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Electrochemical reduction of CO, to produce value-added products is a promising way to utilize CO5 in
the atmosphere. The anode side of the conventional carbon dioxide reduction reaction (CO,RR) system is
not fully exploited, significantly limiting the overall energy conversion efficiency and economic benefits.
In this review, we summarized and analyzed CO,RR-paired anodic reactions that can enhance the overall
commercial profit in four broad categories, including wastewater treatment, organic synthesis, the chlor-
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ide oxidation reaction and the convergent reaction. The existing scale, key factors for performance,
energy efficiency and suitability to combine with CO,RR for each type of anodic reaction are all systemati-
cally compared. Finally, a detailed description of the challenges and future directions of the coupling
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rsc.li/greenchem systems are also analyzed.

1. Introduction

Developing a renewable energy system is crucial to mitigate
the dilemma of sufficient energy supply and high CO, atmos-
pheric concentration. To overcome the discontinuity of renew-
able energy, finding an efficient way to restore renewable
energy and facilitate its storage and transportation is highly
desired.”® The electrochemical reduction of CO, driven by

School of Materials, Shenzhen Campus of Sun Yat-sen University, No. 66, Gongchang
Road, Guangming District, Shenzhen, Guangdong 518107, P.R. China.

E-mail: lichli5@mail. sysu.edu.cn, hejf27@mail.sysu.edu.cn

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3gc01215h

1 These authors contributed equally to this work.

Honglei Chen is currently a PhD
student at  Sun  Yat-sen
University, China. She received
her  Master’s degree  from
Guangxi University in 2022.
Currently, her research is super-
vised by Prof. Jingfu He. Her
research interests are HMF
electrocatalytic  chemical oxi-
dation and design of electrocata-
lysts.

Honglei Chen

5320 | Green Chem., 2023, 25, 5320-5337

renewable electricity can convert CO, and water into fuels and
valuable chemicals like hydrocarbons and alcohol, which is a
solid foundation of a recyclable energy system.”**

The selectivity of CO, reduction is strongly related to the
bonding strength of catalysts with CO,, CO and other inter-
mediate products.’®>' To enhance the activity and selectivity
of a specific product, researchers have tried different design
strategies for catalysts and electrolyzers of CO,RR.**7’
Catalyst-design strategies such as nanostructuring, alloying
and metal-organic coordination have been developed and
exhibit promising potential in tuning the selectivity of
CO,RR.'®?328744 T5 meet the needs of the reaction rate and
selectivity for industrialization, standardized gas phase flow
cell design is systematically studied, including the ion per-
meability membrane structure, gas flow, pH environment,
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cation concentration, and water management.*>>* In the elec-
trolytic cell for CO, reduction, 90% CO selectivity or 70% ethyl-
ene selectivity can be realized at a high current density of
1000 mA cm™>.>®> However, the whole cell voltage to support
200 mA cm™2 is still higher than 3 V due to the high potential
of the anode reaction, cathode reaction and mass transport.
The overall energy conversion efficiencies of the unique
systems nowadays are <40% at a current density of >200 mA
cm 2. Moreover, most of the products of CO, reduction can
also be produced from fossil raw materials with mature
technology and low prices.*® Therefore, the commercial appli-
cation of CO,RR is greatly hindered due to the low overall
energy efficiency and inconspicuous commercial products.

To realize the commercialization of electrochemical CO,RR,
the most crucial challenge is to improve the overall commercial
value of products per unit of electricity. At present, the traditional
anode reaction of CO, reduction is the oxygen evolution reaction
(OER) from water oxidation, with a theoretical potential of 1.23 V
vs. RHE and it yields a valueless product (O,). Notably, there is
another type of water oxidation reaction that undergoes a two-
electron process and generates high-value H,O, with a higher
theoretical potential of 1.76 V vs. RHE.>” However, this reaction
requires a very fine catalyst design, and the selectivity is currently
not ideal. Thus, a high voltage is required to drive the current
density of the CO,RR system to meet the commercialization
demand.”®®® To this end, it is necessary to seek an alternative
anodic reaction that can replace OER and can be coupled with
CO,RR to achieve considerable improvement in terms of energy
consumption and commercial value.

Two approaches attract significant attention, one is to
reduce the energy required for the anode reaction, and the
other is to enhance the value of anode products. For instance,
using wastewater treatment as an alternative anode reaction
can greatly reduce the potential required by the reaction. On
the other hand, synthesizing organic compounds, such as
alcohol oxidation, and inorganic compounds, like chlorine gas
production, can provide high-value products. It is worth noting
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that different anodic coupling reactions for cathodic HER have
been heavily studied,®**® and they can indeed provide a lot of
reference for the design of the anodic reaction of CO,RR.
However, due to the unique requirements of CO,RR on the elec-
trolyte environment and the influence of CO,RR on the electro-
Iyte composition, the design of alternative anodic reactions for
CO,RR has particular features compared with that in the HER
system. Due to the deficiency of research data and the great
potential of this research strategy, it is very urgent to systemati-
cally analyze the difficulty and practicability of various alternative
anodic reactions that are compatible with CO, reduction (typical
anode reactions are shown in Fig. 1). For instance, whether the
industrial scale of the alternative anodic reaction can support the
expected industrial scale of CO,RR in the future should be
pointed out. The compatibility and theoretical energy efficiency
of each anode reaction with the development of catalysts should
also be analyzed.

For this purpose, this article systematically analyzes how to
construct an economically efficient electrochemical reduction
system of an alternative anode reaction coupled with CO,RR.
We especially sort out the potential required to oxidize
different reactants, the market scale of different products, and
the reaction environment compatibility of the anode reaction
and CO, reduction. In addition, we further collate and analyze
the designs and possible development ideas of the convergent
coupling reactions. Finally, several standardized consider-
ations are provided for the design of paired anode reactions of
electrochemical CO, reduction for future research.

