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Coupling electrochemical CO, reduction
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Converting CO, into chemicals using renewable electricity provides a promising avenue to realize

carbon neutrality. Substituting the anodic oxygen evolution reaction by thermodynamically more

favourable oxidation reactions with value-added products can significantly lower the cell voltage and
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enhance the output value of overall CO, electrolysis. In this review, we summarize the up-to-date
breakthroughs in electrochemical systems featuring the CO, reduction reaction (CO,RR) coupled with
various anodic oxidation reactions. Moreover, major challenges with possible solutions and future

prospects in this field are pointed out, which are expected to benefit researchers and propel this
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1. Introduction

The global environmental issues and energy crisis are driving
us to substitute traditional fossil fuels with green energy
sources. Among the various emerging techniques, electro-
chemically converting CO, into value-added feedstocks can
not only store renewable electricity in chemical bonds but also
promote the natural carbon cycle, and therefore holds potential
for realizing carbon-neutrality. Currently, great efforts have
been devoted to developing efficient catalysts with excellent
Faradaic efficiency (FE), high current density, and low over-
potential for the electrochemical CO, reduction reaction
(CO,RR)."™ However, although remarkable catalysts with
near-unity FEs and close-to-zero overpotentials have emerged,
energy utilization is still far from satisfactory considering the
whole electrolysis. For instance, according to the Hess law, the
energy consumption for CO, reduction to CO/HCOOH only
takes a small part in the overall CO, electrolysis where the
oxygen evolution reaction (OER) with a theoretical potential of
1.23 V versus reversible hydrogen electrode (vs. RHE) is usually
adopted as the anodic reaction.
Cathode:

CO,(g) + Hy(g) — CO(g) + H,O(])

(AG® =20.1 k] mol ™ *; E° = —0.106 V) (1)
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coupling strategy to industrial applications.

CO,(g) + Hy(g) - HCOOH(l)

(AG°® = 33.0 k] mol™%; E® = —0.199 V) (2)
Anode:
H,O(l) - Ha(g) + 1/20,(g)
(AG® = 237.1 k] mol™%; E® = 1.23 V) (3)
Overall:

CO,(g) — CO(g) + 1/205(g)

(AG° =257.2 k] mol™%; E® = 1.34 V) 4)

CO,(g) + H,0(l) > HCOOH(g) + 1/20,(g)
(AG® =270.1 k] mol '; E° = 1.43 V) (5)

Intuitively, the cathodic reduction of CO, to CO and HCOOH
only takes 7.81% and 12.2% of the total energy consumption
for overall CO, electrolysis, respectively, whereas the anodic
OER consumes the vast majority of the electricity. In addition,
the anodic product O, is of little value. To increase the energy
utilization efficiency, many alternative reactions have been
employed to replace the unsatisfactory OER (Table 1).” Briefly,
these reactions can be divided into three categories (Fig. 1). The
first category includes reactions thermodynamically more
favourable than the OER that can effectively reduce the cell
voltage. For example, ammonia, urea and hydrazine oxidation
reactions (denoted as the AOR, UOR, and HzOR, respectively)
have been substituted for the OER in water splitting owing to
their significantly lower theoretical potentials (0.06, 0.37 and
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Table 1 Alternative anodic oxidation reactions for the OER in CO, overall
electrolysis

Redox
potential
Anodic oxidation reaction (V vs. RHE)
OER H,0 — O, + 4H" + 4e~ 1.23
Category I 2NH; + 60H — N, + 6H,0 + 6e 0.06
CO(NH,), + 60H™ — CO, + N, + 5H,0 +  0.07
6e
N,H, + 40H — N, + 4H,0 + 4e~ —0.33
Category II 2C1" — Cl, + 2e” 1.36
2H,0 — H,0, + 2H" + 2¢~ 1.76
Category CH3;OH + 30H  — HCOO + 3H,O +2¢  0.11
I C3HgO3 + 110H™ — 3HCOO™ +8H,0+8e~ 0.14
CeH1,06 + 20H™ — C¢H;,0, + H,O +2¢  0.90
Ce¢HeO3 + 60H™ — CgH,05> +4H,0 +4e~  0.30
S —» S+2e —0.48
2HS™ +20H™ — S, +2H,0 + 2e~ 0.14
Category| Category lll  Category I
{ I 000000000 Y
1
: Ammonia, Cl-— Cl, |
| urea, and H,0 — H,0, :
: hydrazine |
e 1
| oxidation i
' )
' )
N L __ S _ __ _ /

Thermodynamically more Producing value-added
favourable than OER chemicals

Fig. 1 Different categories of alternative anodic oxidation reactions.

—0.33 V vs. RHE for the AOR, UOR, and HzOR, respectively) to
markedly cut down the applied cell voltage.'®™* Although no
value-added products are obtained, these sacrificial agent-like
oxidation reactions can be adopted to eliminate pollutants in
waste water.">*

Oxidation reactions featuring no superior theoretical
potential but value-added products (Category II) have also been
employed as the anodic side of full electrolysis. A representative
is water oxidation to H,0, (2H,0 — H,0, + 2H' + 27,
E° = 1.76 V vs. RHE). Albeit this two-electron process requires
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a higher potential by 0.53 V than that of the OER, the price of
H,0, (~$560 per ton) is about 14 times as high as that of O,
(~$40 per ton), making this substitution economically viable.”
As the most attractive substitutions for the OER, selective
oxidation of small organic molecules such as alcohols, alde-
hydes, and amines (Category III) enables simultaneous voltage
reduction and value-added chemical production.">° The mar-
ket prices of the raw materials and products for these alter-
native oxidation reactions are summarized in Table 2.7
Evidently, the added values and the electricity output (added
value per electron) for the alternative oxidation reactions are all
times higher than that for the OER. In particular, the conver-
sion of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic
acid (FDCA) holds the highest added value of up to $30970 per
ton, suggesting its tremendous superiority compared with
the OER.

