REVIEW

'-) Check for updates

small

www.small-journal.com

Recent Development of Electrocatalytic CO, Reduction

Application to Energy Conversion

Feng Liang,* Kaiwen Zhang, Lei Zhang,* Yingjie Zhang,*

Carbon dioxide (CO,) emission has caused greenhouse gas pollution
worldwide. Hence, strengthening CO, recycling is necessary. CO,
electroreduction reaction (CRR) is recognized as a promising approach

to utilize waste CO,. Electrocatalysts in the CRR process play a critical

role in determining the selectivity and activity of CRR. Different types of
electrocatalysts are introduced in this review: noble metals and their derived
compounds, transition metals and their derived compounds, organic polymer,
and carbon-based materials, as well as their major products, Faradaic
efficiency, current density, and onset potential. Furthermore, this paper
overviews the recent progress of the following two major applications of CRR
according to the different energy conversion methods: electricity generation
and formation of valuable carbonaceous products. Considering electricity
generation devices, the electrochemical properties of metal-CO, batteries,
including Li-CO,, Na-CO,, Al-CO,, and Zn—-CO, batteries, are mainly
summarized. Finally, different pathways of CO, electroreduction to carbon-
based fuels is presented, and their reaction mechanisms are illustrated. This
review provides a clear and innovative insight into the entire reaction process
of CRR, guiding the new electrocatalysts design, state-of-the-art analysis

Yong Lei, and Xueliang Sun*

in 2100 to 600 ppm, which is nearly twice
as much as the current amount.! As an
extremely disturbing greenhouse gas, CO,
exhaust may damage the carbon balance
of the atmosphere and the ecosystem.
Therefore, promoting CO, reduction and
utilization is urgent. CO,, as a linear mol-
ecule, has large ionization energy and a
small electron affinity; thus, CO, reduc-
tion is easier than oxidization. Numerous
methods, including chemical reduction,
photochemical reduction, electrochemical
reduction, and biological transformations,
have been applied to reduce CO, and
improve reaction rates.”!'. Among these
methods, CO, electroreduction reaction
(CRR) is more promising than others,
because it effectively adjusts reaction rates
and products by changing their potential,
current, and electrolyte.

All CRR pathways are divided into two
parts: heterogeneous and homogeneous

technique application, and reaction system innovation.

1. Introduction

With the development of industries, a considerable amount of
carbon dioxide (CO,;) has been produced and released into the
atmosphere. The concentration of CO, is predicted to increase
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reactions.®l Solid-gas and solid-liquid

interfaces are major reaction positions

in the heterogeneous process. The
electrodes (or catalysts) first bond with CO,, and then the
electrons transfer between two elements. Herein, surface
structure of catalysts plays a vital role in the heterogeneous
catalyst performance. For instance, the high-index surfaces
contain a number of low-coordination atoms, which may pos-
sess remarkable capability on the enhancement of the CO,
catalytic capability.! Homogeneous reaction is also called
indirect electrolysis, wherein catalysts play the role of redox
shuttle. During homogeneous reaction, catalysts first accept
electrons from electrodes, entering reduced state, and then
donate electrons to CO, in solution, returning to the initial
state.l’] Herein, the kinetic inhibition of electron transfer
from the electrode to the substrate is reduced.®! By contrast,
CRR has several problems: 1) compared with the double bond
in ketone structures, activating CO double bond in CO, is dif-
ficult due to its short bond length; 2) CO, electron affinity is
tiny, and the energy gap between the highest occupied and
lowest unoccupied molecular orbitals is large, indicating
that the potential transferring electrons should be negative;
3) some side reactions, such as hydrogen evolution reaction
(HER), may stick to the surface of catalysts and reduce the
Faraday efficiency of CRR.]

As one of the most critical applications of CRR, energy con-
version is closely interrelated with the fundamental interests
of mankind. Thus, the improvement of electrocatalysts is the
vital issue of electroreduction to overcome the above difficulties
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and facilitate efficient energy conversion. The application of
proper catalysts is always crucial to the entire reaction. Active
and selective catalysts must possess a strong CO bond energy
but weak H bond energy. Varieties of catalysts, including noble
metal catalysts, transition metal catalysts, organic polymer, and
carbon materials, have been currently developed with the large
amount of research work. The application of CRR is mainly
separated into the following two parts based on the different
pathways of energy conversion: metal-CO, batteries and elec-
troreduction of CO, to fuels.

As one of the strategies of energy conversion, CO, is nor-
mally reduced to varieties of carbonous products, such as
carbon monoxide (CO), methane, and other hydrocarbons.
The entire reaction occurs in the electrolytic cell cathode, and
the main reaction of the anode is the oxygen evolution reac-
tion.®l Furthermore, product efficiency depends on the elec-
trode structure and reaction conditions.”! As shown in Figure 1,
the first CRR in electrochemistry history was performed in
1870. Royer reported the reduction of CO, to formic acid on
Zn electrodes.'”) Gas diffusion electrodes were introduced in
1990 to increase the contact area of the gas and liquid phases
and the surface of catalysts, which finally enhances catalytic

Electroreduction pathway of CO and CO,
mixture was reported (12],
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efficiency.™ However, high cost, low product selectivity, and
poor stability are still the major problems, thus industrializing
the necessary CRR application.!"”!