2. Reaction environment of the
CO5RR

The characteristics of an electrolyte (aqueous phase/non-
aqueous phase), such as pH, ionic species, buffer capacity and
mass transfer, are all important factors that can affect the
activity and selectivity of CO, reduction (Fig. 2). Therefore, a
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Fig. 1 Four typical types of alternative anode reactions of the CO,RR coupled system.

summary and analysis of the design of the CO,RR are required
to clarify the possible challenges in the coupling of different
anode reactions.

The concentration of CO, can significantly change the
activity and selectivity of the reaction.®® Thus, the solubility
and diffusivity of CO, should be carefully considered.
Compared with CO, dissolved in water, the diffusion coeffi-
cient is three orders of magnitude larger in the gas phase.®” As
a result, the flow cell mode is used in the actual industrial
design. Gas-phase CO, is used for mass transfer and a three-
phase interface could be maintained at the catalyst surface,
which helps rapidly replenish the consumed protons through
the electrolyte layer.>?

In the design of the membrane electrolysis cell, the reac-
tants and products of the cathode and anode will be effectively
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isolated and cannot be cross-mixed, but the membrane must
consume additional electrical energy when carrying current
through it. The alkaline environment of the CO,RR with an
anion exchange membrane can take advantage of the high
electrical mobility of OH™ in the aqueous phase and inhibit H,
evolution,”®”? so the alkaline environment is currently con-
sidered to be the best operating environment for the CO,RR.
However, the alkaline electrolyte may absorb CO, and form
bicarbonate, which can be sequentially transported across the
AEM and released as CO,.”>””> Other operating conditions are
urgently required to minimize energy consumption and maxi-
mize carbon efficiency, such as acidic environments. In this
situation, the highest electrical mobility across the membrane
can be provided by a proton exchange membrane and the CO,
dissolution in the electrolyte could be suppressed.”® Notably,
the CO,RR performance in the acidic electrolyte is inferior to
that in the alkaline electrolyte. For alkaline and acid electro-
Iytes, cations of high concentration are proven beneficial for
the CO,RR.””7° The organic electrolyte may be required for
some special requirements of the dissolution characteristics of
reactants and products. This type of electrolyte has unique
advantages in inhibiting hydrogen production and specific
products such as oxalic acid formation."®

Although the current electrolyte environment of the CO,RR
can be well compatible with the traditional OER, the compat-
ibility of the electrolyte environment needs to be comprehen-
sively considered when alternative reactions are used to couple
the CO,RR.

3. Waste treatment

Water contamination resulting from industrial and domestic
sewage is a serious sanitation problem (the global wastewater

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The influence factors of CO,RR performance, such as CO, solubility, CO, concentration, CO, diffusion coefficient, pH values and electrolyte

concentration.

production is 380 billion m® per year),® which contains
aromatic compounds, nitrogen-containing
pounds, fluorine-containing compounds, inorganic salts, dyes,
etc. Due to the high toxicity, high concentration, and complex-
ity of wastewater pollutants, it is difficult to remove them by
conventional methods. Thus, removing pollutants by electro-
chemical oxidation is environmentally-friendly and is an
effective strategy to mineralize non-biodegradable organics
completely.®’®® Recently, the strategy of combining CO,
reduction and wastewater treatment in a separate electrolytic
cell to reduce the overall input energy has been proposed.
Notably, many organic pollutants contain reductive functional
groups like hydroxyl and carbonyl, and many inorganic pollu-
tants contain non-metals of nitrogen and sulfur. Thus, these
pollutants are easy to electrochemical oxidize at a relatively low
potential compared with the OER, which has significant
advantages for the CO, coupling reaction. Unlike conventional
HER cathodes, the CO,RR requires a neutral or weakly alkaline
solution environment and has a strong influence on the elec-
trolysis environment due to the dissolution of CO, and the
production of liquid phase products. Furthermore, the degra-
dation of organic pollutants has the potential to in situ provide
raw materials for the CO,RR. As a result, unique designs for
the overall reaction environment and catalysts are required.
Kenis and coworkers proposed alternative anodic oxidation
of glycerol, which has great economic benefits.®* Waste gly-
cerol, as the byproduct of biodiesel production, usually con-
tains about 50% by weight of glycerol and other organic
matter.®® The anodic oxidation of glycerol to the product of
lactic acid has a theoretical electrode potential of ca. 0.25 V vs.
RHE, and the anodic oxidation of glycerol to glyceraldehyde
has a theoretical electrode potential of ca. 0.4 V vs. RHE.** In
their experiment, 2 M KOH + 2 M glycerol is used as the
anolyte, which successfully reduces the total reaction voltage
from 1.6 V to 0.75 V and reduces the energy input by 53% com-
pared to the combination of the OER and CO,RR (Fig. 3b).

various com-

This journal is © The Royal Society of Chemistry 2023

As the main pollutant of wastewater and human body
production,®>**®” nitrogen-containing compounds have high-
energy chemical bonds and are prone to produce other toxic
byproducts.®*®*® Therefore, replacing the OER with ammonia
or urea oxidation reactions (the AOR and UOR, respectively) for
electrochemical CO, utilization results in significant energy
savings.?*%° Klinkova and coworkers confirmed that using Pt/
Pt-based catalysts for the AOR and Ni/Ni-based catalysts for the
UOR could decrease about 0.2 V of the operating cell voltage
compared with the anodic OER in a two-compartment H-cell
divided by an AEM (Fig. 3). For AOR coupled with CO,RR, this
voltage advantage can be maintained at a high current density
after 3 hours (Fig. 3c). Notably, changing the electrolyte of the
CO,RR/UOR system from an aqueous to an organic solution
can not only improve the FE¢o from 90% to 93%, but also have
about a 0.2 V improvement in cell voltage (Fig. 3d). Even more,
if ECR (ECR represents electrochemical activation of R-Br fol-
lowed by the reaction with CO,) is replaced by the normal
CO,RR, the cathodic potential requirement would decrease up
to an additional 0.8 V.”*