Currently, increasing efforts are being devoted to coupling
the above reactions with the CO,RR to fabricate an energy-
efficient full electrolyser. Although several reviews on alterna-
tive anodic reactions coupled with the hydrogen evolution
reaction (HER) have been reported, the case is much different
in CO, electrolysis considering the electrolyte choice, mass
transfer, electrode design, cell structure, etc.>">* This review
starts with a brief introduction of different types of anodic
oxidation reactions. Subsequently, we will present up-to-date
progress in alternative anodic reactions that have already been
or hold the potential to be applied in CO,RR coupling systems,
with elucidation of the structure-performance relationship.
Finally, we will systematically discuss the challenges and pro-
spects for CO,RR coupling systems regarding the design of
electrocatalysts and electrolysers for guidance on propelling
this technique towards industrial applications.

2. Recent advances in coupling the
CO5RR with alternative anodic
reactions

2.1. Category I

N-containing species such as ammonia and urea are major
pollutants in industrial and agricultural wastewater, the exces-
sive emission of which will not only lead to the eutrophication

Table 2 Economic comparison between the OER and alternative oxidation reactions

Market price of the raw

Market price of the Added value Added value per

Raw material material ($ per ton) Product product ($ per ton) ($ per ton) electron ($ per (ton e))
H,0 0.6 0, 40 39.4 9.8
H,0 0.6 H,0, 560 559.4 279.7
NaCl 68 Cl, 822 754 377
CH;0H 340 HCOOH 970 630 157.5
CH;CH,OH 610 CH;COOH 680 70 17.5
C3HgO; (glycerol) 970 C3He0; (lactic acid) 1580 610 305
C5H,0, (furfural) 1170 C5H,0; (2-furoic acid) 6230 5060 2530
CeHgO3 1030 CeH,4O5 (2,5-Furandicarboxylic 32000 30970 5161.7
(5-Hydroxymethylfurfural) acid)

CeH1,05 (glucose) 315 CeH1,07 (gluconic acid) 644 329 164.5
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of water and destroy the river and lake ecosystems, but also
threaten drinking water safety. Classical methods to decom-
pose these pollutants are based on chemical oxidation
reactions using toxic and hazardous reagents, which are not
preferred given the increasing environmental and economic
requirements. Electrochemical oxidation of N-containing pol-
lutants provides appealing routes to remedy the above issues.
The pollutants can be transformed directly by current on the
electrode surface or indirectly by active radicals in situ gener-
ated during electrolysis, rather than hazardous chemicals.
However, in spite of their low theoretical potentials, both the
AOR and UOR involve 6e -transfer processes (2NH; + 60H™ —
N, + 6H,0 + 6e; CO(NH,), + 60H~ — CO, + N, + 5H,0 + 6e7),
and thus suffer from sluggish kinetics. Accordingly, developing
highly efficient catalysts is essential for the energy-efficient
CO,RR-AOR and CO,RR-UOR couple at an industrial current
density (>100 mA cm™?).

According to the dehydrogenation degree of N intermediates
in the N-N coupling step, there are two possible pathways for
AOR: (1) the adsorbed ammonia undergoes continuous dehy-
drogenation steps and the N-N coupling step occurs between
two *N species; (2) the N-N coupling step occurs between two
incomplete dehydrogenated *NH, species followed by further
dehydrogenation of *N,H, species (x = 1-3 and y = 2-5).>*?°
Pt-based catalysts have shown excellent activity in the AOR. The
introduction of Ir and Ni into the Pt lattice can decrease the
energy barrier of dehydrogenation of *NH, to *NH and the rate-
determining step (RDS) on the Pt surface via elevating the d-
band centre for enhanced *NH adsorption, thereby accelerating
the reaction kinetics and reducing the overpotential.>>¢
Recently, Ni catalysts have been investigated for the cost-
effective AOR. Xu et al. reported a bimetallic NiCu catalyst that
could achieve 80% removal of ammonia in 500 ppm NH;
solution.>” Almomani et al. reported that an in situ formed
Ni(OH), layer over NiO endowed the NiO-TiO, composite
catalyst with over 90% removal of N in wastewater with a low
ammonia concentration of <100 ppm.*®

Although inspiring progress has been made in the AOR, the
development of CO,RR-AOR full electrolysis remains imma-
ture. Klinkova’s group evaluated the CO,RR-AOR couple featur-
ing an Ag/C cathode and Pt/C anode in an H-type cell.*’
Compared with the CO,RR-OER, the cell voltage decreased by
0.78 V at a current density () of 0.1 mA cm ™ with the addition
of 1 M ammonia in the anolyte. However, the improvement
shrank to 0.32 V when j was increased to 10 mA cm ™. Besides,
the Pt/C catalyst got poisoned easily due to the overstrong
adsorption of *N-species, and showed no activity towards the
AOR after a four-hour test.

