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Recent advances in innovative strategies for the
CO2 electroreduction reaction
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The carbon dioxide electroreduction reaction (CO2RR), an emerging electrocatalysis reaction, is

promising for converting CO2 into value-added fuels or chemicals (e.g., hydrocarbons and oxygenates).

However, the CO2RR system for practical evaluations and applications is still limited by its low current

density and poor CO2 utilization and conversion as well as dismal energy efficiency. To reach up to the

practical application level, the components of the CO2RR device/system need to be systematically

considered and optimized. This review specifically focuses on the latest and innovative design strategies

toward each part of the system. In particular, the innovative and idiographic design strategies for tandem

catalysts, promising electrolytes, upgraded electrodes, and advanced devices as well as anodic reactions

are discussed at length. Moreover, some individual perspectives on opportunities and future challenges

for each component of the CO2RR system are also provided. Perspectives and new trends presented in

this review are not just labels and classifications. Instead, it is particularly expected that innovative ideas

and visionary discussions in this review can systematically instruct and inspire researchers to contribute

more efforts toward comprehensively optimizing the performance of the CO2RR system to a

higher level.

Broader context
Global warming caused by excessive CO2 emissions has drawn great attention of the world. The electroreduction technology is one of the promising ways to
convert CO2 into fuels and value-added fine chemicals by utilizing the intermittent electrical energy, finally achieving the artificial carbon loop. Nevertheless,
the performance of this reaction system still faces serious challenges for the requirement of industrialization to some degree, such as the selectivity for C2 and
C2+ products, low current density and poor CO2 utilization and conversion, and dismal energy efficiency. To realize the large-scale industrialization of this
reaction system, the components of CO2RR device/system are urgent to be systematically considered and optimized. Here, the latest and innovative design
strategies for CO2RR system are systematically summarized and underlined for inspiring researchers to further develop and explore, including catalyst,
electrolyte, electrode, device as well as anodic reaction. Above all, this review presents the new trends, visionary discussion, opportunities and future
challenges, which can guide researchers to further comprehensively optimize the CO2RR device/system and overcome the key barriers, and finally upgrade it
from laboratory level to industrial-scale in future.

1. Introduction

With the increasing amount of CO2 accumulated in the atmo-
sphere, the ensuing climatic and environmental crisis has serious
implications, such as global warming and ocean acidification,
and significantly challenges the sustainable development of

human society. The CO2 electroreduction reaction (CO2RR) driven
by renewable electricity is an emerging and promising technology
for converting CO2 into valuable fuels and fine chemicals in terms
of its promoting sustainable chemistry and carbon neutrality.1,2

However, the CO2RR system still faces various issues and tough
challenges at present, such as its low current density and poor
selectivity for C2 or C2+ products, mediocre stability, ultra-low CO2

conversion, and dismal energy efficiency, which remarkably limit
its practical implementations in the future.3–7 Furthermore, it is
also not sufficient to address these serious challenges merely
by developing electrocatalysts further. Instead, to achieve the
practical application level, the components of the CO2RR device/
system need to be systematically considered8 and are summarized
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in detail and shown in Fig. 1. The corresponding goals are related
to the following aspects: (i) the key electrocatalyst in the cathode
for achieving selective catalytic CO2 conversion to value-added C2

or C2+ products; (ii) rational electrode structures with a stable
three-phase reaction interface and fast mass transport, endowing
the electrocatalyst with highly exposed active sites, finally helping
to realize the required industrial-grade current density; (iii) the
electrolyte for maintaining the microenvironment (including pH,
and absorbed anionic and cationic species) of CO2RR and for
weakening HER to enhance the selectivity toward the target
products; (iv) a device with a low cell resistance, good stability,
and simple assembly for obtaining a high CO2 conversion rate
and high yield of cathodic products; (v) the valuable anodic
reaction with a low onset potential for achieving a high energy-
efficient overall reaction process.

Although enormous efforts have been devoted to developing
highly selective electrocatalysts for the CO2RR in the past
several years, most excellent catalysts with industrial-grade
current densities can only selectively convert CO2 to CO at
present.9–12 While the production of value-added C2 and C2+

products mainly depend on Cu-based catalysts at present, the
production suffers from poor selectivity and a high
overpotential.13–19 Therefore, highly selective catalyst systems
capable of producing C2 and C2+ products still need to be
developed and explored. In addition, most of the current
electrodes are prepared by loading the powder catalyst on
conductive substrates with the help of a binder, thus the active
sites are not adequately exposed, and the three-phase interface
on the electrode tends to be unstable, leading to limited
gas diffusion and electron transfer.20,21 In this respect, the
electrode structures urgently need to be finely elaborated for
eliminating the limitations of the current powder electrode. As
for the electrolyte, there are still some major challenges for the
CO2RR in the available electrolytes at present, such as strong
competition with the HER, the difficulty of separating the

liquid products from the electrolyte solution,22 CO2 reacting
with the alkaline electrolyte solution, and the low CO2 solubility
(0.034 M).23 Although the traditional H cell may be convenient
for CO2RR tests, it is hard to achieve an industrial current
density due to the limited mass transport. Recently, some
progress has been made in CO2RR devices, especially in the
field of flow cells, which can enable CO2RR with appreciable
current density (4200 mA cm�2).9 However, more complex
engineering designs for the device are required to realize the
fast gas mass transport, electron transfer, high operation
stability and CO2 conversion efficiency for meeting the practical
requirements and for evaluation.24,25 Last but not the least, the
effects of the anodic reaction should also be paid more atten-
tion to for the CO2RR system.26,27 Generally, in conventional
electrolytes, the anode reaction is a low-value oxygen evolution
reaction (OER), but the energy consumption of OER can account
for 90% of the entire system, due to its highly theoretical onset
potential (1.23 V),28 which seriously constraints achieving a high
energy efficiency for the entire system. In view of this, there is an
urgent demand for an alternative anode reaction to replace the
conventional OER, one which could make the overall reaction
more energy-efficient.26,29