Other kinds of substitutable anode reactants with signifi-
cant market benefits are dyes.””®> It is promising to degrade
such considerable dyes (such as 4-nitrophenol, acid orange 7,
crystal violet, etc.) by co-electrolysis with CO,. Using the above
pollutants as reactants on the anode side can reduce the
voltage by 0.2-1 V compared to the OER.°*'°! In terms of tra-
ditional dyes, the degradation efficiency is usually close to
100%. For example, in a co-electrolysis system of CO, and
p-nitrophenol, the current efficiency of the formate yield is
84.63% + 3.09% at an anode potential of 1.8 V.°° In addition,
the decomposition of 4-nitrophenol (60 mL, 10 mg L™") can be
as high as 99%, when coupled with the CO,RR, whose CH;0H
and C,H;OH production are 98.29 mmol L™" and 40.95 mmol
L' after 2 h.'% It can also be found that the contaminant
removal rate can be effectively improved by cleverly designing
the catalyst so that the electrode exposes more active sites. For

Green Chem., 2023, 25, 5320-5337 | 5323
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(@) The schematics and performance of the CO,RR coupled with the UOR, the AOR, the OER and glycerol/glucose oxidation. (b) The electro-

chemical reduction performance for CO,-to-CO on silver, coupled to O, evolution, glycerol electro-oxidation or glucose electro-oxidation at the

anode. (c) The total current density of the [CO,RR|AOR] electrolyzer as a

function of the cell voltage is shown for the fresh catalyst (solid blue line)

and after 1 h and 3 h of operation (fading blue lines). The shift is attributed to the catalyst poisoning effect. The reference plot for the [CO,RR|OER]
electrolyzer (black dashed line) does not shift during the experiment. Inset: individual electrode potentials as a function of total current density
(fresh catalyst). (d) The total current density as a function of the cell voltage for the cathodic CO,RR performed in both protic and aprotic environ-

ments coupled with the OER and UOR. The orange line presented that
reaction with CO;) decreased the cathodic potential requirement by up

ECR (ECR represents electrochemical activation of R—Br followed by the
to an additional 0.8 V. (a and c, d) Adapted with permission from ref. 91

Copyright © 2020, the Royal Society of Chemistry. (b) Adapted with permission from ref. 84 Copyright © 2019, Springer Nature.

instance, when increasing the amount of urea, the 3D gear-
shaped Cos;0, changed the morphology to the filled hexagonal
and nanoparticles decorated. The larger ECSA provides more
active sites so that the superior performance of 4-NP degra-
dation compared with other electrolytes and catalyst mor-
phologies is shown (Fig. 4)."°>'°" For acid orange 7 degradation,
the very high removal of both color (>99%) and TOC (& 92%)
could be reached, although its degradation may come with a
few main byproducts (oxalic and formic acids)."®> Another
common degradable dye is crystal violet (CV). After being
coupled with the CO,RR, the dye removal efficiency of 71.5 and
60.9% can be obtained in the KHCO; electrolyte at 2.8 V for
25 min.”® For the design of electrolytic systems for contaminant
degradation, it is necessary to pay attention to the applied
potential value and the sensitivity to different pH (Fig. 4h).
Despite these results, the strategy of combining CO,
reduction and wastewater treatment still meets many chal-
lenges. A gap between combining CO, reduction and waste-
water treatment in a lab and the industrial system is the
annual production and concentration of the waste. An ideal

5324 | Green Chem., 2023, 25, 5320-5337

reactant should be a byproduct of a very large-scale chemical
industry. Urea production is one of the key chemical indus-
tries, with an annual production of >100 million tons. It is
known that 25 million tons of urea wastewater containing
0.05-0.07 wt% ammonia and 0.5-1 wt% urea will be produced
yearly in China, where more than half of the world’s urea is
produced.'® Glycerol is a cheap byproduct of biodiesel and
soap manufacturing which has an annual production of 45

85,104,105 [

billion L and >2 million tonnes, respectively.
general, producing 100 kg of biodiesel yields approximately
10 kg of waste glycerol, containing about 50% by weight of gly-
cerol and other organic matters, including 1%-3% oil and
grease, 15%-18% methyl ester and 12%-16% soaps.®® These
two types of wastes have excellent potential for industrialized
degradation, and the possible CO, generation in the factory
may also be treated simultaneously at the system’s cathode.
The degradation of dye-like molecules has also been exten-
sively studied, and about 7 x 10” tons of synthetic dyes are pro-
duced worldwide.?® Inefficient textile dyeing processes may
cause 15-50% of dyes to be released into generated wastewater

This journal is © The Royal Society of Chemistry 2023
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The anode SnO,/CC catalyst shows a uniform nanosheet structure, which is good for CO;RR activity. (f) 4-NP degradation during carbon dioxide
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with a concentration of 300 mg L™".°>%* However, it is worth

noting that >100000 different dye molecules are used in
different commercial applications and not all of them have the
potential to support the CO,RR.

The concentration of waste can greatly influence the selecti-
vity of the oxidation reaction, and the exponential decay of
waste observed in experiments indicates that the oxidation
reaction rate is proportional to the waste concentration.'®® In
fact, the electrical energy required to reduce the concentration
of pollutants by one magnitude is generally the same, and the
OER is the main anodic reaction when the concentration of
the pollutant is low. In the aforementioned studies of combin-
ing CO, reduction and wastewater treatment, the concen-
tration of the pollutant is always chosen to be 1 mM-1 M to
support a pollutant degradation current density of >1 mA
cm2,10%106:197 The reality is that domestic and environmental
sewage contains many degradable substances, usually ca. 1 mg
L~".%¢ Considering such a situation, waste emitted from indus-
try with a high concentration rather than the low concen-
tration waste in the environment should be a more suitable
choice to couple with the CO,RR.