As shown above, in addition to the low solubility of CO, in
aqueous solution (~34 mM under ambient conditions), the
poor mass transfer efficiency over both the anode and the
cathode in commonly used H-type cells heavily hindered
the electrocatalytic performance of the CO,RR-AOR couple.
To overcome the mass transfer limitation, a flow cell with a
cathodic gas diffusion electrode (GDE) was fabricated. Both the
anolyte and catholyte flow in the flow field immediately remove

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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the products and refresh the electrolyte near the electrode,
thereby exposing active sites with a high-concentration of local
ammonia and CO,. Moreover, the cathodic GDE helps to
construct a three-phase interface composed of electrode-
water-CO,, which prominently enhances the contact between
the catalyst and CO, and thus boosts the current density (a
more detailed discussion is presented in Section 3.2). Choi et al.
successfully coupled the CO,RR with the AOR in a closely
packed gas diffusion electrolyser consisting of a Au cathode
and a Pt/C anode (Fig. 2a).>° The cell voltages of the CO,RR-
OER and CO,RR-AOR were 3.0 and 2.0 V at 10 mA cm 2,
respectively, and the disparity increased to 1.5 V at 50 mA cm ™2,
demonstrating the boosted energy efficiency for the CO,RR-AOR
couple in a gas diffusion electrolyser (Fig. 2b). Moreover, the H,/
CO ratio of the cathodic product syngas could be optimized by
changing the NH; concentration in the anolyte (Fig. 2c). However,
a similar activity decrease was also observed for anodic Pt/C in
this work. In addition, it should be pointed out that these
reported CO,RR-AOR couples require an extremely high concen-
tration of ammonia to markedly reduce the full cell voltage,
whereas the concentration of NH; (calculated by N mass) in
domestic or agricultural effluents is usually below 100 mg L™,
equal to approximately 7 mM NH;, which means that extra NH;
enrichment procedures are demanded for the wastewater before
being applied in the CO,RR-AOR couple. Therefore, highly active
catalysts that can efficiently convert low concentrations of NH;
with a prolonged lifetime are crucial for the utilization of the
CO,RR-AOR technique.

For the UOR, apart from the dehydrogenation N-N coupling
steps, it also involves the breakage of the C-N bond before the
formation of N,.*' Jiang et al. found that on O-incorporated
NiMoP nanotube arrays, the last dehydrogenation step from
*CONHN to *CON, and subsequent C-N dissociation of *CON,
into *CO and N, were the slow steps for the UOR, whereas the
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Fig. 2 (a) Schematic illustration of the CO,RR-AOR couple in a gas
diffusion electrolyser. (b) Voltages at different current densities in 0.5 M
KHCOg3 (BK) or 0.5 M KHCO3 + 2 M NH3 (BK + 2 M NHj3). (c) H,/CO ratio of
syngas as a function of the NHs concentration at 10 mA cm~2. Reproduced
with permission from ref. 30. Copyright 2022, Elsevier Ltd.
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other steps were all spontaneous.' In an electrolyte containing
1.0 M KOH + 0.5 M urea, a potential of merely 1.41 V vs. RHE
was required to deliver a j value of 100 mA cm ™2, 340 mV lower
than that of the OER, indicating the improved energy efficiency
for the UOR. Besides, the result of long-term electrolysis
revealed that the current density slightly dropped from 20 to
17.5 mA cm™ > after 40 h of the UOR, implying the fine stability
of the catalyst. Recently, Clark et al. investigated the feasibility
of coupling the CO,RR with the UOR using Sn wire and a NiFe
film as corresponding electrodes.>” The voltage of the full
electrolyser was reduced by the addition of 0.25 M urea in the
anolyte, and the FE of the CO,RR was even slightly higher than
that of CO, coupled with the OER.

Hydrazine is also a pollutant in wastewater, and many
efforts have been devoted to the development of efficient HZOR
catalysts. HzOR involves 4-e~ transfer with extremely low the-
oretical potential (N,H, + 40H™ — N, + 4H,0 + 4e™; E° =
—0.33 V vs. RHE), which is beneficial to reduce the full cell
voltage when employed as the anode reaction. Zhu et al
fabricated a Ni/C hybrid nanosheet array catalyst for efficient
HzOR.'® DFT calculation results revealed that the Ni sites in the
hybrid catalyst favoured the dehydrogenation of N,H, to
N,, thereby enhancing the HzOR performance. Shi’s group
reported an unusual HzOR pathway on the CoP/NiCoP hetero-
genous interface featuring the cleavage of the N-N bond before
dehydrogenation with a reduced energy barrier."* As a result, a
potential of merely 0.09 V vs. RHE was required to deliver
200 mA cm™> current density for HzOR by the optimized
catalyst in 1.0 M KOH + 0.1 M N,H,, 1.54 V lower than that
for OER by RuO,. However, the CO,RR-HzOR couple has not
been reported, to our knowledge. In fact, we can only find
limited literature that has reported the successful coupling of
the CO,RR with the above water pollutant degradation reac-
tions, whereas the latter have already been employed to couple
with the hydrogen evolution reaction (HER). The main reason
is that the CO,RR performance is closely influenced by
the catalyst activity, gas-liquid-solid interfacial mass transfer,
electrolyte types, etc., much more complicated than the case of
water splitting. Moreover, the requirement of high concentra-
tions of pollutants to significantly reduce the full cell voltage
leads to extra energy-consuming preconcentration of waste-
water. Accordingly, further techno-economic analysis is
required to evaluate the coupling of the CO,RR with Category
I reactions, and developing highly active catalysts that can deal
with low concentrations (ppm level) of pollutants may address
the issue.