Moreover, metal-CO, batteries, which are another type of
utilization form of CO, electroreduction, can convert chemical
energy into electrical energy. Among all CO,-assist batteries,
metal-CO, batteries currently show the most potential due to
the use of active metals, such as lithium, sodium, zinc, mag-
nesium, and aluminum, as anodes. Li-CO, batteries are first
reported, thus providing a new way of mitigating the green-
house effect and the generation of electrical energy simulta-
neously. Na—CO, batteries were developed later, but their high
energy density and cheap cathode materials always attracted
considerable attention. Under similar conditions, Na-CO,
batteries demonstrated better cycle performance than Li-CO,
batteries.3] Studies on other batteries may not be as mature
as the two kinds of batteries but still have a promising future.
Although numerous works about CRR have been conducted
from the viewpoint of electrocatalysts,™ metal-CO, bat-
teries,™ and fuel production.’ Our review is organized from
a new way by taking progress and perspective of two types of
energy conversion: metal-CO, batteries and fuel production

Single-atom catalysts were applied as on CRR [218],

Alveolus-mimicking structure electrode was used

CRR catalysts [137],

Quasi-solid state metal-CO, batteries

R

N
o

&
S

were introduced (18],

Rechargeable metal-CO, battery was reported (193,

Primary metal-CO, batterieswere

introduced :°2], Carbonyl

polypyridyl
[Mn(L)(CO),Br] were applied as CRR catalyst 7).

manganese complexes

. STEEH

& L= boynayl igands

Polyphosphine ligands were used in CRR

catalysts design 6],

Gas diffusion electrodes were utilized on
CRRI[4],

Metal-0, /CO, batteries were introduced (6],

. Solid polymer electrolyte system was applied on

CRR!*3,

Ni complex catalysts were employed!©7],

Polyphosphine ligands were used in the design of
CRR catalysts. (53],

catalyst. Bh * D Electroreduction of CO, to fuels
CO, was electroreduced to CH;0H. CO. Ph w Ph D €O, electrocatalysts
HCOOH, CH,0. and CH;OH on an -
electrode with the assistance of light [2l, Ph cl
D Metal-CO, batteries

electrodes!!?l.

Electroreduction of CO, was first reported on Zn

Figure 1. Milestone for the development of CO, electroreduction.
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as the target. Furthermore, this review elaborates four types
of electrocatalysts and their application on two energy conver-
sion forms Dby analyzing their reaction mechanisms, current
shortcomings, and development trends. Finally, we highlight
six directions of CRR development from aspects of new catalyst
design, advanced analytical test method, and reaction system
improvements.

2. Electrocatalysts

The common pathways of CRR involve one-, two-, four-, six-,
and eight-electron reduction pathways.[*! From the viewpoint
of thermodynamics, the tendency of different electron transfer
reactions is closely linked with electrode potential. Related
standard redox potentials for different electron pathways are
concluded in Table 1, which are obtained by calculating the
standard Gibbs free energy of reactant in aqueous solutions.
The Gibbs free energy is decided by the different pK, of proton
acceptor and proton donor.”l As shown in Table 1, the standard
redox potentials for different electron pathways have no obvious
laws. This is because the whole CRR reaction process is com-
plicated, which generally contains three steps: i) the adsorption
of CO,; ii) the surface diffusion of CO, and the electron and
proton transformation on CO2; iii) the desorption of products.
The redox potentials can be determined by many parameters,
such as the electrolyte salts, CO, pressure, and the types of
catalysts. For example, due to generation of thermodynami-
cally unstable products, single electron transfer requires more
overpotential than proton-couple multielectron transfer. It is
necessary to overcome high energy barrier of adsorbing CO,
and forming CO,~ anion radical. Therefore, catalysts play an

Table 1. Standard potential of different electroreduction

reactions.['20]

Co,

Half-electrochemical thermodynamic reactions Electrode potentials (V vs SHE)

under standard conditions

COy(g) +e” =CO; ™ (aq) -1.990
CO,(g) + 2H* + 26~ = HCOOH () ~0.250
2C0,(g) + 2H* + 26~ = H,C,0,(aq) ~0.500
CO,(g) + 2H,0(l) + 2¢ = HCOO™ (aq) + OH- 1,078
2CO;4(g) +2¢” =C,04” (aq) -0.590
CO,(g) + 2H* + 26~ = CO(g) + H,0(l) ~0.106
CO,(g) + 2H,0(l) + 26~ = CO(g) + 20H" ~0.934
CO,(g) +4H" + 46~ = C(s) + 2H,0()) 0.210
CO,(g) + 2H,0(l) + 4e~ = C(s) + 4OH" ~0.627
CO,(g) + 3H,0(l) + 4e~ = CH,O(l) + 4OH" ~0.898
CO,(g) + 6H* + 66~ = CH;0H(l) + H,0()) 0.016
CO,(g) + 5H,0(I) + 6e~ = CH3OH(I) + 60H" ~0.812
CO,(g) + 8H* + 86~ = CH,(g) + 2H,0 ()) 0.169
CO,(g) + 6H,0(l) + 8e™ = CHy(g) + 8OH- ~0.659
2C0,(g) + 12H* + 126~ = CH,CH,(g) + 4H,0(l) 0.064
2C0,(g) + 12H* +12e~ = CH;CH,OH (I) + 3H,0()) 0.084
2C0,(g) + 9H,0(l) + 126~ = CH;CH,OH (l) + 120H- —0.744
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important role in facilitating the reaction rate and decreasing
energy gaps. The performance of four types of electrocatalysts
is compared considering the activity, selectivity, price, stability,
and electron conductivity. Remarkable CRR catalysts should
possess six key traits as indicated in Figure 2.