This journal is © The Royal Society of Chemistry 2023

The oxidation reaction of a considerable number of pollu-
tants can provide the same current density at a smaller overpo-
tential than the OER (Fig. 5). However, considering the overpo-
tential required to complete the reaction is still much higher
than theoretical values, optimizing the anode side of the reac-
tion cell is highly desired. The catalysts and electrolyte
environment of wastewater oxidation are developed based on
understanding the reaction mechanism. There are two reaction
pathways for the electrochemical water pollution treatment:
direct oxidation and indirect oxidation. In the direct oxidation
reaction pathway, pollutants will be adsorbed on the electrode
surface and sequentially react with the adsorbed OH radicals
generated on the electrode surface.'”® Indeed, Co-based cata-
lysts that can produce abundant OH* on the catalyst surface
are now commonly used in wastewater treatment. For the
indirect oxidation pathway, hypochlorite or other free radicals
are generated in the solution to drive the pollutants’ oxidation
further. This mechanism could explain that when KCl or
SO4>” is used as an anolyte, the removal rate of MO, acid
orange 7 and crystal violet pollutants can be improved.®”*%'°?
Importantly, the current research does not have a specific

Green Chem., 2023, 25, 5320-5337 | 5325
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evaluation standard for the coupling of pollutant removal and
CO, reduction, which makes it challenging to clarify the indi-
vidual contribution of different reaction conditions, pollutant
concentration, catalyst electrode and other factors. Moreover,
the time scale of the current related research is still relatively
short, and the stability of the catalyst under long-term work
also needs attention.

4. Electrochemical organic synthesis

Electrochemical conversion of organic reactants is a pathway
that has received much attention in the chemical industry. For
instance, the electrolytic dimerization of acrylonitrile was once
the most common industrial approach to producing adiponi-
trile.’® The chemical synthesis of C-H activation and the
addition of functional groups are also realized by electro-
chemical methods.""® Compared with the degradation of pol-
lutants, the control of the reaction conditions in organic
chemical synthesis needs to be finer because it is necessary to
ensure that the reaction products have considerable purity. At
the same time, organic chemical synthesis also needs to avoid
the complete oxidation of reactants to CO,. Hence, controlling
the catalyst and catalytic environment differs from pollutant
degradation.

Although the current experimental oxidation potential of
the alcohol oxidation still has inferior to the theoretical value,
the alcohol oxidation reaction in an aqueous solution usually
has very good selectivity compared to water oxidation and the
FE is ca. 70-95% at the start of the reaction (Fig. 6).'°7'"'?
The oxidation of secondary alcohols yielded the respective
ketones in exclusivity, whereas the oxidation of primary alco-
hols could produce aldehydes and/or carboxylic acids.
Berlinguette and coworkers focused on converting the CO,RR

5326 | Green Chem., 2023, 25, 5320-5337

at a copper-indium cathode and oxidative chemistry at a plati-
num anode with the redox mediator 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO). This study shows that the concomi-
tant oxidation of alcohol at a platinum anode could reach
>75% yield and the FE for the conversion of CO, into CO is
over 70%."%” Coupling the CO,RR with benzyl alcohol oxi-
dation to benzaldehyde also shows excellent application poten-
tial. The formation of benzaldehyde could be realized with the
simultaneous syngas generation with varying ratios of H, and
CO at the cathode, leading to the maximum energy efficiency
for an electrochemical cell of 17.6% with ~70% FE.'** Besides,
electrolysis of syringaldehyde and o-phenylenediamine oxi-
dative condensation to produce 2-(3,5-dimethoxy-4-hydroxy-
phenyl)benzimidazole can be coupled with the CO,RR.""> The
CO,RR can exhibit a FE¢o of 100% after 2 h of bulk electroly-
sis, and the syringaldehyde oxidative condensation product
was isolated and purified in 65% yield. Besides the organic
product with a benzene ring, researchers have tried the electro-
chemical reduction of CO, to CO paired with the electro-
chemical oxidation of 1,2-propanediol to lactic acid. This
exploration can decrease the energy consumption by ~35%
and increase the production value of the system, resulting in a
combined FE of up to 160% compared to the OER in the
anode.'"" Therefore, coupling the CO,RR and organic syn-
thesis is a feasible paired electrochemical process that maxi-
mizes energy efficiency by utilizing the energy input to form
valuable products on both sides of the electrochemical cell.
From an economic point of view, the price factors of raw
materials and synthetic substances also need to be carefully
measured as well as the industrial demand for products,
which are the factors that could affect the selection of the
anode reaction. For many popular anode raw materials like
alcohols, their derivatives are not significantly more expensive
or even cheaper than themselves, which greatly limits their

This journal is © The Royal Society of Chemistry 2023
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practical application value. This is supported by a systematic
analysis of the commercial viability of a series of organic oxi-
dation reactions,'®® in which the calculation of the compre-
hensive cost, depreciation cost and operating cost (including
labor, raw materials, etc.) is considered. The 5-hydroxymethyl-
furfural (HMF), as one of the essential intermediate biomass
products, is believed to be able to provide valuable
products.'®>"*'"™ HMF can be converted into various high-
value-added compounds such as 2,5-diformylfuran (DFF), di-
methylfuran, levulinic acid, 2,5-bisaminomethylfuran, di-
methylfuran, 2,5-furandicarboxylic acid (FDCA), etc. (Fig. 7).'*
In particular, the economic value of FDCA is very high, whose
market price is US$32-580 kg™, with great industrial appli-
cation potential. For instance, 2,5-furandicarboxylic acid
(FDCA) is a feedstock to produce renewable polymers such as
polyethylene 2,5-furandicarboxylate (PEF) as a promising
alternative to polyethylene terephthalate (PET) that has an
annual production of 50 million metric tons.'*®'*”