2.2. Category II

The chlorine oxidation reaction (COR) is one of the most crucial
chemical industrial techniques as the products Cl, and CIO™
are important feedstocks in the pharmacy, disinfection, and
rubber industries. Coupling CO, reduction to CO with the COR
enables simultaneous production of CO, KHCOj3, and Cl, with
100% atom economy theoretically (3CO, + 2KCl + H,O — CO +
2KHCO; + Clp). For example, Guo et al. have successfully
assembled a carbon black supported Ni catalyst cathode and

344 | Mater. Chem. Front., 2024, 8, 341-353
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Fig. 3 (a) Schematic illustration of the flow cell for the CO,RR-COR
couple. Reproduced with permission from ref. 33. Copyright 2020, Elsevier
Ltd. (b) Linear sweep voltammetry curves and (c) cathode energy efficien-
cies for the CO,RR coupled with the COR or OER. Reproduced with
permission from ref. 34. Copyright 2022, Elsevier Ltd. (d) CO, emission and
economy evaluation via total cell efficiency, mitigation efficiency, the
weight of CO, reduced per kWh electricity consumption, and energy cost
on the basis of per kWh electricity consumption for the CO,RR-COR
couple in seawater. Reproduced with permission from ref. 35. Copyright
2021, John Wiley & Sons, Inc.

commercial dimensional stable anode in a gas diffusion elec-
trolyser for the efficient CO,RR-COR (Fig. 3a).>* High FEs of up
to 98.5% and 75.2% were achieved at 250 mA cm ™2 for CO,RR-
to-CO and COR-to-Cl,, respectively. Lu’s group introduced
ordered mesoporous structures into cathodic Ni-N-C and
anodic Coz0, catalysts to enhance the activity of the CO,RR-
COR couple.* The improved mass transfer owing to the
ordered mesoporous structure effectively boosted the current
density. Moreover, the cell voltage was sharply reduced from 4.5
to 2.7 V to achieve 20 mA cm ™ with the substitution of the OER
with the COR (Fig. 3b), and the energy efficiency (EE) for the
cathode was increased by 40% (Fig. 3c). Qiu’s group have
evaluated the economy and the net reduction of CO, for the
CO,RR-COR using seawater as the electrolyte, and the results
suggested a total cell efficiency for producing CO and Cl,
exceeding 100% without extra CO, emission (Fig. 3d).>* The
above work demonstrates the huge potential and viability of the
SCO,RR-COR couple in the industrial process.

H,0 oxidation to H,O, rather than O, is attracting increas-
ing interest. Although the theoretical potential for H,0, for-
mation (1.76 V vs. RHE) is higher than that of O, (1.23 V vs.
RHE), 2-e” transfer of the H,0, evolution reaction makes it
more dynamically favoured than the OER. However, no work
has been reported focused on coupling the CO,RR with the
H,0, evolution reaction to date. The Wang group found a CO,/
carbonate mediated electrochemical H,O oxidation for high-
performance H,0, production.*® The carbonate ions could
steer the 4-e~ pathway to 2-e~ through carbonate radicals and
percarbonate intermediates. Consequently, an industrial scale
current density of up to 1.3 A cm™ > was achieved with an H,0,
FE of 70% in the K,COj; electrolyte. This inspiring result

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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indicates the possibility of coupling the CO,RR with H,O
oxidation to H,0, in the anion exchange membrane (AEM)
electrolyser where in situ formed CO;>~ in the cathode can
migrate to the anode to help boost the formation of H,0,.

2.3. Category III

Methanol is a main product in methane conversion and an
important building block for the chemical industry. Selective
oxidation of methanol to formic acid (formate) is desired given
the large disparity in prices of methanol (~$200 per ton) and
formic acid (~$600 per ton). Wei et al fabricated CuO
nanosheets on Cu foam for the efficient methanol oxidation
reaction (MOR) (Fig. 4a).’® A high FE,rmace Of Up to 95% was
achieved for the MOR, and the potential was decreased by
250 mV to achieve a current density of 10 mA cm > compared
with that for the OER. Besides, mesoporous SnO, on carbon
cloth was prepared for the efficient CO,RR with 81% FE¢omate-
For the CO,RR-MOR couple, it required only 0.93 V to deliver a
current density of 10 mA cm ™2, which was 500 mV lower than
that for the CO,RR-OER. Another work by Cao et al. presented a
CO,RR-MOR full electrolyser equipped with Bi- and Ni-metal-
organic framework-derived catalysts as the respective cathode
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Fig. 4 (a) Schematic illustration of the CO,RR-MOR couple. Reproduced
with permission from ref. 16. Copyright 2020, John Wiley & Sons, Inc.
(b) Cathodic and anodic FE¢omate Of the CO,RR-MOR couple using Bi- and
Ni-MOF-derived materials as corresponding electrodes. Reproduced with
permission from ref. 17. Copyright 2021, John Wiley & Sons, Inc. (c) In situ
Raman spectra and the (d) proposed reaction pathway for the MOR on
CuSn alloy. Reproduced with permission from ref. 15. Copyright 2022,
Elsevier Ltd. (e) Polarization curves (inset shows the MEA scheme) and
(f) voltage-dependent FE (inset shows the corresponding i-t curves) for the
CO,RR-MOR in an MEA electrolyser. Reproduced with permission from
ref. 18. Copyright 2023, American Chemical Society.
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and anode."” A current density of 27 mA cm™> was achieved at a
cell voltage of 3.0 V with a FE¢,mate 0f ~100% at both electro-
des (Fig. 4b). Lan’s group successfully integrated metallo-
porphyrin (Ni) and Nig clusters in PCN-601 as a bifunctional
electrocatalyst for the CO,RR-MOR couple.’” The Ni site in
metalloporphyrin served as the active centre for the CO,RR to
CO, while the Nig cluster acted as the site for the MOR to
formate. Consequently, high FEco and FEgymate values of
over 90% were obtained at 2.2 V with a current density of
7 mA cm 2. Nevertheless, the current densities above are too
low to meet industrial requirements. Recently, our group
developed a bifunctional CuSn alloy electrocatalyst with a
hierarchical structure for the CO,RR-MOR couple at a high
current density.’® In an H-type cell, the CO,RR-MOR couple
delivered a current density as high as 125 mA cm ™2 with near-
unity FEformate at both sides, corresponding to a formate
production rate of up to 3313 umol h™' em™>. Such a strategy
contributed to a reduction in energy consumption by 40% for
formate synthesis. Moreover, in situ Raman spectroscopic
results revealed that the CH;OH adsorbed on the catalyst
surface via an O atom followed by a series of dehydrogenation
steps to form an *OCH intermediate. Subsequently, *OCHO
was generated through the addition of an O atom from the
OH group to *OCH and then desorbed from the CuSn alloy
surface for formate formation (Fig. 4c and d). This reaction
pathway was also verified on partially pyrolyzed Ni-organic
frameworks."® The in situ formed NiOOH sites were conducive
to O-H activation and thus promote the oxidation of methanol
to formate. In a zero-gap membrane electrode assembly (MEA),
the CO,RR-MOR couple exhibited an excellent performance of
~500 mA cm ™2 at 2.2 V with over 90% FEs for both CO,RR-to-
CO and MOR-to-formate, ranking top among the up-to-date
CO,RR-MOR systems (Fig. 4e and f).