2.1. Noble Metal and Relative Complexes
2.1.1. Nanomaterial

Compared with bulk noble metals, nanomaterials exhibit
enhanced CRR catalytic capacity due to high surface area and
density of low-coordinated sites.'¥! From the microcosmic per-
spective, the activity and selectivity of noble metal electrocatalysts
have a close relationship with their nanostructures. Back et al.
proposed that the morphology of Au nanomaterial plays an
important role in the electrocatalyst design; they found that cubic
Au nanoparticles, square Au nanowires, and pentagonal Au
nanowires had small dihedral angles and open planes catalyzed
by CRR with high Faradaic efficiency via testing of their general-
ized coordination number.') With the aid of proximity-field nan-
opatterning, Jeon et al. synthesized 3D hierarchically porous gold
(N/M-Au) nanostructures containing interconnected macropo-
rous network (200-300 nm) and mesoporous (10 nm). Macropo-
rous networks played a critical role on the transportation of ions
and protons in electrolytes. Meanwhile, mesoporous endowed
catalysts with large electrochemical surface areas. N/M-Au
displays a high CO particle current density of 0.891 mA cm™
at —0.324 mV versus RHE due to its novel structure.’% Ag cata-
lysts containing nanoparticles and mesoporous are proven to
reduce the energy gap of the second proton transfer step, which
is the rate-determining step of the entire reaction.’!l Hollow
porous Ag spherical catalysts were reported to have high CO
Faradaic efficiency of 94%. The density functional theory (DFT)
calculation demonstrated that porous hollow structures and edge
sites provide a large number of active sites.?? Xie et al. designed
a type of 3D porous Pd containing interconnected nanosheet,
which had a high tendency to reduce CO, to formic acid. When
this design was applied to the Zn-CO, battery, the entire battery
transformed conventional discharge product carbonate into an
organic liquid, thereby enhancing the cyclic performance of the
battery to a large extent.?*!

Apart from surface morphology, element distribution con-
siderably impacts the entire reaction process. Noble metals
normally combine with other metals to form nanosized alloys,
especially first-row transition metals, such as Cu and Sn, to
enhance reaction kinetics. The optimized binding strength
of intermediates is likely to form on the alloy surface due to
the synergy of electronic and geometric effects.? Smith et al.
analyzed product formation on Au-Cu bimetallic thin films
via tuning composition ratio. They found that the d-band
center of alloys shifted away from the Fermi level with the
increase in Au content, weakening the binding energy of *CO
and promoting CO desorption. Moreover, the presence of Au
atoms prevented Cu atoms from oxophilicity. Afterward, rela-
tively low *H binding energy of Cu atoms inhibited HER and
enhanced the selectivity of the entire catalyst effectively.l’!
Lu et al. researched a series of Pd,Cu, bimetallic aerogels and
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Figure 2. Key traits of ideal CRR catalysts.

found that Pdg;Cuy; aerogel was an ideal electrocatalyst for
CRR, which produced methanol with high Faradaic efficiency
up to 80%, because of the coordination of Pd and Cu with cer-
tain ratio and network structure of the aerogel.?%! Furthermore,
the morphology and ratio of Pd—Cu alloy have a tremendous
impact on the final products and catalytic efficiency of CRR.
Notably, spherical Cu-Pd nanoalloys with a Cu/Pd molar ratio
0f'1/0.3 translated CO, into CO with high Faradaic efficiency up
to 93%, but the dendritic Cu-Pd nanoalloys showed a large ten-
dency to produce H,. The main reason is that the d-band center
of Pd played a key role in tuning the binding energy of CO and
COOH intermediates, and the Cu-Pd-0.3 alloy catalyst is the
most suitable ratio for balancing the d-band center.?’]
Furthermore, catalyst size control is considered to be
another practical method of catalytic property improvement.
For example, Sun et al. studied the CO, reduction performance
of monodispersed Au catalysts with different sizes from 4 to
10 nm. They found that the 8 nm Au catalysts had an optimum
ratio of edge site, thus showing the maximum CO FE (up to
90% at —0.67 V vs RHE). In particular, adjusting the active
sites of catalysts is easy when their cluster size shrinks to the
atomic level by only changing the position of small amounts
of atoms.?8] Moreover, different from other catalysts, atomic-
level noble metal active sites, such as Pt, Rh, and Os, display
high sensitivity to surrounding coordination atoms. Herein,
anchoring metal atoms on suitable substrates, such as g-C;N,,
graphene, and carbon nanotubes, is a pivotal step of SAC syn-
thesis.?) Until now, most researchers select transition metals
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as metal active sites on SACs due to the low price of transition
metals. However, d-band center theory suggests that transition
metals fail to maintain high activity and selectivity simultane-
ously during the reaction of CO, reduction to methanol. The
main reason is that these metals have similar binding energies
to *COOH and *CO, which is called scaling relation.*”! By con-
trast, Pt atoms anchored on graphene exhibit strong d-orbital
interaction with the p-orbital of graphene, leading to deviations
from the scaling relation. Thus, Jung et al. loaded Pt atoms on
defective graphene with double vacancies to form Pt@dv-Gr.
Compared with transition metal candidates, Pt@dv-Gr exhib-
ited low limiting potential for methanol production. Addition-
ally, Pt@dv-Gr showed a weaker binding of *CO than bulk Pt
metal due to the lack of a Pt ensemble, which resulted in a
superior methanol selectivity.3!

