl octanaldehyde and hydroxybenzyl group, and surpassed
that of commercial Nafion 212 membrane. Similar to AEMs re-
ported by Zou et al. [146], the high efficiency and selectivity of
PGG-GT membranes for formate is mainly due to the higher ionic
conductivity and lower product cross-over rate of PGG-GT contain-
ing thiophene groups, which could promote the ion transfer kinet-
ics and inhibit HER during CO, reduction. Therefore, these different
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types of new AEMs have made new contributions to the scale-up
of CO, electrochemical reduction.

4.2.3. MEA electrolytic cell based on BPM

Although AEM-based devices have a wide range of applica-
tions and excellent CO, electrochemical conversion performance,
HCO;~/CO32~ species crossover from cathode to anode via AEM
causes severe carbon loss. This has been identified as a major lim-
itation of AEM-based devices [118,148]. MEA electrolytic cell with
BPMs could prevent ion crossing better than that of AEMs elec-
trolytic cell [75,106]. This BPMs-based electrolytic cell could work
in two modes of "forward bias" and "reverse bias". When BPMs
is in forward bias, CEL side of BPMs is close to anode with high

1

Cell voltage (V)

Fig. 15. (a) Schematic of species migration within the MEA with forward-biased
BPM. (b) Voltage stability of C;H, and forward-biased BPM at 50 mA/cm?. (c) Pho-
tograph of BPM with forward-biased mode after running at 50 mA/cm? current den-
sity for 2h. The BPM membrane blistered at the AEM: CEM interface. Reproduced
with permission [88]. Copyright 2021, American Chemical Society. (d) Schematic di-
agram of species migration within the MEA with reverse-biased BPM. .

potential and AEL side is close to cathode with low potential (Fig.
15a). AEL of BPMs could provide OH~ to the cathode. Meanwhile, it
could provide an alkaline environment for the cathode and inhibit
the HER without buffer layer [88]. Blommaert et al. [149] found
that when BPMs was placed in forward bias mode, the Ag cathodic
potential decreased 3V at 25 mA/cm? compared with reverse bias
mode since there was no water dissociation in the interlayer (Fig.
15b).

In addition, anions in the CEL are repelled by Donnan repul-
sion of fixed negative charge group in the layer (e.g., sulfonic acid
anion) driven by the potential difference [150]. The cations (e.g.,
HT) are transferred to the hydrolysis CL. Similarly, the anions (such
as HCO;~/C0O532~) are transported to the CL layer through the AEL.
These ions combine with cations (H*) to form CO, and H,0 again,
which leads to the stratification of AEL and CEL at the junction
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of the membrane, resulting in the decrease of stability (Fig. 15c).
Hence, electrolysis efficiency and reactant CO, also decreased in
the intermediate layer [88,118].

When BPMs is in reverse bias, the AEL side of BPMs is close
to the anode with high potential, while the CEL side is close to
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the cathode with low potential. As shown in Fig. 15d, reverse bias
is traditionally used to promote the dissociation of water and sta-
bilize the pH values of electrochemical cells. In the reverse bias
mode, hydrated ions migrate from the interface layer (IL) to both
sides of the cathode and anode, thus depleting the moving charge
on the film. To provide the required ion current and to keep the
charge neutral, the dissociation of water could be further triggered
[47]. The dissociation of water makes OH~ get alkaline environ-
ment through AEL, which avoids using noble metal OER catalysts
(such as Pt and IrO,) [46,92]. Abundant oxygen evolution catalysts
on earth could be used, such as Ni and FeNiOy. But at the same
time, this also reduces the concentration of moving ions in the in-
terface layer and increases the BPMs resistance [150,151].