Thus, to alleviate or address the above-mentioned issues,
innovative and promising design strategies are highly required.
In this review, we focus on the innovative and promising
designing strategies for the CO2RR system recently proposed
to tackle the issues and tough challenges involved with each
component of the CO2RR system. The listed five parts that are
addressed here are related to: the use of a tandem catalyst,
promising electrolyte, upgraded electrode, advanced device,
and hybrid CO2 electrolysis, respectively, as schematically
summarized in Fig. 2. To some extent, this places more
challenges in rationally designing electrocatalysts toward C2

and C2+ products, using economic and beneficial electrolytes,
constructing novel 3D free-standing electrodes, configuring the
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advanced devices without limited mass transport, and coupling
the CO2RR with a valuable oxidation reaction for producing
fine chemicals with high energy efficiency. The innovative and

unique ideas for addressing the critical issues of each part are
summarized and presented, which should greatly inspire
researchers to further explore these aspects. The novel ideas
and discussion presented in this review should not be viewed
separately, but should be systematically considered; finally
instructing the design of CO2RR systems for comprehensively
improving the selectivity for C2 and C2+ products, the current
density, stability, energy efficiency, and CO2 conversion
efficiency to an impressive level for practical application in
the future.

2. Innovative design strategies for the
CO2RR
2.1. Tandem catalyst

In past several years, a large number of catalysts for CO2RR
have been developed and exhibited comprehensive catalytic
performance for CO production, such as molecular catalysts
(porphyrin and phthalocyanine),30–39 carbon-based single-atom
catalysts,10,12,40–49 and noble metal catalysts (Au, Ag, Pd),50–59

which are partially shown in Fig. 3a and summarized in
Table 1. In particular, it has been clearly found that the
molecular, single-atom, and noble-metal catalysts can achieve
a high faradaic efficiency (over 90%) and low overpotential
for CO; while copper-based catalysts have attracted extensive
attention by virtue of their unique capability for converting CO2

Fig. 2 Summarization of the innovative design strategies for CO2RR
systems.

Fig. 1 Schematic illustration of the components involved in a CO2RR system and relevant challenges toward high-performance toward a practical level.
State-of-the-art data of selectivity, stability, and energy efficiency for C2 or C2+ products on Cu nanoparticles, adopted from ref. 68. State-of-the-art data
of current density, adopted from ref. 64. While state-of-the-art data of CO2 conversion for CO production on Ag catalyst in multilayer electrolyzer,
adopted from ref. 125. Requirements of CO2RR performance for practical level. Adapted with permission from ref. 6. Copyright 2019, Elsevier.
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molecules into various valuable products.16,60–68 However, the
Cu-based catalysts still face critical issues for producing C2 and
C2+ products, such as a high overpotential and low selectivity,
as shown in Fig. 3a, and some of these are partially summarized
in Table 1. In this case, Cu species-containing tandem catalysts
with high selectivity for C2 and C2+ products were proposed and
have been gradually developed to address these issues, such as
Cu–molecular catalysts, CuOx–single atom catalysts, and Cu–
noble metal catalysts, and the available work now is schematically
summarized in Fig. 3b. According to the mechanism of producing

C2 and C2+ products, it was noticed that CO is a key intermediate
for achieving carbon–carbon (C–C) coupling and further for
reduction to C2+ products on the Cu-based catalysts.60,69–71

Therefore, the barrier to CO production can be lowered on
tandem catalysts, and in the meantime, the local concentration
of CO on the surface of Cu-based catalysts can also be enhanced
for achieving a high selectivity toward C2 and C2+ products. In
view of this, as shown in Fig. 3b, with a smart arrangement
among the above-mentioned catalysts, the synergetic effects of
each part on tandem catalysts can be achieved, in which the

Fig. 3 (a) Comparison of FEs and applied potentials for various products over different catalysts during the CO2RR process. (b) Schematic of some smart
arrangements for tandem catalysts with a synergetic catalysis reaction process.

Table 1 Summary of the molecular, single atom, noble, Cu-based, and tandem catalysts for the CO2RR

Catalyst Electrolyte Product
Cathode potential
vs. RHE (V) FE (%) j (mA cm�2) Cell type Ref.

Molecular catalyst CoPc/MWCNTS 1 M KOH CO �0.92 95 165 Flow cell 30
CoPc/CNTS 0.1 M KHCO3 CO �0.63 98 15 H cell 31
Fe-PB 0.5 M KHCO3 CO �0.63 96 B1.6 H cell 32
CoPc–Cl 0.1 M KHCO3 CH3OH �0.94 440 410 H cell 77
CoPc/MWCNTS 0.1 M KOH CH3OH �0.64 14.3 0.68 H cell 78

Single atom catalyst A-Ni-NG 0.5 M KHCO3 CO �0.72 97 22 H Cell 40
Ni-NG 0.5 M KHCO3 CO �0.66 95 50 Flow cell 12
Ni-NCB 0.5 M KHCO3 CO �0.68 99 4100 Flow cell 41
Zn1Ni4 1 M KHCO3 CO �0.53 92 B14 H Cell 42
Fe3+–N–C 0.5 M KHCO3 CO �0.45 90 94 Flow cell 44

Noble metal catalyst Au 0.5 M NaHCO3 CO �0.35 96 2–4 H Cell 50
Pd 0.5 M NaHCO3 CO �0.90 92 40.2 H Cell 53
Ag 0.1 M KHCO3 CO �1.03 96 6 H Cell 52

Cu-based catalyst CuS2–Cu–V 0.1 M KHCO3 C2 and C2+ �0.95 B23 7.3 H Cell 60
Cu2(OH)Cl 0.1 M KHCO3 C2 and C2+ �1.20 52 31 H cell 61
Cu (100) 7 M KOH C2 and C2+ �0.71 77 337 Flow cell 16

Tandem catalyst FeTPP[Cl]–Cu 1 M KHCO3 C2 and C2+ �0.82 B80 B242 Flow cell 73
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molecular or single-atom catalysts or noble metal catalysts are
responsible for producing CO and for boosting the local CO
concentration on the surface of the Cu-based catalyst. Thus, it
can be expected that the high CO2RR reactivity and selectivity for
C2 and C2+ products can ultimately be realized on tandem
catalysts.