Besides the economic consideration, the development of
electrochemical organic oxidation still meets several chal-
lenges in terms of selectivity, high potential and/or low limited
current density due to the lack of understanding of the reac-
tion mechanism. Theoretically, alcohol oxidation has 1-1.5 V
more negative standard electrode potential than water oxi-
dation.®® However, recent experiments usually exhibit an ca.
300-500 mV negative shift of anodic current of alcohol oxi-
dation compared to that of water oxidation, which is much
lower than the theoretical expectation of 1-1.5 V. Considering
that many alcohols, such as benzyl alcohol, can be naturally
oxidized to aldehydes in an air atmosphere, the performance
of the catalyst still needs to be greatly improved. Therefore,
optimization of the complex reaction conditions (such as cata-
lysts and electrolytic environment) of organic oxidation is
needed (Fig. 7). The most common precious metal catalysts for

This journal is © The Royal Society of Chemistry 2023

HMTF oxidation include Pt, Au, Pd, and Ru, which can support
the conversion of HMF to a mixture of DFF and FDCA at a rela-
tively low overpotential of 0.1-0.2 V compared with the stan-
dard electrode potential of HMF oxidation of 0.3 V vs. RHE.
However, precious metal catalysts can only support a satur-
ation current below 10 mA cm™?, and the strong binding of
carbonyl species quickly poisons them. Transition metals of Ni
and Co, on the other hand, have very high overpotentials of ca.
1 V. However, the overall current is more significant than that
of noble metals, and the product can be mainly FDCA with
higher purity. Although the combination of HMF and the
CO,RR has been tried, the overall current and energy conver-
sion efficiency is relatively low.''* Further improvements in
catalyst performance are fundamental to realizing the com-
mercialization of HMF oxidation, which involves an in-depth
mechanistic understanding of the direct-indirect oxidation
pathway and the selectivity of the oxidation of alcohols and
aldehydes.

In addition to the HMF oxidation for the anode reaction,
the directional functionalization of some alcohols or alde-
hydes has also been widely studied, including valuable phos-
phorylated alcohols,'® the large-scale synthesis of tetrahydro-
pyran glycine,'* synthesis of biologically active piperidine
metabolites of clopidogrel,’*® etc. From this research, it is
found that the oxidation pathway can be regulated by the
branches or functional groups of organic compounds, which
provide a reference for the oxidation path of HMF. Complex
biomass-derived reagents such as syringaldehyde can also be
applied as anodic reagents.'"

To guarantee the successful combination of electrochemical
conversion of organic matter and the CO,RR, it is necessary to
pay great attention to the choice of the solution environment.
Many electrochemical conversions require an organic solution
environment, while the CO,RR generally uses an aqueous
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Society.

environment. This separation of organic/inorganic phases is
very important, and the ion permeation membrane and the
electrolytic cell configuration design will have additional
requirements.

5. Chloride oxidation reaction

The Chlor-alkali industry is an industrialized system that can
simultaneously produce hydrogen and other valuable chemi-
cals, such as chlorine gas and NaOH. Chlorine gas is an
important industrial raw material for pulp, pharmaceuticals,
sewage treatment, etc., with global production of 88 million
tons per year.””" In fact, the hydrogen produced in the Chlor-
alkali industry accounts for 4% of hydrogen production glob-
ally and dominates the commercial electrochemical hydrogen
evolution.

In the most common design of the membrane electrode
reaction cell, the input solution of the cathode is dilute salt
water, which produces hydrogen and NaOH simultaneously.
The input solution of the anode is saturated brine, and its
chloride ions are oxidized to chlorine gas. The sodium ions
could penetrate the membrane and enter the cathode side,
which plays the role of charge transfer. Although the reaction

5328 | Green Chem., 2023, 25, 5320-5337

of oxidizing chloride ions to chlorine gas requires a relatively
positive potential (1.36 vs. SHE) compared with the OER, the
high value of chlorine gas makes the entire reaction very
profitable.

The combination of the CO, reduction reaction and the
Chlor-alkali reaction in a laboratory is not difficult, which only
required to change the reaction environment of the cathode to
a CO,-saturated environment. Anna and coworkers proved that
in a coupled system, the NaHCO; electrolyte or NaCl electrolyte
saturated with CO, could support a CO faradaic efficiency of
>99% at a current density of <10 mA cm>.°" Sun and co-
workers confirmed in a flow cell with a catholyte of 2M
KHCO;, the outstanding performance of 100 mA cm™> and
99.3% faradaic efficiency can be realized at —1.10 V and
250 mA cm™? with 98.5% efficiency at —1.19 V.'** In a mature
coupling system of the Chlor-alkali reaction, Lu and coworkers
designed mesoporous catalysts that can be used in both cath-
odes and anodes (Fig. 8a).">* Amazingly, this coupled electroly-
sis system showed a 97% FE of CO at a cell voltage of ca. 2.5 V
and an 87% FE for ClO~ with a current density of 20 mA cm™.
However, it should be noted that FEo is not completely posi-
tively correlated with the potential and KCl concentration
(Fig. 8b and c). In their research, a reduction in cell voltage by
1.8 V and an increase in energy efficiency by 40% could be