Electrochemical upgrade of biomass-derived materials such
as glycerol, furfurals and glucose into useful chemicals is
thermodynamically more favourable than the OER owing to
the -CHO and —-OH groups. Glycerol is a massive byproduct of
the transesterification process for biodiesel and soap produc-
tion, and it is profitable to upgrade glycerol into other chemi-
cals through the glycerol oxidation reaction (GOR). Verma et al.
performed a techno-economic analysis of cradle-to-gate CO,
emissions of the overall CO,RR process using grid electricity,
and the result indicated that only HCOOH could be produced
in a carbon-neutral or -negative manner when the OER was
employed as the anodic reaction.® As a step further, they found
that using the GOR on Pt black at the anode lowered the onset
potential for the overall CO, electrolysis by 0.85 V, contributing
to an energy consumption reduction of 53%, which drastically
reduced the operating costs and carbon footprint of CO,
electrolysis and thereby made the production of CO, C,H,,
and CH3;CH,OH become carbon-neutral, strongly evidencing
the economic viability of the CO,RR-GOR couple. However,
there are various products for the GOR such as glyceraldehyde,
glycerate, lactate, glycolate, formate, and carbonate, resulting
in poor selectivity. A flow cell consisting of a Bi/C cathode and
Pt/C anode has been reported for coupling the CO,RR with
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Fig. 5 (a) Schematic illustration of the electrolyser featuring CO,RR-to-
CO coupled with GOR-to-formate. Reproduced with permission from ref.
40. Copyright 2022, Elsevier Ltd. (b) Coproduction of syngas and glycer-
aldehyde using the CO,RR-GOR couple. Reproduced with permission
from ref. 41. Copyright 2020, John Wiley & Sons, Inc.

the GOR.>* While a high formate concentration of 18 g L ~*
was obtained by the cathodic CO,RR with over 80% FE at
200 mA cm %, a low FE of ~20% was delivered for formate
by the anodic GOR owing to the severe overoxidation evidenced
by the high FE of up to 40% for the carbonate product.
Wang et al. constructed an F, N co-doped carbon nanosheet-
supported Ni single atom cathode and carbon cloth-supported
CoSe, anode to couple the CO,RR with the GOR (Fig. 5a).*
A long-term continuous electrolysis of 400 h was achieved at
100 mA cm ™2 with both the cathodic FE¢ and anodic FEgormate
kept over 90%. Apart from formate, another useful chemical
glyceraldehyde was selectively generated at the anode of the
CO,RR-GOR by Reisner’s group.?’ They reported a hybrid
assembly based on a (2,2,6,6-tetramethylpiperidin-1-yljoxyl
electrocatalyst modified with a silatrane-anchor for selective
glyceraldehyde production from glycerol with an FE of up to
83%; meanwhile, syngas was produced at the cathode using
cobalt phthalocyanine on carbon nanotubes as the catalyst
(Fig. 5b).

The electrochemical 5-hydroxymethylfurfural (HMF) oxida-
tion reaction (HMFOR) has attracted increasing attention.**™*>
Composed of a -CHO and a -CH,OH with a furan ring, HMF
can be oxidized to 2,5-diformylfuran (DFF) via initial -CH,OH
oxidation, or 5-hydroxymethyl-2-furancarboxylic acid (HMFCA)
via initial -CHO oxidation. Subsequently, the DFF and HMFCA
can be further oxidized to 2-formyl-5-furancarboxylic acid
(FFCA), and finally to 2,5-furandicarboxylic acid (FDCA)
(Fig. 6). The choice of the DFF-pathway or HMFCA-pathway
for the oxidation of HMF to FDCA greatly depends on the pH of
the electrolyte.*® Generally, the HMFOR undergoes the HMFCA-
path in a strong alkaline electrolyte (pH > 13) due to the
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Fig. 6 Reaction pathways for the HMFOR.

preferential adsorption of the aldehyde group on the catalyst,
whereas the DFF-pathway is favoured in the electrolyte with pH
< 13 where the adsorption of the alcohol group becomes
thermodynamically more favourable.*® To further investigate
the HMFOR pathway, Wang’s group developed a vibrational
spectroscopy technique using in situ sum frequency generation
to monitor the interfacial process during the HMFOR."
A signal related to HMFCA emerged and grew stronger as the
electrolysis time was prolonged, which validated the HMFCA-
pathway for the HMFOR. To simultaneously promote the
oxidation of -CH,OH and —-CHO, Lu et al. introduced Ni into
the tetrahedral catalytic sites of cobalt spinel oxides.*® The Ni
and Co sites served as active centres for -CH,OH and -CHO
adsorption, respectively, thus enhancing the HMFOR with a
high yield of 92.4% and FE of 90.3% for FDCA.