Jaramillo et al. reported gold nanoparticles loaded on a
polycrystalline copper foil (Au/Cu) and successfully applied this
catalyst for the electrochemical transformation of CO2 into
liquid fuels.72 The bimetallic Au/Cu tandem electrocatalyst
displayed a cooperative activity and high selectivity superior
to gold, copper, or AuCu alloys, with an increase of C2+ products
of over 100 times. Combining the electrochemical testing with
gas transport modeling on the catalyst, it was indicated that the
CO2 reduction on the gold surface could enhance the local CO
concentration on the nearby copper, where CO was further fast
reduced to alcohols, such as ethanol and n-propanol, under
local alkaline conditions. With the fast development of mole-
cular catalysts for CO2RR, recently, a tandem catalyst consisting
of a molecular catalyst and metal Cu (FeTPP[Cl]–Cu) was also
developed,73 and it achieved a faradaic efficiency (FE) of 41%
for ethanol with a partial current density of 124 mA cm�2.
Density functional theory (DFT) calculations, in situ Raman,
and operando X-ray absorption spectra demonstrated that the
FeTPP[Cl] molecular catalyst could have been responsible for
producing CO, which was then converted to C2+ products on a
nearby Cu site, thus promoting carbon–carbon coupling and
pushing the reaction pathway toward ethanol. In addition, a
similar strategy has also been adopted to improve the CO2RR
performance for C2H4 production. For instance, Strasser et al.
constructed a tandem catalyst made of a CuOx and NiNC single-
atom catalyst (CuOx–NiNC),74 which could achieve an increased
C2H4 yield up to 50%. Using operando differential electro-
chemical mass spectrometry and time-resolved isotope-
labelling experiments, it was demonstrated that the enhanced
C2H4 production could be mainly attributed to a cross-coupling
reaction pathway, and over two-thirds of the generated C2H4

was from the conversion of co-fed CO gas. In this reaction
system, the CuOx and NiNC single-atom catalyst served as active
sites for the electrochemical catalysis of CO2 to C2H4 and CO,
respectively, finally converting CO2 into C2H4 cooperatively. The
discovery of the mechanism provides a theoretical basis
for designing multi-component catalysts toward producing the
target products in the future.

Moreover, carbon-based single-atom catalysts are also highly
interesting for converting CO2 into CO. Also as a non-metal-
based catalyst, they possess many advantages, such as low cost,
high conductivity, and specific surface area as well as adjus-
table pore structures.75,76 In future, they may be used as
promising and perfect supports for constructing tandem
catalysts. With different target products, tandem catalysts based
on single-atom catalysts need to be continuously developed, not
only limited to tandem catalysts made of the single-atom and
Cu-based catalyst above mentioned. According to recent work,
the molecular catalysts can also produce value-added liquid
products (Fig. 3a).77,78 Thus, the more tandem catalysts are

possible, the greater the potential for boosting CO2 conversion,
selectivity, and the yield of CO2RR toward the target liquid or gas
products, such as single-atom/molecule binary catalysts and
single-atom/molecule/Cu-based ternary catalysts.

2.2. Upgraded electrode

In addition to the development of highly active catalysts, work
on the architectures of the electrode has also made certain
progress on improving the performance of CO2RR (Fig. 4),
especially for facilitating gas mass transport and improving
the current density. Generally, the as-prepared catalysts are
powder materials. The electrode is usually prepared by loading
powder catalysts on conductive substrates with the assistance
of a binder (Fig. 4); however, this cannot meet the requirements
for exposing the active sites as much as possible and for the fast
mass transport and electron transfer at the reaction interface.20

Therefore, there remains an urgent need to develop highly
efficient electrodes with advanced architectures. Recently, 3D
architecture electrodes, with tunable porous structures and
highly exposed active sites, have exhibited extraordinary
capabilities in mass transport and electron transfer, which
make them extremely attractive for researchers to explore their
applications in electrocatalysis reactions,79–81 such as the OER
and HER. Especially, in modularized flow-cell devices that will
gain increasing popularity in practical applications, these 3D
electrodes feature more obvious superiorities. In this respect,
some emerging and upgraded electrodes that are used in the
modularized flow-cell device have been reported and have
displayed impressive performances for the CO2RR, such as
the gas diffusion electrode (GDE), ionomer-decorated GDE,
3D flow-through electrode, 3D free-standing membrane elec-
trode, and 3D N,P-co-doped carbon aerogels electrode.

The GDE, as a dominant structure of electrode, has exhibited
outstanding performance and unique superiorities in the
modularized flow-cell device.25,68,82–86 A binder is commonly
required to hold the powder electrocatalysts on the surface of
the GDE (Fig. 4). The used binder, however, will cover a part of
the active sites on the GDE, which is not expected. Moreover, the
stability of the GDE also faces challenges in the flow-cell device
due to the cathodic catalyst flooding and drop in the continuous
flow of the electrolyte. Therefore, the structure of the GDE also
needs to be further improved via a more meticulous design for
obtaining a high current density and superior stability.

Sargent et al. developed a superfine ionomer-decorated GDE
via integrating metal catalysts with porous 3D polytetrafluoro-
ethylene (PTFE) as a substrate without using a binder.86

Notably, the superfine ionomer layer with hydrophobic and
hydrophilic functionalities played a significant role in the
reaction interface, enabling the gas and ion transport together
with electron transfer to set in together at the reaction inter-
faces. Simultaneously, the diffusion distance of the gas and
ions on the electrode can be largely lengthened, leading to a
highly enhanced availability of CO2 on the electrode. In an
alkaline electrolyte, this advanced electrode displayed the
highest current density for ethylene so far, with a partial
current density of 1.3 A cm�2 and energy efficiency of 45%.
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This superfine electrode engineering provides a novel idea for
the further elaborate design and construction of a 3D electrode
to promote the mass transport of the gas and to accelerate the
reaction rate at the three-phase reaction interface.