This journal is © The Royal Society of Chemistry 2023
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obtained compared to the conventional system composed of
cathodic CO, reduction and anodic O, evolution (Fig. 8e). The
CO and Cl, produced by the system can be used to produce
phosgene, an acylating agent that can support many down-
stream high-value chemicals. Dai and co-workers have con-
structed a membrane electrolysis cell with cathode CO,
reduction and anode HCI oxidation."** This attempt allows the
cathodic current density to stabilize at 15.70 mA cm™> at
—2.241 V (vs. SHE) with a FE¢o of 92.23%. On the anode, the

This journal is © The Royal Society of Chemistry 2023

detected current density reached 2.53 mA cm™> at 1.36 V (vs.
SHE), with the FE of Cl, formation maintained at 82.5%.
However, for the industrialization of this coupled system,
energy efficiency and a long-term equilibrium state should be
carefully considered. As mentioned above, the best environ-
ment for the CO,RR nowadays is neutral to alkaline electro-
Iytes, and two different cell configurations can be schemed by
the choice of the PEM or AEM (Fig. 9). For both cell configur-
ations 1 (Fig. 9a) and 2 (Fig. 9b), the saturated anolyte of KCl
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is oxidized to chlorine gas, leaving the anolyte with excess K"
ions. In cell configuration 1 (Fig. 9a), these K" ions sequen-
tially penetrate the PEM and enter the cathode side to
combine with the HCO;~ formed by the CO,RR, which even-
tually leads to the precipitation of KHCO; in the cathode cell.
In cell configuration 2 (Fig. 9b), the HCO;~ formed in the
cathode cell is the carrier of charge to transport across the
AEM, resulting in the precipitation of KHCO; in the anode
cell. Indeed, a precipitation rate of 3.5 mmol and 7.1 mmol
were observed for the current density of 50 mA cm™> and
100 mA cm? in a cell configuration similar to configuration
1.122

Notably, the mobility of the cation carrier of K* and the
anion carrier of HCO;™ is about 5 times lower than that of H"
and OH", which leads to a high voltage of ca. 4 V across the
membrane at a high current density of 100 mA cm™2.%7:1%2

2C1" — Cl, + 2¢~

COy + (x—2y+2)H, O+ (x — 2y +4)e”
— CH,Oy + (x — 2y + 4)OH"

(x—2y+4)OH™ + (x — 2y + 4)CO, — (x — 2y + 4)HCO3~

To overcome the precipitation of bicarbonate salts and
enhance the carbon utilization ratio, an acid electrolyte
environment might be a better choice.”® In cell configuration 3
(Fig. 9c¢), we can keep replenishing the HCI electrolyte into the
cathode cell, in which the CO,RR will consume the proton,
and CI™ could be transported across the AEM and act as a reac-
tant for Cl, evolution. By this design, clean equilibrium can be
realized with efficient carbon utilization. However, the cost of
HCI might be a new consideration in this system. To further
reduce the cell voltage, the system can be designed with a PEM

5330 | Green Chem., 2023, 25, 5320-5337

and both the anode and the cathode operated in an acid
environment, as cell configuration 4 (Fig. 9d). In this design,
the HCI electrolyte is replenished in the anode cell, in which
ClI™ acts as the reactant for Cl, evolution, and H" will be trans-
ported across the PEM and consumed by the CO,RR.

COy + (x — 2y +4)H" + (x — 2y + 4)e” — CH,Oy + (2 — y)H,0

Although possible cell configurations can be deduced from
previous research and basic theory, combining the CO,
reduction reaction with the Chlor-alkali reaction still needs to
be deeply investigated. Unlike the HER as a cathodic reaction,
CO,RR-coupled chloride oxidation reactions accumulate
HCOj;™ instead of OH™ on the anode side when using the AEM
configuration (configurations 3 (Fig. 9c)), which is the un-
avoidable result of the CO,RR at the cathode. Therefore, the
specificity and environmental suitability of the cathodic reac-
tion, as well as the value accounting of the overall reaction,
need to be properly considered when designing the reaction
configuration. Cu catalysts are very sensitive to the electro-
chemical environment, and CI~ might significantly influence
the selectivity of the CO,RR. It is also crucial to improve the
activity and stability of RuO,-TiO, and Cu/Sn/Ag catalysts for
the acidic Cl, evolution and the CO,RR in configurations 3
and 4 (Fig. 9c-d). However, considering the large potential of
the actual reaction and the pH of the electrolyte, these factors
need to be considered when designing the catalyst.

6. Convergent reaction

The convergent reaction is very complex compared with the
reaction types mentioned above. In this design, the intermedi-

This journal is © The Royal Society of Chemistry 2023
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ate products of the anode and cathode could react to form a
more complex and valuable product, which is also the unique
advantage of using the CO,RR for the cathode. We should
keep in mind that the membrane structure in the electrolyzer
is against the high energy conversion efficiency due to the
large voltage bias across the membrane at a high current
density. Introducing a membrane in the electrolyzer is necess-
ary to avoid reverse/side reactions and simplify the purification
process. For a convergent reaction, the system should be care-
fully designed to ensure that the side reactions are minimized
to avoid the drawbacks of the membraneless configuration.

A very interesting attempt in CO, reduction research is the
convergent reaction of halide oxidation and CO, reduction
(Fig. 10). The Cl, and Br, products from halide oxidation could
further react with water and result in the formation of oxidants
HCIO or HBrO. HCIO and HBrO can react with C=C double
bonds, forming CH;-CH,ClO and CH;-CH,BrO. Classic
single-chamber cells designed by Zhong’s team allow the cata-
lytic intermediate, which comes from the cathodic CO,RR, to
be in situ brominated by Br, generated from the anode to

Heterogeneous reaction

(2)