2.1.2. Metal Complexes

An increasing number of molecular complexes have been
applied to CRR catalysis with the development of coordination
chemistry. Molecular complexes are ordinarily divided into two
parts: metal center and organic ligands. The reaction pathways
and binding strength of intermediates are more tunable and
abundant on the surface of metal complexes than other cata-
lysts due to the synergy of the two parts. The binding energy of
optimized intermediates is efficiently enhanced by tuning the
position and number of ligands, thus helping researchers to

© 2021 Wiley-VCH GmbH
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obtain their ideal products. Therefore, the selectivity and reac-
tivity of electrocatalysts are considerably modified.?

Au and Ag show weak bond energy with intermediates “CO;
therefore, they have a high tendency to reduce CO, to CO during
the CRR.*®l Complexes are used to capture and transfer CO,
via specific functional groups, such as amines.[’) Schmitt et al.
prepared AgDAT from the mixture of 3,5-diamino-1,2,4-triazole
(DAT) and Ag,SO,. Compared with bared Ag, the additional DAT
weakens the bond with CO and then increases the rate of CO
production, which was observed by in situ surface-enhanced
Raman spectroscopy.*® Kim et al. loaded amine molecules on
Ag nanoparticles with oleylamine for capping (OLA Ag/C). Com-
pared with other nanoparticles, the amine-capped Ag Nanoparti-
cles maintained high CO Faradaic efficiency to 94.2% (Figure 3a)
without increasing HER activity (Figure 3b)due to amine mod-
ification.’3] Natalie et al. found that Au,s(SR)15q (g = =1, 0, +1)
lost a ligand and became Au,5(SR)1;q or AuysS(SR)yyq to improve
its catalytic capability and suppress HER, and Au,sS(SR);,q was
formed by removing ligand CHj (Figure 3c), thereby exhibiting
good selectivity and stability on CRR. The removal of ligand CH;
using DFT exposed additional S atoms as active sites, contrib-
uting to *COOH intermediates with high stability (Figure 3d).
Therefore, Au,sS(SR)y;,q effectively reduced CO, into CO and
suppressed the HER.?4

Ru complex is a kind of active electrocatalyst for CRR, and the
coordination of ligand and Ru metal sites efficiently transfers
electrons to CO,. The simple methyl substituent of [Ru(tBustpy)
(bpy)(NCCH3)]** (22%) catalyzes the disproportionation of CO,
to form CO;*~ and CO. Moreover, CO, was found to bond
with the surface of 22" after the one-electron transfer to 2* by
employing infrared radiation (IR) spectroscopy and gas chroma-
tography (GC) analysis. This phenomenon proved the appear-
ance of the product and the occurrence of a second electron,

www.small-journal.com

thus resulting in low overpotential coordination with high Fara-
daic efficiency.’”) Hadadzadeh et al. clarified the detailed path-
ways, in which CO, was electroreduced to CO on the surface
of [Ru(dmbpy)(tptz)(Cl)](PFs) (where dmbpy = 4,4-dimethyl-
2,2-bipyridine, and tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine)
with DFT calculation. They further observed that a two sequen-
tial one-electron reduction process took place first and formed
[Ru'(dmbpy)(tptz2")(Cl)]” intermediates, and then Cl~ was
altered by CO, to generate [Ru'/(dmbpy)(tptz)(CO,%)]. The
third and fourth electronic transfers occurred on the tptz and
dumbpy ligands, respectively, to generate [Ru"(dmbpy)(tptz")
(CO,*)J* (Figure 3e). The oxide on the coordinated-CO, ligand
moved to combine with the free dissolved CO,, leading to the
substitution of coordinated-CO, and coordinated-CO ligands.
Finally, CO was separated from the complex and completed the
entire electrocatalytic cycle.3%) Szkaradek et al. described that
graphene-supported Ru-porphyrin exhibited large activity to
translate CO, into methane because Ru formed strong interac-
tions with CO intermediate and then produced hydrocarbons.
Furthermore, by analyzing Bader population of graphene sup-
ported porphyrin-CO, system, there was not obvious electron
donation appearing on the graphene sheet, although graphene
sheet was reported to affect elementary step energy signifi-
cantly. Herein the graphene supporter only played the role of
orbital polarization at the macrocyclic compound. %