Biener et al. constructed a 3D flow-through electrode by
electrochemically depositing Ag nanoflowers on commercial
macroporous Al foams (Fig. 4), in which the electrolyte and CO2

continuously passed through it.87 By using an ionic liquid
electrolyte ([EMIM]BF4) as the electrolyte for its high solubility
toward CO2, it could achieve a 70-fold increase toward the
partial CO current density, and a 7-fold increase in FE toward
CO. At the same time, the selectivity of the main product could
be changed from oxalate to CO in the flow-through electrode
configuration in comparison with the original. These results
demonstrated that the flow-through electrode configuration is
also one of the potential candidates for controlling the selectivity
and overcoming the mass-transport limitations of the CO2RR.

In another case, a 3D membrane electrode without the
substrates was also investigated and offered promise in flow-
cell devices. He et al. constructed a 3D free-standing membrane
electrode on the basis of an electrospinning technique,88 which
could be directly used as a GDE. The 3D free-standing
membrane electrode could establish an extremely stable
three-phase interface for CO2RR. Thus, it could achieve an
industrial-grade current density (308.4 mA cm�2) with a CO
FE of 88% under continuous operation for 120 h. This work
opens the door for directly using free-standing electrodes as
GDEs and will further guide the design and development of
electrodes. Recently, Han et al. developed a 3D N,P-co-doped
carbon aerogels (NPCA) catalyst, which could also be directly
used as an electrode for the CO2RR.89 Profiting from the high
electrochemical surface area and good electrical conductivity,

the as-prepared 3D NPCA catalyst achieved a high CO FE of
99.1% with a record-breaking current density of 143.6 mA cm�2

in an ionic liquid electrolyte.

2.3. Promising electrolytes

In addition to the catalysts, the electrolyte also plays a crucial
role in electrochemical reactions due to its pH effects and ion
effects. Also, it can drive the catalyst to restructure and produce
the active species for the CO2RR through interacting with inter-
mediates and products on the surface of the electrode.3,13,90–92 It
was demonstrated that the activities and selectivity varied with
the use of different electrolytes in previous work.93–97 In addi-
tion, the artificial electrolytes are consumable chemicals in the
whole system, which has side effects on the economic and
environmental benefits of CO2RR to some degree.98 At present,
the most commonly used artificial electrolytes are the inorganic
electrolytes. Occasionally, some organic electrolytes are also
applied for the CO2RR, such as [Bmim]PF6 and EMIM–BF4 (ionic
liquids), methanol, and acetonitrile,89,97,99,100 but they are expen-
sive or low conductivity and thus limited in large-scale use. The
inorganic electrolytes mainly include potassium hydroxide
(KOH), sodium hydroxide (NaOH), potassium bicarbonate
(KHCO3), and sodium bicarbonate (NaHCO3).95,96,101 However,
there are also some great challenges, especially with inorganic
electrolytes, such as CO2 reacting with the electrolyte in alkaline
electrolytes and the strong side reaction of hydrogen evolution in
nearly neutral electrolytes (Fig. 5a). Besides, the liquid products
of the CO2RR in the cathode can be dissolved in the electrolyte
and can further penetrate through the membrane in to the
anode, which is not conducive to their precise detection and
further separation and collection.102 In response to some of the
challenges for performing the CO2RR in different electrolytes,

Fig. 4 Development of the electrode architecture from powders to 3D free-standing electrodes.
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some promising electrolyte systems, including NaCl solution
and seawater, water-in-salt electrolytes, and solid-state electro-
lytes, have been adopted and developed for alleviating or solving
these issues to some degree.

NaCl solution and seawater. NaCl solution as an electrolyte
for the CO2RR actually exhibits some unique superiorities in
comparison to the common electrolytes. Jia et al. employed
NaCl solution as the electrolyte and achieved a CO FE of 93%
over the as-prepared Zn catalyst.103 Notably, the performance of
the CO2RR in NaCl solution is superior to other conventional
electrolytes. Moreover, the influence of anions (F�, Cl�, Br�, I�)
on the CO2RR was also further investigated. As a result, the
as-prepared Zn electrode also achieved the highest performance
for CO2RR in NaCl solution. In this way, the superior perfor-
mance of the Zn electrode was attributed to the effects of Cl�

ions, where the Cl� ions suppressed the HER process, which
facilitated the formation of CO2

�� intermediates (Fig. 5b).
Similar effects of halogen ions in the electrolyte were also
confirmed in previous work, especially for Cu catalysts, which
could significantly improve the FE toward C2 products.64,104–106

In addition, the author also found that the Fe single-atom
catalyst also displayed a relatively prominent FE towards CO in
NaCl solution in comparison with that in other conventional
electrolytes.107 Significantly, when the NaCl solution was used as
the electrolyte, the OER in the anode was replaced by the
chlorine evolution reaction (CER). In this way, for this device,
the overall reaction comprised the CO2RR in the cathode and the
CER in the anode, which allowed achieving a high energy
efficiency, with the production of value-added products at both
the cathode and anode.76,108 This further demonstrated that the
use of NaCl solution as the electrolyte has its potential advan-
tages and merits. Besides, the Na+ in the electrolyte also has an
important effect on the selectivity of the C2+ products
formation.109 Therefore, given the synergetic effects of Na+ and
Cl� ions, the use of NaCl solution as an electrolyte for the CO2RR
should also be taken seriously and is worth further investigation.