View Article Online
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produce 2-bromoethanol.’*® This attempt not only overcomes
the limitations of CO,RR products (usually hydrocarbons and
oxygenates), but also makes the functional chemicals (chem-
istry and drug synthesis) brought by this continuous reaction
more economically attractive (BrCH,CH,OH of $21000 per
ton, CO of $1300 per ton, HCOOH of $1300 per ton, and C,H,
of $800 per ton). The results show that the onset potential of
producing 2-bromoethanol is around —0.72 V vs. RHE and the
maximum FE of converting CO, to 2-bromoethanol is 40% at
—1.01 V vs. RHE with a partial current density of —19 mA
em™2. In particular, the study showed the testing of different
kinds of electrolytes for the complex environmental impact of
the membrane-free electrolytic cell and confirmed that the
simultaneous presence of a bromine source and absence of a
membrane is a prerequisite to ensure full contact between Br,
and the intermediate for subsequent reactions. The halogen
ion oxidation at an anode cell can also oxidize catalysts for
homogeneous catalysis. Nam and coworkers used halogen ion
oxidation to further oxidize the Pd/C suspended particle cata-
lyst (Fig. 10)."*° It was observed that CO from the CO,RR and

Overall reaction formula
CO, + 2CH,0H —> (CH;0),CO + H,0

CO +2MeO™ + H,0

{ CO, + 2MeOH
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Fig. 10 Schematic and performance of the coupled system of the convergent electrochemical DMC synthesis reaction and the CO,RR. (a)
Schematic diagram of an all-in-one integrated electrolytic cell for the multistep coupling reaction to synthesize DMC. (b) Schematic of a multi-step
reaction to produce DMC involving M(0)/M(i), X~/X; redox pairs, and CO, reduction to CO. (c) The FEpmc results obtained by using different support-
ing electrolytes in the H-cell electrolytic cell with Pd/C as the anode under 12 mA cm~2. NaClO,4 was used to demonstrate electrolyte systems that
did not produce extra oxidants, and TBABr was used to exclude cationic influences. (d) FEpmc obtained by the multi-step reaction after pressurizing
methanol solution with different gases (CO,, CO, + CO, CO). Adapted with permission from ref. 126 Copyright © 2021, Nature Publishing Group.
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methanol in the solution can be assembled into dimethyl car-
bonate (DMC, $1207 million) with an FE of 57% at 12 mA
em ™2 (Fig. 10c). Br~ is the best halogen ion for this application
considering both the requirement for oxidation ability and
aqueous solubility of halogen molecules. When Br, is in the
environment where CO, and CO coexist, the FEpyc efficiency
is the highest (~68%) (Fig. 10d) because the presence of CO,
has the effect of inhibiting Br, loss and CO can be used as an
additional reactant to react with MeO~. Therefore, when
designing the convergent reaction of the single chamber elec-
trolytic cell, the pH environment, gas composition, the valence
state, fluidity, and halogen species in the electrolyte environ-
ment, especially for the anode side reaction, deserved special
consideration.

There are similar experimental designs that have the poten-
tial to be further developed into a convergent coupling reac-
tion. Sargent and coworkers reported that the reaction of the
obtained ethylene chlorohydrin hydroxide with hydroxide
could yield the desired ethylene oxide and regenerate CI~
(Fig. 11)."*” First, ethylene produced by the membrane elec-
trode of the CO,RR (anodic paired reaction is water oxidation)
is collected by a gas diffusion device, and then ethylene is sent
to an ethylene oxide flow cell for the synthesis reaction by
finely controlling the flow rate. The reported FE of these reac-
tions towards 2-bromoethanol and ethylene oxide are 40% and
45%, respectively, mainly limited by the ethylene selectivity of
the CO,RR. Notably, the oxidation of Br~ and Cl™ can effec-
tively stabilize final products and other CO,RR products, such
as CO, against further oxidation. It is worth mentioning that

5332 | Green Chem., 2023, 25, 5320-5337

this integrated coupling convergent reaction demanding sec-
ondary transport has quite high requirements for the selecti-
vity and conversion of gas in the first step.

There are also other reduced or oxidized free radicals that
can react with CO, or the intermediates of the CO,RR. For
instance, the reduction of organic halides,”* imines,"”® and
benzyl halides'® all can create free radicals that can directly
bind CO,. RyNX, CH3;CN or phenol can also be activated and
react with CO,RR intermediates to form cyanoacetic acid or
diphenyl carbonate.”®"*" It is worth noting that the conver-
gent is a very commonly used mode in electrochemical organic
synthesis, and many other potential reagents can be activated
to free radicals for future convergent reaction design."”>™*° At
present, the development of convergent reactions is still in a
very early stage. The selectivity and yield of products need to
be greatly improved, which requires great optimization of the
catalytic environment. This kind of reaction is no longer
aimed at primary products and has a stronger connection to
the fine chemical industry, which makes it more applicable to
the initial commercialization stage of the CO,RR.

7. Summary and perspective

Considering fuel and environmental sustainability, the
effective electrochemical strategy for CO, utilization is rapidly
evolving. Although the products of carbon dioxide reduction
have certain economic benefits, the overall energy efficiency
and added value are hindered since the anodic OER has a

This journal is © The Royal Society of Chemistry 2023
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high overpotential and produces no economic value product.
Selecting a suitable anode reaction to improve the overall
energy conversion efficiency or the commercial value of the
overall product is a very promising solution. In this review, we
have discussed and summarized the research status of several
potential alternative anodic reactions, including wastewater
treatment, organic synthesis, chlorine evolution and the con-
vergent reaction. These strategies can all effectively increase
the commercial output of CO,RR per unit of energy.
Wastewater treatment as an anodic reaction can effectively
reduce the input energy of the reaction without increasing the
cost of reagents. Organic synthesis as the anodic reaction has
the potential to simultaneously optimize the input energy and
output product value. Chlorine production as the anodic reac-
tion is a very mature industrial reaction with extremely high
production value. The convergent reaction is very complex and
challenging to control, but it has great potential to produce
some special fine chemical products. Despite these achieve-
ments, the current overall research is still in a very rough
stage, lacking guiding theories and systematic rules. For the
rapid development of related fields, we believe that there are
many aspects that need special attention and further
optimization.