Based on these characteristics of bipolar membranes, to break
the limitation of 50% conversion of CO as a target product, Yang
et al. [152] used Ag as cathode and nickel foam as anode with
the help of BPMEA (Figs. 16a and b). A high concentration of
KOH electrolyte was delivered at the anode to allow the anode
cation (K*) to cross the BPM to reach the cathode catalyst sur-
face. The results showed that this approach improved the CO, re-
duction selectivity of the BPMEA system by a factor of 3, and the
CO Faraday electrolysis efficiency reached 68% at a current den-
sity of 50mA/cm? (Fig. 16¢). Sinton et al. [88] developed perme-
able and renewable layer (PCRL) combined with CEMs for the in-
stability of BPMs (Fig. 16d). This PCRL layer is made by spraying an
anion-exchange ionomer solution (Aemion AP1-CNN5-00-X) to a
certain loading level, which provided an alkaline environment on
the catalyst surface combined with the acidic environment pro-
vided by CEMs. MEA CO, reduction electrolytic cell could be as-
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Table 3
Comparison of different structure CO,RR electrolytic cell development and design. CO, reduction reactor types.
CO, Carbonate balance Current-density CO, Advantages Disadvantages Refs.
reduction reactor types (mA/cm?) conversion
rate (%)
re‘ : } e-ﬁ Loss in the cathode 30 N/A Simple device, easy to Mass transfer [33]
€O, inlet |Gas products electrolyte operatc.e; cheap price; limitf‘ation:' low current
screening catalysts density; difficult to
apply on a large scale
— H+
BRLECEM] .
Cathode Anode
Microfluidic cell . . . .
Loss in electrolyte 100 45 Avoid flooding; avoid Product crossover; loss [110]
microchannels; high membrane costs; of output; increased
oxidized at the anode higher mass transfer; cost of liquid product
and combined with small ohmic separation
protons to revert to polarization loss
CO, again
Q,&
[
& Q> 8 Cathode catalyst
o # Anode catalyst
CEM-based MEA Revert to CO, on the 100 N/A Avoid re-oxidation of Promote HER, affect [103]
CEM surface formate products; COyRR selectivity
& e blocking anion
migration; lower
0, voltage drop compared
to other electrolyte
membranes
R /e
c© 8 Cathode catalyst
# Anode catalyst
PH-buffer layer CEM-MEA Revert to CO, near the 100 N/A Improved selectivity of ~ High resistance of [103]
CEM surface the cathode for the electrolytic cell;
reduction of CO, to electrolytes flushed
CO; inhibition of HER out of the buffer layer;
not applicable
practical application
o =
CQ,,L“‘C # Anode catalyst
pH-buffer layer
AEM-based MEA Carbonate migrated to 100-200 30 Wide range of Migration of carbonate [145]
Qg the anode through applications; block H* ions to the anode;
QQ«T; AEM and was restored migration to the anode CO, loss
& to CO, at the anode cathode; improved
cathode product
selectivity
DN Cathode catalyst
sz«ﬂ ~ :bw Anode catalyst
©
BPM-based MEA Revert to CO, on the 200 50-60 Higher resistance to Greater membrane [152]

8 Ag catalyst
# Anode catalyst

CEL surface
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ion crossover; provide
stable pH for cathode
and anode; avoid the
use of precious metal
OER catalysts in the
anode; highly reactive
acid can be used to
stabilize the cathode

resistance in reverse
bias mode; The AEL
and CEL of BPM are
easily layered in
forward bias mode

(continued on next page)
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CO, Carbonate balance Current-density CO; Advantages Disadvantages Refs.
reduction reactor types (mA/cm?) conversion
rate (%)
Solid support layer BEMEA Revert to CO, on the 200 N/A Improved CO,RR Reduction of liquid [45]
coj?g COZ H'OH CEL surface p‘roduct selectivity; - phase prod.uct
O, higher current density concentration
'O,
¥
&
8 Ag catalyst
# Anode catalyst
Solid support layer (glass fiber + H,0)
Non-buffer 100 um stationary . .
catholyte BPMEA Recovery to CO, near 300 78 Avoid loss of reactants Porosity, structure and [153]
5 ) about 12pm at the from carbonate hydrophobicity of
cathode formation; elimination porous support layers
of energy loss need to be further
0, associated with CO, optimized
loss in electrochemical
CO, reduction; high
CO, utilization
on-buffer stationary
catholyte layer
Porous soudrﬁe“éﬁ‘cfl'ylmacm Revert to CO, on the 200 > 90 Recovery of CO, gas Larger ohmic drop [105]

porous solid
electrolyte

€O, gas
& Cathode catalyst
# Anode catalyst
Porous solid electrolyte (PSE)

for reuse without
mixing with anode O;
avoids the use of
additional gas
separation equipment;
energy required to
avoid the separation of
cross-CO, from oxygen

caused by larger solid
electrolyte layer
thickness; low ionic
conductivity between
cathode and anode

sembled with IrO, as anode and Cu catalyst as gas diffusion elec-
trode. Local regeneration of CO, is realized, which is similar to
the bipolar membrane structure, but avoids the undesired strat-
ification of BPMs. The CO, crossover was controlled within 15%
of the conversion product (Figs. 16e and f). The single CO, con-
version rate reached 85% at 100 mA/cm? combined with low flow
rate and low crossover, as shown in Fig. 16g. To address the previ-
ous limitation of only 25% single utilization of C,, in neutral elec-
trolytic cells, Xie et al. [153] designed an extremely thin cathode
layer model (SC layer, consisting of a commercial porous support,
material can be polyvinylidene difluoride (PVDF), poly tetra fluo-
roethylene (PTFE), polycarbonate (PC)) with the help of BPMEA, as
shown in Fig. 16h. A porous support layer (2cm x 2 cm, with dif-
ferent thicknesses) was placed on the cathode surfaces to achieve
thin cathode, which was sonicated for 15 min in a saturated ideal
electrolyte to degas before use. It is possible to limit the diffusion
path length of CO, to 10um, and this cathode layer could recover
CO, from the carbonate produced by the reaction, thus overcom-
ing the problem of reactant loss in the carbonate. The combination
of CuNPs cathode and IrO, anode achieves a single CO, utilization
rate of 78%, while the highest current density is up to 300 mA/cm?
(Figs. 16i-k). Wang et al. [105] reported a strategy of porous solid
electrolyte reactor, a MEA CO, cell was constructed by forming
a permeable ionic conductive sulfonated polymer electrolyte be-
tween AEM and PEM as a buffer layer with Ag nanowire as cathode
and IrO, as anode. The cross carbonate could be combined with
protons to form CO, gas again. Generated CO, could be recovered
by flushing porous solid electrolytes (PSE) layer with deionized wa-