In view of the superior performance in NaCl solution, there
is no doubt that the abundant seawater on earth with good
conductivity would be an ideal, economical, and promising
electrolyte solution for the CO2RR. Einaga et al. used seawater

Fig. 5 Visual illustrations of the potential advantages and disadvantages in the CO2RR of various electrolyte systems on the surface of the electrode. (a)
KOH/NaOH alkaline electrolyte and KHCO3/NaHCO3 neutral electrolyte. (b) NaCl solution or seawater electrolyte. Adapted with permission from
ref. 103. Copyright 2015, The Royal Society of Chemistry. (c) WIS electrolyte. (d) Solid-state electrolyte. Adapted with permission from ref. 119. Copyright
2019, Springer Nature.
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as the electrolyte for the CO2RR on boron-doped diamond
electrodes.110 The CO2RR could be successfully operated in
seawater, which was indicative of a certain selectivity for
formaldehyde. Wallace et al. also used seawater as an electrolyte,
where appreciable performance for converting CO2 to CO, with a
high FE of 93 � 3% could be achieved over an as-made Ag
nanoparticle catalyst.111 Meanwhile, it was also demonstrated
that the Ca2+ in seawater has a negative impact on the perfor-
mance of the CO2RR. Recently, Luo et al. developed N-doping
Ti3C2 MXene nanosheets with titanium vacancies (VTi) via NH3-
etching pyrolysis treatment.112 In this work, it was confirmed that
the N-doping Ti3C2 MXene nanosheets displayed a remarkable
92% FE for CO and superior long-term stability over 40 h in
seawater. The use of natural seawater as an electrolyte with other
catalyst systems, such as porous carbon catalyst with abundant
defects derived from pyrolyzing ZnO NP@ZIF-8, was also
demonstrated,113 achieving a high FE (over 90%) for CO, which
further suggested the feasibility of the CO2RR being performed in
natural seawater.

Notably, the use of seawater as a natural electrolyte has
some inherent advantages, such as high CO2 dissolution
characteristics,114 abundant halogen ions (Br�, I�, Cl�),115

and good conductivity.116 Therefore, the use of seawater as a
natural and economical electrolyte is worthwhile for researchers
to put more efforts into it for facilitating its practical application
in the CO2RR. Correspondingly, catalysts that can be operated in
seawater should also attract more attention and will need to be
developed.

Water-in-salt (WIS). As is well known, the HER reaction is
the only side reaction in the CO2RR in conventional electrolytes,
which is difficult to inhibit due to its relatively low theoretical
potential and fast reaction kinetics.19,23,117 Recently, Wang et al.
developed a unique WIS electrolyte system for the CO2RR
process via using LiTFSI as a salt for inhibiting the undesired
HER,118 as depicted in Fig. 5c. In this system, the strong
solvation effects in a high concentration of the salt electrolyte
enabled the free H2O to be converted to solvated H2O, further
locking down the free H2O molecules. Thus, the HER was greatly
suppressed, leading to an enhanced CO FE from 30% in 0.5 M
NaHCO3 electrolyte of to up to 80% in WIS. More importantly,
kinetic studies revealed that the reaction rate exhibited a pseudo-
zeroth-order dependence on the water molecules, which sug-
gested that the rate-determining step was electron transfer to the
adsorbed CO2 rather than proton transfer to CO2

��. Moreover, in
this novel electrolyte system, the side reactions of HER could be
strongly inhibited. In general, the WIS electrolyte has obvious
superiorities for inhibiting the competing HER on the CO2RR,
and may widen the operating potential window for the CO2RR.
Therefore, it is worth developing more WIS electrolyte systems
for the CO2RR as well as for other electrocatalysis reactions, such
as the nitrogen reduction reaction.

Solid-state electrolytes. When the target product is a liquid
product, it is difficult to separate the product from the conven-
tional liquid electrolytes. Meanwhile, certain amounts of liquid
products may also penetrate the membrane to the anode, thus
lowering the yield of liquid products. It is also much harder to

directly convert CO2 to a pure liquid product via the CO2RR in
conventional electrolytes. In view of this, Wang et al. con-
structed a solid-state electrolyte system, which consisted of
ion-conducting polymers with different functional groups, to
convert CO2 into pure liquid products,119 as given in Fig. 5d.
The humid CO2 was directly supplied to the cathode and the
generated HCOO� reacted with protons generated from water
oxidation to form pure HCOOH solution, and HER was also
inhibited. In addition, pure HCOOH solution with a wide range
of concentrations could be tuned by adjusting the flow rate of
the deionized water in the cathode, up to a maximum value of
12 M. Furthermore, using a Cu catalyst, it was also demon-
strated that this solid-state electrolyte system could be used for
producing other C2+ liquid oxygenates, including acetic acid,
ethanol, and n-propanol. More importantly, the solid-state
electrolyte system would open up a new way to produce pure
liquid products via the CO2RR. Also, the development and use
of various solid-state electrolytes that can be matched with
suitable and selective catalysts would also be a new trend for
producing value-added liquid products in the future.

2.4. Advanced devices

Generally speaking, the CO2RR test is carried out in the tradi-
tional H cell device due to its easy accessibility and simple
operation. Nevertheless, the gas mass transport in the whole
process is inhibited to a great degree, leading to a limited current
density and inhibiting its further practical application.5,120 With
the fast development of the CO2RR, it is also required that the
performance of the CO2RR is evaluated regarding attaining
a commercial-level current density and high conversion
efficiency for finally moving the CO2RR from the laboratory to
industrial application in the future.29 In previous work, by using
a flow-cell device with a stable three-phase reaction interface and
unlimited gas mass transport and fast electron transfer on the
electrode, the CO2RR could achieve a considerable current
density and FE.82,84,121,122 Therefore, much attention has been
paid to device engineering for boosting and fully displaying the
CO2RR performance, especially in flow-cell devices. In this
context, we would emphasize that some novel and inspired
devices have emerged for CO2RR recently, including the
membrane electrode assembly (MEA) electrolyzer, the multilayer
MEA electrolyzer (parallel or serial connection operation), and
the alkaline polymer electrolyte membrane (APEM) electrolyzer,
as shown in Fig. 6a–d.

At present, in order to obtain a high concentration of multi-
carbon products and achieve a high CO2 conversion efficiency
as well as improved operating stability for the CO2RR, Sargent
et al. presented an MEA electrolyzer (Fig. 6a), in which humi-
dified CO2 was directly used as a feedstock without a cathodic
electrolyte.123 Besides, cathodic and anodic catalysts were
pressed together with the anion exchange membrane. In this
way, the resistance of the device was greatly reduced, thus
improving the current density for the CO2RR. Notably, in this
MEA device, the CO2RR could be stably operated at a constant
current density (150 mA cm�2) with a lower voltage and for over
2 h operating time or 120 mA cm�2 for 100 h, which was
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superior to that achieved in previous alkaline and neutral flow-
cells. This device could achieve 50% and 80% FEs for ethylene
and C2+ products, respectively, with a high outlet concentration
of up to 30% ethylene and 4 wt% ethanol.