2.2. Transition Metal and Relative Compounds
2.2.1. Fe, Co, and Ni

Fe, Co, and Ni, as the group VIII metals, have similar atomic
radius and electronic configuration. The 4s orbits of these metals
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Figure 3. a) CO Faradaic efficiency and b) H, massive activity of Ag nanoparticles with different capping agents. Reproduced with permission. Copy-
right 2016, American Chemical Society. c) Schematic for the reduction of the fully ligand-protected NC (Au,5(SR)159) to AuysS(SR)y;q. d) Free energy
diagrams for the reduction of CO, to CO on AuysS(SR);q. Reproduced with permission.?¥ Copyright 2018, Royal Society of Chemistry. e) mechanism
for the electrocatalytic reduction of CO, on [Ru(dmbpy) (tptz) (CI)](PF¢). Reproduced with permission.?%l Copyright 2016, Royal Society of Chemistry.
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are filled, and empty orbits only exist on their 3d orbits, which
are close to the Fermi level. The condition of d states is of utmost
importance on the entire catalysis process. All three metals
exhibit a high tendency on H, evolution, indicating that bulk
metals without any treatment are unfavorable candidates to CRR
catalysis.!l Metal-N-C (Metal = Fe, Co, Ni) catalysts with high CO
selectivity are widely used to deal with above-mentioned problems.
Different electronegativity of metal, nitrogen, and carbon, leads
to the shift of metal d-band center, further enhancing selectivity
and activity of these metals. From the DFT analysis of Metal-N-C
(Metal = Fe, Co, Ni), it has been suggested that Co-N-C displays
high tendency to HER and high energy barrier of CO generation,
Ni-N-C needs large overpotential to adsorb *CO but have great
ability to inhibit HER. Fe-N-C displays relative balanced activity
of HER and CRR.M The application of metal-N-C will be dis-
cussed in the following paragraph in detail.

Thus, conducting some treatments on bulk metal is nec-
essary to suppress H, evolution and enhance the reduction
capability of CO,.’% The continual reaction was also inhibited
because of the large binding energy between the Fe surface
and *CO intermediate. Moreover, the formation of iron carbide

www.small-journal.com

leads to the inactivity of the Fe surface.’l Taheri et al. devel-
oped a new Fe-based complex electrocatalyst, [Fe,N(CO)y,]|", in
a buffered aqueous solution, which had remarkable catalytic
capability to reduce CO, to formate. This electrocatalyst showed
high Faradaic efficiency of nearly 96%, a high current density
of 4 mA cm™2, and an excellent stability after 24 h operation.
DFT and infrared spectroelectrochemistry demonstrated that
[HFe,N(CO)y,] intermediate played an important role during
the formation of C—H bond. Moreover, the growth driving
force of the C—H bond in aqueous solution indicates that the
buffered aqueous solution promotes the selectivity of this cat-
alyst.’?] Moreover, FeN, moieties play important roles on the
reduction reaction of CO, to CO, which was investigated by
designing a series of Fe-N-C materials containing different
ratios of FeN, moieties and crystalline Fe. According to the
mass percentage of Fe (0.5, 1.0, and 4.0) and the application of
a wet impregnation step (w/d), five different Fe-based catalysts
were named: Fe,od, Fe;w, Fejod, Feysd, and Feys5d-950. The
content of FeN, at 100% (Fe,sd) showed strong CO selectivity
whose Faradaic efficiency reached 91% and low onset potential
of 0.3 V (Figure 4a). On the contrary, crystalline Fe (Fejow and
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Figure 4. a) Faradaic yield for CO formation Fejod (orange), Fe,od (green), Fe;ow (cyan), Fe;od (red), Feq sd-950 (black), and Feqsd (blue). b) CO/H, ratio
of the gas blend formed after 5 min of electrolysis at -0.5 V versus RHE. Reproduced with permission.[*l Copyright 2017, American Chemical Society. c) Free
energy diagram of CRR on Fe-N, moieties. Reproduced with permission.[*l Copyright 2018, Wiley-VCH. d) CO Faradaic efficiency and e) TOF for CO pro-
duction of CoTPP-CNT. Reproduced with permission.*l Copyright 2017, Wiley-VCH. f) Calculated free energy diagrams of different catalysts. Reproduced
with permission.”l Copyright 2016, American Chemical Society. g) CO Faradaic efficiency and h) Tafel plots of different catalysts. Reproduced with permis-
sion.[*®l Copyright 2019, Elsevier. i) the free energy diagrams for CO generation. Reproduced with permission.[*’l Copyright 2018, Royal Society of Chemistry.
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Fe,d) is appropriate to catalyze HER. Therefore, maintaining
the relative content of FeN, by more than 97% is a remarkable
way to strengthen the CRR catalytic capability of Fe-N-C mate-
rials (Figure 4b).l Zhang et al. obtained atomic iron dispersed
on nitrogen-doped graphene (Fe/NG) by annealing the mixture
of graphene oxide and FeCl; solution at 750 °C, which showed
the highest catalytic capability to reduce CO, to CO among all
different annealing temperatures. The largest CO Faradaic effi-
ciency was up to 80% at —0.60 V versus RHE, and the reducing
current hardly demonstrated large decays. The VASP result
indicated that the formation of COOH* intermediate was con-
firmed to be the potential limiting step of the entire reaction.
Moreover, the special structure of Fe/NG, the coordination of
N atom on the graphene surface, and FeN, moieties reduce the
energy barrier to 0.29 eV (Figure 4c).*!