14

ter. At the current of 200mA/cm?, the recovery of cross CO, and
FECO could reach 90%. Mandal et al. [81] assembled strongly acidic
CEL on polyelectrolyte layer by layer (LBL) containing polyacrylic
acid/polyallylamine hydrochloride (PAH/PAA) and formed a weakly
acidic layer with the function of cation exchanger, thus forming a
new type of BPM. The combination of LBL BPMs and weak acid
CEL in gas-supplied CO, electrolyte could inhibit HER activity and
increase FE. As shown in Fig. 17, the FECO of LBL BPMs is higher
than that of Nafion BPM. Its current density increases significantly
at high potential.

To sum up, the design and synthesis of BPMs materials have
an important impact on electrochemical reduction of CO,. There is
still plenty of room for designing more efficient BPMs. At the same
time, to improve the performance of CO, reduction electrochemical
cell, catalyst selectivity, electrolyte type and operating conditions
should be considered as a whole.

5. Conclusions and prospects

Electrochemical CO, capture is more convenient, sustainable
and efficient than non-electrochemical methods, which bipolar
membranes could play an important role in affecting acid/base
production, low ion crossover and resource recovery in the elec-
trochemical CO, capture process. This paper provides a detailed
review of the bipolar membrane electrochemical CO, capture and
transformation processes design with comparative discussions of
the types of membranes and device types. Table 3 summarizes the
development and comparison of different CO,RR reactor designs.
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(1) Make CO, capture and electroreduction more efficient and
selective. CO, process design are discussed in detail and the types
of membranes and devices are also compared. BPMED changes
the equilibrium absorption of CO, through pH oscillation. Com-
bined with mineralized substances in seawater, it has broad ap-
plication prospects for seawater desalination. However, membrane
fouling could not be ignored. The generation of non-conductive
phases such as CO, bubbles also leads to the increased overall re-
sistance and external power consumption. Therefore, it is neces-
sary to further optimize operating conditions and processes. De-
veloping bipolar membranes with higher rate for water dissocia-
tion and optimal membranes thickness is also important to solve
these problems.

As for the CO, reduction, the preparation of electrocatalysts is
undoubtedly extremely important for the selectivity of electrocat-
alytic reduction of CO, and the Faraday electrolysis efficiency of
the products. While designing the catalysts, the structure of dif-
ferent catalysts as well as the type of hybridization have impor-
tant effects on the performance of catalysts for CO, reduction. For
example, bimetallic catalysts have higher active sites and struc-
tural stability compared to monometallic catalysts, while the de-
sign of heterostructures also stimulates the mutual synergistic ef-
fect between metals to promote the kinetics of the reduction reac-
tion. Another important aspect is the design of the electrochemi-
cal reduction electrolyzer. The BPMEA has advantages such as low
ion crossover rate, stable cathode pH compared to other mem-
brane electrode (AEM/CEM). In terms of product selectivity, sup-
pression of unwanted HER generation could improve product se-
lectivity. In addition, the BPM has a lower cathodic potential us-
ing forward bias than reverse bias. Reverse bias could have better
water dissociation rate and CO,RR stability compared to forward
bias.

(2) Make CO, capture and electroreduction more facile and
safer. The BPM-based reactor avoids the use of toxic or expen-
sive chemicals for CO, capture by pH oscillation. Cheap, widely
available, nontoxic solutions are used as feedstocks, such as
sodium chloride and seawater. The modular stack reactor also
increases the ease of CO, capture. The BPM-based CO,RR re-
actor allows the use of inexpensive and widely available non-
precious metal anodes, which avoids the use of expensive precious
metal.

Overall, BPMs have great potential for bipolar membrane elec-
trodialysis and CO,RR electrolytic cells. The combination of bipolar
membrane electrodialysis for on-site independent CO, capture and
BPMs-based MEA electrocatalytic conversion of CO, to high value-
added products is highly desired to achieve the goals of green-
house gas reduction and sustainable energy, which may be a direc-
tion of exploration to combine the two into a continuous capture
and conversion flow device. However, further studies are needed
to understand their overall function. The structural modification
of the bipolar membrane, such as coating the cationic membrane
with polyelectrolyte or trying to expel CO, from the catalytic inter-
layer, could decrease cathode and anode layer decomposition and
swelling during the electrolysis of bipolar membrane and increase
the BPMs stability. In addition, the development of BPMs with high
water dissociation rates, low ion crossover, strong interfacial stabil-
ity and long lifetime is crucial for future electrochemical CO, cap-
ture and transformation.
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