Considering the utilization of CO2, its conversion efficiency
is really low in most of the reported works (o10%).124 To
improve the yield of the target products for the CO2RR and
the CO2 conversion efficiency, Janaky et al. first reported a
multilayer electrolyzer for the CO2RR via a parallel or serial
connection on the basis of an MEA unit,125 respectively, as
shown in Fig. 6b and c. When the cells were connected in
parallel, the electrochemically active surface area was increased
and the device achieved a similar partial current density as a
single-cell electrolyzer. In particular, when the cells were con-
nected in series, at low cell voltage (2.75 V), it displayed a high
CO2 conversion efficiency (up to 40%), and a high FE (95%)
for CO production with partial current densities of above
250 mA cm�2. This was also a breakthrough for scaling up
the CO2RR technique to practical levels. More importantly, the
multilayer MEA electrolyzer with a smart design will inevitably
inspire some researchers to concentrate on the conversion
efficiency of CO2 instead of only trying to achieve a high FE.

Moreover, Zhuang et al. constructed an APEM electrolyzer
integrating the electrolyte, membrane, and catalyst in an all-in-
one.126 This strategy made the CO2RR electrolyzer operate with
pure water, in which dry CO2 could serve as the feedstock
(Fig. 6d). In this device, an alkaline polymer electrolyte and
quaternary ammonia poly(N-methyl-piperidine-co-p-terphenyl)
(QAPPT) with high ionic conductivity and good mechanical
properties were used as the membrane separator and the
ionomer, and were impregnated into the electrodes. Using Au
as a catalyst in the cathode, the FE for CO was over 85%, and
the OER occurred at the IrO2 anode fed with pure water. At
2.25 V, 50 1C, the stability of this electrolyzer could be main-
tained for over 100 h with no decay in the CO FE (90–95%). The
construction strategy of this electrolyzer enabled the current
density of the CO2RR to reach the level of industrialization and
thus shows great prospects for practical application. Moreover,
the electrolyzer was simply assembled and possessed a
membrane electrode structure, which could be further
extended for producing multi-carbon or value-added liquid
products, and even to other electrocatalysis reactions.

In the above, several advanced devices with innovative
designs have been presented and their advantages and

Fig. 6 Schematic of advanced devices for the CO2RR. (a) MEA electrolyzer separated by an anion exchange membrane (AEM), in which humidified CO2

was supplied to the cathode and the KHCO3 electrolyte circulated in the anode. Adapted with permission from ref. 123. Copyright 2019, Elsevier. (b and c)
Multilayer MEA device for the CO2RR in parallel connection and serial connection on the basis of the MEA unit, respectively. (b and c) Adapted with
permission from ref. 125. Copyright 2019, American Chemical Society. (d) APEM device, which can be operated with dry CO2 in the cathode and pure
water as the feedstock in the anode. Adapted with permission from ref. 126. Copyright 2019, The Royal Society of Chemistry.
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functions discussed. For convenient comparison, the key com-
ponents, operating conditions, and corresponding parameters
of these devices are summarized in Table 2 in detail. The MEA
electrolyzer could achieve an industrial-scale current density
with superior stability, due to its low cell resistance and fast
mass transfer. The multilayer MEA electrolyzer was actually
constructed by connecting multiple MEA units in serial or
parallel, thus being able to further boost the CO2 conversion
and yield of the corresponding product. As for APEM, dry CO2

and pure H2O could be directly as feedstock for CO2 overall
splitting. While the APEM included special functions of the
membrane electrode and electrolyte, which significantly
facilitated rapid ion transfer and gas transport in the reaction.
However, there are still some tough problems for MEA
electrolyzers that need to be solved and improved.25,27 In
particular, the structure of the membrane should be further
optimized to lower cell resistance, such as by altering the
thickness and mechanical strength. In addition, it should be
noted that the product can adhere to the surface of the
membrane and even continuously cross to the anode. This is
a common problem that can destroy the membrane structure,
block ion transfer, and lead to degeneration of the stability.
Thus, the optimization of the membrane type and structure is
highly significant for further improving the device performance
up to an industrial level in the future, especially regarding the
stability.

2.5. Hybrid CO2 electrolysis

The novel design strategies mentioned above mainly aim to
improve the performance of the CO2RR at the cathode, including
the selectivity, current density, and CO2 conversion efficiency. It
should be pointed out that the total the energy conversion
efficiency of the CO2RR system should also be considered, which
concerns the energy consumption, economic viability of the
reaction system, and the net reduction of CO2.26,29,127 Generally,
the CO2RR is coupled with OER at the anode, which has a highly
theoretical onset potential (1.23 V) and is still relatively low in
terms of its efficiency of energy utilization.27,128 Also, this OER
process will consume 90% of the electric energy in the CO2RR
system.28 It is thus necessary and applicable to replace the OER
at the anode by a valuable anode oxidation with a low onset
potential. Within this scenario, the maximum energy conversion
efficiency of the whole reaction system could be realized, such as
a low cell voltage and the production of valuable chemical

products at both the anode and cathode. Therefore, hybrid
CO2 electrolysis has aroused much attention from researchers,
such as the CO2RR/H2S oxidation reaction and CO2RR/glycerol
oxidation reaction (GOR).

Li et al. tried to couple the CO2RR with the H2S oxidation
reaction in the presence of redox couples.129 By using ZnO@
graphene and graphene as catalysts in the cathode and anode,
respectively, the CO2 molecule could be efficiently converted to
CO and simultaneously H2S being a toxic and harmful gas
could be oxidized to value-added products of S. Therefore, the
reaction system produced win-win effects, finally achieving
pollutant disposal. Moreover, there are some available and
promising anode reactions with a low onset potential that
can be used for nitrogen-containing wastewater treatment
and chemicals synthesis to replace the OER, such as the hydrazine
oxidation reaction (HzOR),130 urea oxidation reaction (UOR),131,132

and methane oxidation reaction (MOR).6,133,134 If they are coupled
with the CO2RR, it would enable the development of a reaction
system with high economic and environmental benefits driven by
a low cell voltage, as schematically shown in Fig. 7.