(1) The market size of alternative reactions. In the early
stage of CO, reduction research and application, an anode re-
placement reaction can greatly reduce the energy requirements
and commercial benefits of the reaction. When designing this
reaction, it is necessary to consider whether the reaction can
be commercially profitable and the commercial scale of the
reaction. Industrial wastewater from some chemical plants can
provide very cheap anode reactants that can greatly reduce the
potential required for the reaction. For example, urea pro-
duction, soap production, and dye textiles can all produce
waste liquids or byproducts of about 10% of their annual pro-
duction of 1000-1 000 000 tons. It would be even more advan-
tageous if CO, is produced simultaneously in the factory and
can be treated with wastewater simultaneously. On the other
hand, the concentration of the anodic reactant in domestic
sewage is ca. 1 mg L™, which is significantly lower than that
in industrial wastewater (0.1-10 wt%). The low concentration
of contamination suggests a much lower catalytic current.
Therefore, it may not be suitable for domestic sewage treat-
ment to couple with CO, reduction. For the choice of organic
chemical synthesis as alternative anodic reactions, the price
difference between raw materials and products mainly needs
to be considered because raw materials are generally not
cheap. For example, alcohol oxidation, which is often studied,
is unlikely to achieve real commercial value. Compared to con-
ventional alcohol oxidation, the commercial value of biomass
oxidation is much higher. In the search for alternative reac-
tions, it should try to target the reactants with a larger scale,
higher concentration, and higher commercial value so that the
research results can be more specific to the future develop-
ment of the field. Industrially mature electrochemical reac-
tions are also worth considering. The scale of the Chlor-alkali
reaction is 88 million tons, which is even larger than those of

This journal is © The Royal Society of Chemistry 2023
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all the reactants mentioned above, and the commercial profit
of chlorine is very high.

(2) The optimization of the anodic reaction. When we
design alternative anodic reactions, there are requirements for
the catalytic properties of the anode. For wastewater treatment,
the pollutants should be completely oxidized, and for organic
chemical synthesis, it is necessary to ensure that the reaction
products have considerable purity. For all reactions, the energy
conversion efficiency should be optimized as high as possible.
It is worth noting that many reports use organic synthesis or
wastewater treatment as an alternative reaction and the poten-
tial is indeed reduced by 0.3-0.4 V compared to the OER.
However, theoretically, the potential of these reactions can
often be 0.8-1 V lower than that of the OER. This suggests that
the overpotentials of these reactions are even higher than that
of the OER. Reactions such as HMF oxidation are still in a very
early stage with the catalytic current on the order of mA and
the selectivity not optimized. These deficiencies require
intense research on the catalytic mechanism and catalyst
design, including the respective roles of non-precious metals,
noble metals, and catalytic electrolysis environments in the
catalytic system.

(3) Reaction compatibility issues. A mature electrochemical
synthesis system can form a stable ionic flow and a long-term
stable equilibrium by simply replenishing the reactants.
Unfortunately, most of the current research in the field of
alternative reactions has only tested short-term reaction
efficiencies and did not prove that these systems can operate
in the long term. For many potential organic oxidation types
of alternative reactions, utilizing an organic solvent environ-
ment may be necessary. This organic-inorganic hybrid system
will complicate the anti-corrosion design of the entire system.
Moreover, the ion-permeable membrane will be more prone to
instability as an organic-inorganic interface. At the same time,
there must be ion exchange between the anode and cathode in
the electrochemical reaction, and the current ion-permeable
membrane cannot prevent the penetration of small organic
molecules, which may affect the long-term operational stability
of the system. The current optimal alkaline reaction environ-
ment for CO, reduction easily leads to the formation, crossover
and precipitation of carbonate and bicarbonate, which directly
affects the long-term ion balance of the system. In a system
like the Chlor-alkali reaction, introducing the CO, reduction
reaction makes NaOH no longer a product, which greatly
reduces the commercial output of the entire system. Thus,
switching from HER to CO,RR in the Chlor-alkali system may
even lower the total commercial profit and prevent people
from making such an attempt. When designing relevant
responses, we should pay close attention to compatibility
issues to provide a reference for future industrialization
development.

(4) Establishment of evaluation criteria. Different from the
evaluation index of traditional electrolysis systems (the voltage
when the current density reaches 10 mA cm?), there is no
unified evaluation standard for the anode of the carbon
dioxide coupling system. For the anodic reaction of pollutant
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degradation, most of the work only focuses on the changing
rate of pollutant concentration at a certain current, and com-
pletely ignores the overall energy conversion efficiency.
Moreover, the final degradation product is not determined in
many research works, which can have a great impact on the
current efficiency. To better compare the catalytic system, we
need to clarify the potential and current relationship of the
anode reaction. For organic synthesis, it is necessary to clarify
the overpotential and selectivity at standard currents such as
10 mA cm? and 100 mA cm > to determine its potential for
coupling with the CO,RR.

(5) Other possible anodic reactions. In addition to the
above four reaction categories, there are many anodic alterna-
tive reaction strategies that can be further developed. In
addition to the treatment of pollutants in aqueous solution
systems, gaseous pollutants such as H,S can also be used for
anode reactants.**'3” Besides small organic molecule syn-
thesis, anode reactions for polymeric growth can significantly
reduce the potential required for reactions and provide high-
value anode products.'®® Apart from the valuable chemical of
Cl, from chloride oxidation, the high-value chemical H,0, can
also be produced from anodic water oxidation to improve the
overall reaction product value.®® In general, all electrochemical
anodic reaction systems that can reduce system operating costs
or increase the product value have the potential for further
analysis.
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