HER is more likely to occur than CRR on the surface of
pure Co metal. Several methods should be considered to
strengthen the catalytic capability of CRR. Combining with
organic elements to form complexes may be one of the effec-
tive strategies and among all complexes, CoPor is considered
as the one of most ideal candidates. A type of electrocatalyst
containing CoPor is called cobalt meso-tetraphenylporphyrin
(CoTPP), and its major product was CO. Research showed that
the immobilization of the CoTPP—carbon nanotube (CoTPP/
CNT), as a heterogeneous catalyst, overcame numerous prob-
lems of homogeneous catalysts. The Faradaic efficiency dramat-
ically improved by over 90% at —1.35 V versus SCE (Figure 4d).
The turnover frequency (TOF) was reported to reach 280 h™
(Figure 4e), which was 300 times larger than similar homo-
geneous catalysts. The unique superiority of CoTPP/CNT lies
in its remarkable coordination of considerable electronic con-
ductivity of CNT and the extraordinary catalytic capability of
CoTPP. The DFT calculation confirmed that the profound
stabilization of Co"TPP.CO,” immediate was a vital factor in
enhancing the activity of COTPP/CNT.l*! However, the catalytic
activity COTPP was reported to drop as the reaction proceeds.>’!
Jiang et al. recently took research on the mechanism of CoTPP
inactivation and found two main factors. First, CoOTPP was oxi-
dized by CO, to form non-catalytically active [Co'TPPJOH.
Second, reductive carboxylation of porphyrin ring was likely
to product [Co°TPP]*~ and [Co®TPP-COJ*", which disrupted
m-system of CoTPP and resulted in catalyst disintegration. Fur-
thermore, bulky donating functional groups, especially OMe,
have great capability to inhabit above-mentioned factors and
enhance catalyst stability.>¥

Apart from CoTPP, Zhu et al. obtained cobalt-porphyrin
nanotubes (CoPorNT-x, x = 2, 3, 4) by rolling different num-
bers of CoPor monomers. This new catalyst exhibited remark-
able thermodynamically stable and unique half-metal and
ferromagnetic features, thereby suggesting a potentially good
candidate for CRR electrocatalysts. Furthermore, products
may demonstrate numerous changes with a variety of x. The
main products were methane with less overpotential than Cu
catalyst in the case of x = 2, 3. However, CO became the main
products with lower overpotential than Au (111) surface when
x increased to 4 considering different adsorption energies of
O (Figure 4f). Moreover, CoPorNT-3 showed a low proton-
transfer free energy barrier and additional activity due to the
high d-band center.[*’]
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On pure Ni electrode, H, and small hydrocarbon are major
products of CRR. Large CO, pressure, high temporary, and
negative electrode potential substantially improve the reduc-
tion capability of CO,.5% Ni-Ny moieties of the catalyst sur-
face endow catalysts with high CO reduction efficiency due
to the coordination of Ni and nickel-nitrogen-doped carbon
(Ni-N-C) catalyst. The DFT calculation shows that all path-
ways of the reduction in CO, to CO are downbhill energetics,
whereas HER pathways demonstrate a considerable energy
barrier. This finding shows the outstanding CO, catalytic capa-
bility and selectivity of Ni-N-C catalyst.[**¥ Lu et al. reported that
Ni-N, moieties played a pivotal role in dispersing Ni atoms on
N-doped CNTs (Ni SAs/NCNTs). Ni-N, moieties also showed
stable and high CO Faradaic efficiency up to 97% and low
Tafel slope of 127 mV dec™ (Figure 4g,h).*! In comparison,
Sun et al. synthesized N-doped carbon-supported Ni nanopar-
ticles (Ni-NC_X@C), which manifested similar CO Faradaic
efficiency up to 94% at an increased positive potential of —0.7 V
versus RHE. Moreover, they found that the presence of Ni (111)
in the carbon support stabilized key immediate of *COOH and
increased the activity of catalysts (Figure 4i).1*]

2.2.2. Cu

Cu usually exhibits high selectivity to convert CO, into high-
value hydrocarbons among all transition metals.’”) Among
all pathways of CRR on Cu, CO often appears as an interme-
diate.’®] Moreover different facets of Cu nanostructures display
different product selectivities. Cu (100) surface has high C,
selectivity, and the generation of C; usually occurs on the Cu
(111) surface.l>?!

Zheng et al. reported that CuSn; was prepared via the coe-
lectrode position process, converting CO, into formate. X-ray
absorption studies (XAS) indicate that Sn is an electronic
donator, which maintained high oxidation states in CuSnj
alloy. Among various Cu,Sn, alloys, CuSn; showed the highest
formate Faradaic efficiency up to nearly 100% at —500 mV
versus RHE. Moreover, CuSn; displayed higher thermody-
namic limiting potentials to H, and CO than pure Cu and Sn,
which endowed CuSn; with remarkable formate selectivity.*’]
Yang et al. synthesized Cu,43;Se(1/3) nanoparticles in the sol-
vent with a 1/3 volume ratio of diethylenetriamine and water.
Their synthesis showed high methanol Faradaic efficiency up to
77.6% at 285 mV, and its current density reached 41.5 mA cm™2.
The remarkable catalytic capability of these nanoparticles was
ascribed to the following points: 1) Cu;43Se(1/3) had a large
surface area. 2) The charge transfer resistance demonstrated
that electron easily transferred on the catalyst surface. 3) The
DFT data revealed that the catalyst surface generated a short
Cuy3Se(1/3) —CHO bond with *CHO intermediate, leading to
low free energy of *CO conversion into *CHO. 4) XAS results
demonstrated that the Se atom in the catalyst was unsaturated,
thereby enhancing the catalytic performance.[®