With the remarkable progress made in the HMFOR, how-
ever, few works about the CO,RR-HMFOR couple have been
reported so far. Recently, Han’s group carried out the coupling
of the HMFOR with the CO,RR (Fig. 7a and b)."® The full
electrolyser featuring PdO,/ZIF-8 as the cathode and PdO as
the anode only required an onset cell voltage of 1.06 V for the
CO,RR-HMFOR couple, 0.71 V lower than that of the CO,RR-
OER couple (Fig. 7c). Different from previous studies for the
HMFOR, an acidic anolyte containing H,SO, (0.5 M)/CH;CN
(6.0 M)/H,O was employed, and the products were mainly
maleic acid and formic acid, indicating that a strong acidic
environment may lead to an unconventional reaction pathway
involving C-C breaking and furan ring opening for the HMFOR.
Notably, the organic acid yield reached 84.3% for the HMFOR,
including 60.0% formic acid and 24.3% maleic acid, accom-
panied by a FE¢o of 97.0% for the CO,RR at 103.5 mA cm >
(Fig. 7d and e).

There are also some other oxidation reactions that have
already been or have the potential to be coupled with the
CO,RR. Sulfur production through the sulfide oxidation reac-
tion (SOR) is an appealing candidate for the anodic reaction in
overall CO, electrolysis by virtue of its low potential (0.14 V vs.
RHE). Besides, the ingredient H,S/S*~ widely exists in indus-
trial exhaust/effluent. Therefore, coupling the CO,RR with the
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(e) Long-term electrolysis results of the CO,RR and HMFOR. Reproduced
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SOR is also of environmental value. Liu’s group recently carried
out a co-electrolysis system consisting of Bi for CO,RR-to-
formate, and S, Cu-codoped cobalt hydroxide for SOR-to-
sulfur, which showed a pronounced reduction in energy
consumption.*® To avoid the deposition of S on the anode, an
alkaline electrolyte (1 M KOH + 1 M K,S) was employed to
generate soluble S,>~ from the direct SOR. As a result, the
substitution of the OER with the SOR markedly lowered the cell
voltage from 3.43 to 2.10 V at 100 mA c¢m >, with near-unity
faradaic efficiencies for both sides. Economic evaluation based
on the cell operation conditions and the prices of cathodic and
anodic products revealed a gross margin of $0.35 kW h™" for
the CO,RR-SOR, about 2 times as high as that for the CO,RR-
OER ($0.18 kW h™"), further demonstrating the economic
viability of the former. Electricity-driven partial oxidation of
methane is also a promising anodic reaction of overall CO,
electrolysis.’®®" Lu et al. developed an efficient solid oxide
electrolyser for the coupling of CO, reduction with CH, oxida-
tion to produce syngas.”> However, the high operating tem-
perature (1073 K) for o> transport led to extra energy input.
Given the insoluble CH,, the construction of a high-quality gas-
liquid-solid interface using gas diffusion electrodes will favour
the efficient coupling of the CO,RR with CH, oxidation.
In addition to the aforementioned small molecule oxidation,
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electrochemical upcycling of plastic waste®® or reforming of raw
biomass such as lignin®* and chitin®® are also competing
substitutions for the OER. In particular, electrochemical con-
versions of lignin and chitin have already been successfully
employed as the anodic reaction for energy-saving hydrogen
evolution systems, demonstrating the possibility for CO,
electrolysis.>>>® However, achieving high selectivity for the
target product remains a huge challenge due to the compli-
cated structures and decomposition pathways for these macro-
molecules. Moreover, in addition to the electrolysis device
design, comprehensive techno-economic analysis covering not
only the design of electrolysis devices but also the up- and
down-stream supply chain is urgently demanded for guidance
on the development of industrial-scale plants.

3. Challenges in coupling the CO,RR
with alternative anodic reactions
3.1. Trade-off between conversion and current density

To reduce the cell voltage and enhance the current density for
overall CO, electrolysis, a high-concentration substrate is
usually required on the anodic side. However, the concen-
tration of the substrate decreases as the electrolysis time is
prolonged, which leads to a continuous drop in current density.
Besides, the faradaic efficiencies of these alternative anodic
reactions may also decrease due to the low reactant concen-
tration. To address this issue, one common way is to refresh the
anolyte with a high-concentration substrate."> However, such a
strategy heavily restricts the conversion of the substrate, and
brings extra procedures for the separation of products and the
unreacted substrate. A more feasible solution is to develop
efficient catalysts that are able to selectively convert the sub-
strates at low concentrations. Wang’s group fabricated a
catalyst featuring dispersed Ru atoms in a Cu nanowire matrix
towards efficient NO;~ reduction to NH;.>” An industrial-scale
current density of up to 1 A cm™ > was achieved with an NH; FE
of 93% at a low nitrate concentration of typical industrial
wastewater (2000 ppm). More importantly, 99% of the nitrate
could be converted to NH; with the FE maintained over 90% at
400 mA cm 2, with the concentration of the nitrate residue as
low as 50 ppm. Although this work is focused on the cathodic
process, we can learn from it that active sites with a high
density (dispersed Ru atoms) and porous structure with a high
surface area (hollow Cu nanowire matrix) endow the catalyst
with enhanced performance at a low substrate concentration.
Besides, increasing the local substrate concentration near the
electrode surface with functional groups may also help to
maintain the faradaic efficiency and current density when the
substrate concentration is reduced. For example, amine groups
anchored on the electrode surface can capture dilute CO, and
thus enhance the FE for the CO,RR.*®>°