In addition, based on the thermodynamic potential and the
economic feasibility of the CO2RR system, Kenis et al. system-
atically evaluated several anodic reactions that could be
coupled with the CO2RR.28 As a result, it was found that GOR
could be used for producing biodiesel (glycerol: industrial
waste) with a low onset potential, as shown in Fig. 7, and be
much promising anodic reaction for marrying with the CO2RR.
Using Pt/C as the catalyst for GOR, it was demonstrated that the
cell voltage could be significantly reduced in comparison to
that of the coupled oxygen evolution at the anode. Furthermore,
by using Cu as a catalyst for the CO2RR, similar effects on the
cell voltage for the electroreduction of CO2 to HCOO�, C2H4,
and C2H5OH were also presented, respectively. Compared with
the conventional CO2RR system, this hybrid reaction system
allowed saving 53% of the electricity requirements. In view of
this, rationally coupling the CO2RR process with oxidation
reactions to make value-added chemicals would greatly enhance
the CO2 utilization potential and the economic viability.

In addition, with the growing development of the organic
electrooxidation reactions, some significant organic molecule
oxidation reactions that can produce value-added fine chemicals
should also be considered for coupling with the CO2RR. For
example, 5-hydroxymethylfurfural (HMF) can be electrooxidized
to 2,5-furandicarboxylic acid (FDCA), which is a significant

Table 2 Summary of the key components, operating conditions, and corresponding parameters in the performance of advanced CO2RR devices

Device type

Key component

Product Cell voltage (V) FE (%) j (mA cm�2) Stability (h) T (1C) Ref.Membrane

Catalyst Electrolyte

Cathode Anode Cathode Anode

MEA AEMc Cu IrO2 — 0.1 M KHCO3 C2H4 3.75 440 120 100 40 123
Multilayer MEA AEMc Ag Ir — 1 M KOH CO 2.75 85 B125 — 22 � 2 125a

AEMc Ag Ir — 1 M KOH CO 2.75 95 250 8 60 125b

APEM APMd Au/C IrO2 APEe Pure H2O CO 2.25 90–95 100 4100 60 126

a Operation in parallel connection conditions. b Operation in serial connection conditions. c AEM, anion exchange membrane. d APM, alkaline
polymer membrane. e APE, alkaline polymer electrolyte.

Review Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 D
al

ia
n 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 1
/1

5/
20

21
 1

:3
6:

13
 A

M
. 

View Article Online

https://doi.org/10.1039/d0ee02981e


This journal is©The Royal Society of Chemistry 2021 Energy Environ. Sci.

monomer for producing important polymeric materials. In addi-
tion, 3-hydroxy decanoic acid (3-HDA), derived from glucose or
xylose waste-streams, can be converted into a drop-in oxygenate
diesel fuel via an electrooxidation reaction.135 Certainly, there are
also more available organic oxidation reactions to replace OER,
which can take inspiration from the hybrid electrolysis of water in
the previous literature.136,137 To make the optimal choice, relevant
assessments regarding the economy, technology, and CO2 net
emissions among these alternative organic oxidation reactions are
highly required.

3. Conclusions and outlook

In this account, we concentrated on the innovative design
strategies for the CO2RR system, and systematically considered
the various challenges for each component of the CO2RR
system. In this booming field, the novel ideas emerging in
retrospective work all add to facilitating the practical applica-
tion of the CO2RR. It is particularly highlighted that the
development and optimization of GDE or 3D free-standing
electrodes, membranes, and catalysts are the key points to
achieve the industrial level application in the future and
require special attention. However, in some specific aspects,
there are also many opportunities for researchers to further
develop and explore, and tough challenges to be addressed,
including the following:

(1) Multifunctional tandem catalysts by using a carbon-
based catalyst (single atom) as support for target products,
especially Cu-based catalysts integrated on them, will greatly
attract the attention of researchers to further investigate them
in terms of their mechanism and performance improvement
possible. Of course, some electrocatalysts (Sn, In, Bi, Pd, Zn,
and alloys, etc.) that can produce liquid phase products, such as

formic acid and methanol,138–143 should also be considered
as one of the main components of the tandem catalyst.
Meanwhile, improving the stability of tandem catalysts with
multiple components is a great challenge. Also, the reaction
process is more uncertain, involving the adsorption and con-
version of various intermediates, multi-phase interface, etc.
Various in situ techniques, such as surface-enhanced Raman
spectroscopy, surface-enhanced infrared absorption spectro-
scopy, X-ray absorption spectroscopy, need to be developed
and adopted to decouple the complex reaction process.144

Besides, on-chip electrocatalytic microdevice of the CO2RR
should also be constructed by means of individual nanowires/
nanosheets as model catalyst for directly probing electroche-
mical processes, monitoring dynamic changes of the catalyst,
and identifying the real active sites at the nanoscale, which will
greatly facilitate gaining a deeper understanding of the catalytic
mechanism and will further guide the design and synthesis of
the tandem catalyst.145

(2) The use of seawater as an abundant and economical
electrolyte has many unique advantages. Given the complex
composition of seawater, the development of various electro-
catalysts that can be operated in seawater to generate value-
added fuels will become a new research hotspot. Since seawater
can dissolve CO2 by itself, it should be a promising electrolyte
for achieving a net reduction of CO2.98 As for seawater electro-
lyte systems, there also remains some challenges, such as
microbial contamination and the adsorption of complex
cations and anions (Mg2+, Ca2+, Br�, I�, Cl�) on the surface
of the electrode. In future, more effort should be devoted to
overcome these challenges via coupling with mature/industrial
seawater treatment techniques, such as multistage distillation
and reverse osmosis, as well as the novel seawater-related
techniques, such as the membrane separation process or

Fig. 7 Schematic diagram of polarization curves for the CO2RR and other available/potential oxidation reactions with a low onset potential, such as
HzOR, GOR, UOR, and MOR. Coupling CO2RR with valuable oxidation reactions can realize high energy efficiency toward producing the target products
at both the anode and cathode.
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advanced capacitive deionization technique, to remove impur-
ity ions.146–148 The appropriate operating conditions, such as
pH value, temperature, and concentration of electrolyte, should
also be optimized.149–151 Besides, although the solid electrolyte
system has been attempted to produce pure products, more
solid electrolyte systems are expected to be developed inspired
by the solid-state ion batteries developed for the CO2RR.