Apart from adding other elements to form alloys with
Cu, tuning the morphology of the Cu-based catalyst is also a
remarkable method used to improve the catalytic capability of
CRR. Jiang et al. detected the C,, product selectivity on Cu foil
via the metal ion battery cycling method. Scanning electron
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microscopy (SEM) revealed that the Cu foil surface became
cubic and had a smooth (100) surface after 100 cycles. By testing
the electrocatalytic characterizations of Cu, among three kinds
of Cu foil (polished Cu foil, 10-cycle Cu, and 100-cycle Cul),
the 100-cycle Cu showed the highest C, Faradaic efficiency up
to 60.25% and maintained the stability of C, production after
2.5 h chronoamperometric measurements. The high C, selec-
tivity was attributed to the suppressed C; production due to the
increased interfacial pH value and the improved C,, activity
caused by the stepped facets on (100) surface.l®? Moreover, pure
metal catalysts loading Cu clusters on carbon materials, such
as graphene, nanotube, and nanodiamond, introduce another
development trend of Cu-based catalyst enhancement. Cu
atoms of the interface between Cu clusters and carbon substrate
were reported to be partially oxidized, which further endow Cu
atoms with relatively strong adsorption energy.®¥ Cui et al.
sputtered Cu clusters on N-doped nanodiamond (N-ND) to
form N-ND/Cu via microwave plasma CVD. In comparison to
N-ND, the onset potential of N-ND/Cu exhibited a large posi-
tive shift, thereby suggesting that the additional Cu markedly
reduced the reaction overpotential. The Cu atoms of the inter-
face showed a large binding strength with *CO and further
permitted C—C coupling due to the formal principle. C, eventu-
ally became the main reduction products, and unnecessary side
reaction was efficiently suppressed. Therefore, a high C, Fara-
daic efficiency of 63% was observed, and the remarkable C, pro-
duction rate reached nearly 90 umol L~ h~LI%] Similar to many
other metal-based catalysts, the addition of organic molecules
not only protects the Cu-based catalyst surface from corrosion
but also changes the binding energy with different intermedi-
ates and contributes to the inhabitation of scaling relations,
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as discussed in Section 2.2.1. Therefore, desired products are
easily obtained for metal molecule complexes by only changing
the position and types of ligands.[® Sargent et al. discovered
the CRR catalysis contributions of a type of N-aryl-substituted
tetrahydro-bipyridine species 1-11 (Figure 5a) by depositing
them on the Cu electrode. The entire test was performed in a
liquid-electrolyte flow cell system, and Faradaic efficiency data
were used to establish the volcano plot, which revealed the two
crucial points. 1) The Bader charge of N atoms of N-aryl-substi-
tuted tetrahydro-bipyridine had a large ratio impact of absorbed
atop- and bridge-bound CO (CO,,p/COlridge)- 2) COqtop/ COlridge
exhibited a close relationship with the final product, namely
ethylene selectivity (Figure 5b,c). Moreover, the DFT calculation
in Figure 5d displayed that the moderate co-existence of CO,p
and COyyiqge efficiently reduced the energy barrier of CO dimer-
ization; thus, tuning the ratio of COyp, to COyyigge by changing
the Bader charge of N atoms of nitrogenous ligands, such as
cysteamine, thiols, and polypyrrole, is crucial.®4

Types of innovative metal-based materials, namely oxide-
derived metals, have been considered promising catalysts in the
field of CRR catalysis. Kanan et al. first fabricated oxide-derived
Cu (OD-Cu) and applied it to CRR. Cu foil was annealed in air
during synthesis to form the Cu,O layer, and Cu,0 was then
reduced in high temperature. This unique synthesis can pro-
duce high-density grain boundaries containing numerous
active sites.[””) Lum and Ager comprehensively investigated
the selectivity of various active sites on OD-Cu via isotopic
composition analysis. The analysis results revealed that three
types of products, namely ethanol, ethylene, and 1-propanol,
were generated on different active sites.®¥! However, these
results still failed to specify the relationship between products
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Figure 5. a) Molecular structures of additives 1-11. b) The relationship between the ethylene FE and the ratio of COatop/CObridge. c) The relationship
between the ratio of atop CO to bridge CO and the Bader charge for the N atom. d) Energy barriers of the dimerization of two CO at both bridge sites
and two CO at bridge and atop sites. Reproduced with permission.[*4 Copyright 2020, Nature Publishing Group.
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and active sites. He et al. recently found the residual presence
of Cu,0 in OD-Cu by in situ and ex situ tests. P orbitals of O
atoms possessed large impacts on the stability of intermediate
adsorption and favored the conversion of CO, into ethylene.
Thus, researchers obtained a desirable method to manufacture
optimal products with OD-Cu catalysts.]

Apart from C, products, C; products formation on Cu-based
catalysts recently has breakthrough, by electroreducing CO, to
n-propanol. Peng et al. synthesized CuS containing rich double
sulfur vacancies, by utilizing lithium tuning method. The
n-propanol Faradaic efficiency reached 15.4% and n-propanol
partial current density was up to 9.9 mA cm2, both of which
were the highest among all reports about n-propanol genera-
tion. From DFT result, it was suggested that this structure was
able to stabilize “CO and OCCO” intermediates, and promoted
the coupling of them to from *C3, which was key intermediate
of n-propanol generation.""!