3.2. Electrolyser design

In addition to electrocatalysts, electrolysers with different
architectures also influence the performance of overall CO,
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electrolysis.®”®" H-type cells are widely employed in various
electrochemical reactions due to their simple and cost-effective
setup. However, the low CO, solubility in aqueous solution
(~34 mM under ambient conditions) and the slow CO, diffu-
sion limit the mass transfer efficiency over the electrode,
leading to inferior current density. Moreover, the excessive
supply of H,O and insufficient supply of CO, over the
immersed electrode are unfavoured for the sCO,RR to multi-
carbon products (denoted as C,., ie., C;H, and C,HsOH) as
high concentrations of CO, or CO intermediates are preferred
for the C-C coupling process.®>®* Besides, the long distance
between the anode and the cathode inevitably results in a
pronounced voltage drop due to the high resistance.
Compared with H-type cells, flow cells enable efficient mass-
transfer for industrial-scale current density owing to the high-
quality catalyst-electrolyte-gas tri-phase interface and the con-
tinuous electrolyte/gas flow (Fig. 8a).°> Different from H-type
cells, a gas diffusion electrode consisting of a hydrophobic gas
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Fig. 8 Schematic of (a) an alkaline electrolyte flow cell (AFC) and (b) an
MEA electrolyser. Reproduced with permission from ref. 65. Copyright
2022, Springer Nature. (c) Scale-up electrolyser stack with four 10 x
10 cm? MEAs. Reproduced with permission from ref. 67. Copyright 2023,
Springer Nature.
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diffusion layer (GDL) and catalyst layer is required. Gaseous
CO, can efficiently diffuse across the GDL to the catalyst layer to
meet the catholyte, thereby forming the above-mentioned tri-
phase interface for the enhanced CO,RR. The flowing anolyte
also promotes the removal of products and attached bubbles
and facilitates mass transfer near the anode, thereby enhancing
the anodic reaction rate. However, flow cells also show draw-
backs. The hydrophobic surface of the GDE gradually becomes
hydrophilic during high-current electrolysis, which leads to
catholyte flooding and gas feed blocking. Besides, the com-
monly used carbon paper to fabricate GDL is broken easily in
the electrolyte/gas flow due to its weak mechanical strength.
To alleviate these issues, Dinh et al. reported a polytetrafluor-
oethylene (PTFE)/Cu/carbon nanoparticles/graphite composite
GDE which could run for 150 h with the C,H, FE maintained
over 60%.°" In sharp contrast, the C,H, FE rapidly dropped to
10% within 1 h for the conventional carbon paper/Cu GDE. The
robust PTFE with a hydrophobic surface effectively prevented
flooding, and the carbon nanoparticles and graphite layer
stabilized the Cu catalyst surface.

A catholyte-free MEA electrolyser provides a solution to
prevent the flooding issue (Fig. 8b).®>°® Moreover, the closely
packed cathode-membrane-anode structure of the MEA mini-
mizes the electricity resistance for enhanced energy efficiency.
Zhou et al. reported that in a flow cell, the CO,RR-MOR

required 2.74 V to deliver a current density of 100 mA cm 2,

whereas a high current density approaching 500 mA cm ™ was
achieved at merely 2.4 V in an MEA electrolyser.'® This is
especially important for a scale-up stack where several MEAs
are integrated. An electrolyser stack with four 10 x 10 cm?
MEAs was successfully constructed for scale-up CO, electrolysis
by Bao’s group (Fig. 8c).®” Impressively, a current of 60 A was
achieved with a C,. FE of over 80% at a cell voltage of ~13.5V,
and the current could be further increased to 150 A with nearly
90% C,, FE at a cell voltage less than 11 V when fed with CO.
Such a scale-up device provides an appealing way for practical
utilization of CO, electrolysis, and further improvements are
required to couple the CO,RR with various value-added anodic
reactions in the future.

In addition to the electrolyser architecture, the electrolyte
also plays a pivotal role in electrolysis. An alkaline solution is
employed in many CO,RR cases owing to the low ohmic
resistance and effective suppression of the HER. However,
severe CO, loss (75-95%) occurs under these conditions due
to the rapid reaction of CO, with alkali to form carbonate and
bicarbonate (Fig. 9), and the regeneration of the alkaline
electrolyte accounts for 60-75% of total energy consump-
tion.®® Moreover, CO,RR products such as formate can diffuse
across the anion exchange membrane to the anodic part,
leading to difficulties in product collection and separation.
Therefore, the acidic CO,RR seems attractive. Unfortunately,
most of the alternative anodic reactions such as CH3;O0H,
glycerol, and HMF oxidation are kinetically favourable in alka-
line electrolytes. To deal with the above issues, a bipolar
membrane was adopted.'”” Nevertheless, the sluggish water
dissociation into H" and OH™ inside the bipolar membrane
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as well as the increased membrane thickness leads to extra
voltage loss compared with an AEM or cation exchange mem-
brane (CEM). In addition, the higher expense of the bipolar
membrane also hinders its application.