(3) The 3D free-standing electrode structure is also popular
in modularized flow-cell devices, especially 3D free-standing
gas diffusion membrane electrodes. In particular, membrane
electrodes, with a function of CO2 capture and separation, may
represent a promising research direction that needs to be
focused on.152,153 In this case, the exhaust gases (e.g. industrial
flue gas) can be directly reutilized as feedstocks for CO2RR. In
addition, the mechanical properties of the 3D free-standing
electrode should be enhanced to meet the special conditions,
such as high gas pressure and fast flow rate. Meanwhile, the
mass transfer channels on the 3D free-standing electrode
should also be well-designed and optimized at the nanoscale
by using advanced 3D printing technology to increase the mass
transfer rate and achieve the commercial-level current density.
Much work should be done to achieve these goals in the future.

(4) The engineering of the device/electrolyzer should also be
paid more attention in order to meet the practical targets
related to the industrial current density and actual CO2

conversion efficiency. Besides, the membrane, as the key mod-
ule in MEA and APEM devices, still presents great challenges
related to the stability, due to the detrimental process from
products crossing and the ion shuttle. Thus, a stable membrane
that can inhibit products crossing and be much more selective in
passing ions is highly required.27 Meanwhile, the models regard-
ing to the fluid flow in the electrolyzer and the electrical double
layer (EDL) on electrode also urgently need to be perfected/
developed to guide the design of the electrolyzer.154

(5) For hybrid CO2 electrolysis, the anodic reaction should
be considered and analyzed from an energy-effective and
economical perspective, while the electrochemical oxidation
reaction for waste water treatment and fine chemicals synthesis
may be taken into consideration to replace the OER at the
anode. The oxidation reactions for some organic molecules are
also very promising, such as 5-hydroxymethylfurfural (HMF),155

benzyl alcohol (BA)156 and 3-hydroxy decanoic acid (3-HDA).135

Nevertheless, highly active catalysts are still urgently needed for
improving the activity and selectivity. Also, oxidation reactions
related to the value-added fine chemicals and the corres-
ponding separation process still need to be developed. Once
the separation techniques in the traditional chemical industry
are well coupled with the CO2RR, hybrid CO2 electrolysis driven
by the sustainable, intermittent, and green energy will be
meaningful and will roundly facilitate the industrial develop-
ment of CO2 utilization.

This review aimed to give systematic guidance to inspire
more researchers to develop innovative design strategies for
CO2RR system. Ultimately, keeping innovative strategies in
mind, it is expected that the performance and superiorities of
the CO2RR system will find comprehensive improvement,

including achieving an industrial-grade current density, high
energy efficiency, and appreciable CO2 conversion efficiency in
the future.
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3 Y. Y. Birdja, E. Pérez-Gallent, M. C. Figueiredo, A. J. Göttle,
F. Calle-Vallejo and M. T. M. Koper, Nat. Energy, 2019, 4,
732–745.

4 P. De Luna, C. Hahn, D. Higgins, S. A. Jaffer, T. F. Jaramillo
and E. H. Sargent, Science, 2019, 364, eaav3506.

5 T. Burdyny and W. A. Smith, Energy Environ. Sci., 2019, 12,
1442–1453.
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A. Proppe, Y. Pang, A. R. Kirmani, Y. Wang, A. H. Ip,
L. J. Richter, B. Scheffel, A. Xu, S.-C. Lo, S. O. Kelley,
D. Sinton and E. H. Sargent, Nat. Commun., 2019, 10, 5186.

72 C. G. Morales-Guio, E. R. Cave, S. A. Nitopi, J. T. Feaster,
L. Wang, K. P. Kuhl, A. Jackson, N. C. Johnson,
D. N. Abram, T. Hatsukade, C. Hahn and T. F. Jaramillo,
Nat. Catal., 2018, 1, 764–771.

73 F. Li, Y. C. Li, Z. Wang, J. Li, D.-H. Nam, Y. Lum, M. Luo,
X. Wang, A. Ozden, S.-F. Hung, B. Chen, Y. Wang, J. Wicks,
Y. Xu, Y. Li, C. M. Gabardo, C.-T. Dinh, Y. Wang, T.-T. Zhuang,
D. Sinton and E. H. Sargent, Nat. Catal., 2020, 3, 75–82.
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2020, 5, 367–377.

152 Y. Xu, J. P. Edwards, J. Zhong, C. O’Brien, C. M. Gabardo,
C. McCallum, J. Li, T. C. Dinh, E. H. Sargent and D. Sinton,
Energy Environ. Sci., 2020, 13, 554–561.

153 P. Li, X. Lu, Z. Wu, Y. Wu, R. Malpass-Evans,
N. B. McKeown, X. Sun and H. Wang, Angew. Chem., Int.
Ed., 2020, 59, 1–7.

154 D. Bohra, J. H. Chaudhry, T. Burdyny, E. A. Pidko and
W. A. Smith, Energy Environ. Sci., 2019, 12, 3380–3389.

155 W.-J. Liu, L. Dang, Z. Xu, H.-Q. Yu, S. Jin and G. W. Huber,
ACS Catal., 2018, 8, 5533–5541.

156 X. Liu, N. Jiang and Y. Sun, J. Am. Chem. Soc., 2016, 138,
13639–13646.

Review Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 D
al

ia
n 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 1
/1

5/
20

21
 1

:3
6:

13
 A

M
. 

View Article Online

https://doi.org/10.1039/d0ee02981e