3.3. Development of an electrocatalyst under acidic
conditions

As mentioned above, overall CO, electrolysis in acidic electro-
lytes can address the issue of CO, loss for improved energy
efficiency. Although performing the CO,RR under acidic con-
ditions is preferred, and indeed improved performances were
obtained for the acidic CO,RR by controlling the catalyst sur-
face microenvironments,®®”? few catalysts have shown promis-
ing activity for the alternative anodic reactions in acidic
anolyte. In fact, the hydroxyl group (*OH) plays a pivotal role
in the dehydrogenation processes of the anodic oxidation
reactions, the formation of which is hindered due to the acidic
conditions.”® Moreover, operation at the positive potential in
an acidic solution will cause rapid decomposition of the non-
noble metal anode, resulting in poor stability. A recent work
presented an electrocatalyst featuring MnO, nanosheets for the
acidic GOR.”* A long-term steady electrolysis of over 800 h was
achieved at 10 mA em ™2 in 0.2 M glycerol + 0.005 M H,SO,.
However, both formate and CO, were obtained with close FEs
(~50% for each), indicating the easy overoxidation of glycerol
under acidic conditions. Therefore, developing highly acid-
tolerant electrocatalysts with enhanced activity and selectivity
remains a great challenge, and demands further investigations.

3.4. Selectivity control for target products

It is quite challenging to control the selectivity of certain
products for anodic organic oxidations. For instance, in alcohol
oxidations, the C-OH group easily gets oxidized to -COOH
rather than —-CHO. Therefore, partial oxidation of alcohol to
aldehyde is difficult. It becomes more challenging to selectively
produce intermediate chemicals when there are more than one
reductive group in the reactant molecule. For the HMFOR,
owing to the coexistence of -CHO and -CH,OH groups in an
HMF molecule, the oxidation of HMF to FDCA can proceed via
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HMFCA or DFF (Fig. 6). However, given the widely-used alkaline
electrolyte for the HMFOR in the CO,RR-HMFOR couple, the
HMFCA pathway is usually preferred and thus it is difficult to
obtain DFF in such a coupling system.*® Besides, C-C bond
breaking may occur under harsh conditions for multi-carbon
molecules, increasing the variety of products.'® Moreover, over-
oxidation of organic molecules to CO, was also observed at high
potentials/current densities. For example, quite an amount of
CO, can be generated during the MOR on Pt and IrO, catalysts
at ~100 mA cm >" Simultaneously achieving high current
density and selectivity in these alternative organic oxidation
reactions remains challenging. As for the cathodic side,
although most works show no significant change in the selec-
tivity of the CO,RR when the CO,RR is coupled with alternative
anodic oxidation reactions, sometimes the organic molecules
may cross the ion-exchange membrane to the cathodic side and
influence the CO,RR process.

4. Conclusions and perspectives

Coupling CO,RR to various anodic oxidation reactions with
value-added products provides a novel avenue for enhancing
the economic output of overall CO, electrolysis. In this review, a
series of oxidation reactions have been discussed as competing
alternatives to the OER with reference to the latest advances.
We have also pointed out the major challenges in achieving
efficient overall CO, electrolysis with alternative anodic reac-
tions. Despite the pronounced advancement made in the
coupling strategy, this field is still nascent.

The design of efficient electrocatalysts requires an in-depth
understanding of the mechanisms, which largely relies on
advanced characterization studies and theoretical simula-
tions.”> Recently, in situ infrared spectroscopy, X-ray photo-
electron spectroscopy (XPS), X-ray absorption fine structure
spectroscopy and other techniques have been adopted in many
works, providing useful local information about reaction inter-
mediates. However, given the complex microenvironment over
the catalyst’s surface during the reaction, detecting the evolu-
tion of active sites and intermediates under working conditions
using operando characterization is crucial to uncover the true
reaction pathways, which is still difficult owing to the harsh
conditions such as high vacuum for XPS and the severe decay
and disturbance of signals by the electrolyte for infrared
spectroscopy.”®’” The design of electrolysers that are compa-
tible to various operando and time-resolved characterization
studies is in urgent demand.

As for theoretical simulation, the accuracy of the model
directly influences the calculation result, which is, however,
extremely challenging in heterogeneous electrocatalysis con-
sidering the interfacial diversity. The structures of active sites
are not uniform over the catalyst surface. Moreover, the active
sites may evolve during catalysis, making it more difficult to
obtain accurate surface structures for the simulation. Besides,
the electrolyte near the electrode should also be taken into
account in the simulation. The ion concentration and solvation
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effect may influence the adsorption of intermediates, thus
leading to different calculation results. Obviously, combining
advanced calculation methods with operando characterization
holds the key to deciphering the in-depth reaction mechanisms,
and therefore benefits the development of high-performance
electrocatalysts.

Beyond the catalysts, the overall design of the whole electro-
lysis system is also crucial, which has not received enough
attention currently. For electrolysers, the flow fields for both
the anode and cathode should be specially designed to achieve
efficient mass transfer. Besides, the feeding rates for CO, and
anodic reactants should be well adjusted to optimize the total
conversion rates. In addition, for industrial applications, the
feeding, collecting, and recycling systems should match
with each other for steady operation. A well-established overall
CO, electrolysis system with comprehensive technoeconomic
evaluations requires scientists from various backgrounds
including chemistry, materials science, physics, engineering,
economics, etc. It is expected that continuous efforts will propel
this technique to industrial application in the near future.
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