2.2.3. Metal Oxides

Different from reaction pathways on pure metal catalysts, most
CRR intermediates are likely to bind through their oxygen
atoms and those of metal oxides. This condition suggests that
metal oxides show more selectivity of oxygenates than pure
metal catalysts.!

On the film surface, Co atoms with low coordination numbers
are considered to be the main adsorption sites for CO, on
Co ultrathin film."2l Moreover, structure distortion on films
decreases surface energy, resulting in stability enhancement.
Hu et al. synthesized 1.72 nm thick ultrathin Co;0, layers, which
showed remarkable electrocatalytic properties for the reduction
of CO, to formate. The Faradaic efficiency of these layers reached
64.3% at —0.88 V versus SCE, which was three times higher
than bulk Cos;0,. The current density of the layers also reached
0.68 mA cm™2, which was 20 times higher than their bulk coun-
terpart. The Tafel plots of formate revealed that Co atoms on film
surface played a vital role in stabilizing the CO,~ intermediate,
which is consistent with the aforementioned theory.?!

Cu* of Cu,O catalysts prefers to adsorb intermediates, espe-
cially *CO, during the CRR process, and substantially convert
CO, into ethylene.[®’l Furthermore, some defect sites of Cu,O
catalysts, such as oxygen vacancies, enhance the bond strength
of *CO intermediate and ethylene selectivity.”” Gu et al.
reported that CuOy nanocatalysts with a highly branched high
density of oxygen vacancies (CuOx-Vo) showed high activity
and selectivity to convert CO, into ethylene. The ethylene Fara-
daic efficiency reached 63% at —1.4 V versus RHE. The partial
current density of products remained unchanged in the first 13
h, and the Faradaic efficiency only slightly dropped after 12 h,
thereby demonstrating the high stability of CuOx-Vo. The DFT
results showed that the oxygen vacancies promoted the adsorp-
tion of *CO and *COH intermediates and the low affinity to
*CH,, which further reacted with another *CH, intermediate
and formed ethylene. This new catalyst effectively promoted the
entire reaction process.’® Unfortunately, the electric field reac-
tion leads to the reduction in Cu* to Cu’, which results in a large
attenuation of ethylene selectivity.”] Yu et al. designed a type
of spherical Cu,0 nanoparticles with moderate nanocavities
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(multi-hollow Cu,O catalyst) to inhibit this harmful reduction.
Compared with two other Cu-based catalysts, namely frag-
mental Cu,0 and solid Cu,O catalysts, multi-hollow Cu,O cata-
lysts displayed increased C,,/C; product selectivity of 8.5 and
C,. partial current densities reaching 267 mA cm™2 (Figure 6a,b,
respectively). Furthermore, among all C,, products, ethylene
accounted for the largest proportion of 38%, which was more
than the sum of the other C,, products. Thus, C,, Faradaic effi-
ciency and total current density maintained their remarkable
stability after 180 min test due to the aforementioned reasons
(Figure 6¢). From kinetics viewpoint, numerous intermediates
were confined on the catalyst surface due to the structure of
nanocavities. Gathered intermediates not only rendered addi-
tional chances for C—C coupling to form C,, products but also
inhibited Cu* reduction (Figure 6d)."*

2.3. Organic Polymer
2.3.1. Metal-Organic Frameworks (MOFs)

With the development of reticular chemistry, MOFs, as one of
the porous, crystalline, and extended materials, have become
a popular research topic. Precise and molecular-level control
is easily conducted for MOF synthesis through molecular and
framework chemistry. Unsaturated metal sites play a vital role
because they endow MOFs with remarkable CO, adsorption
at low pressure. However, the competition of water molecules
on the unsaturated metal sites reduces CO, uptake, which is
an intractable challenge to deal with.”®l Hinogami et al. first
applied MOFs as electrocatalysts to reduce CO,. They synthe-
sized copper rubeanate MOF (CR-MOF), and its major product
was formic acid. CR-MOF exhibited 0.2 V more positive onset
potential and a larger yield of formic acid compared with the
Cu electrode. CR-MOF showed slightly weak CO, adsorption
and led to the high selectivity of formic acid up to 98% due to
the ionic metallic site and low density of CR-MOF. However,
effectively controlling pore size must still be comprehensively
explored.””! Cu-MOF also showed considerable CO, capture
capability and increased CO, concentration in aqueous solu-
tion. The entire electrode displays marked improvement of
methane Faradaic efficiency from 2.5% to 20% at —1.8 V versus
SCE compared with blank gas diffusion electrode (GDE) with
the introduction of Cu-MOF into GDE). However, the weight
ratio of Cu-MOF would effectively be controlled under 10%
because additional Cu-MOF decreased GDE active sites and
provided extra carbon sources for HER.[!

Although MOF possesses numerous merits, this frame-
work also has defects in poor electron-donating capability and
electrical conductivity. Herein, in addition to the metal center,
ligand doping also plays a key role in CRR catalysis. The syn-
ergetic effect of ligand and C atoms on MOF is crucial to the
enhancement of MOF catalytic capacity, especially when the
metal center is not an ideal electron donor. Dou et al. reported
that 1,10-phenanthroline-doped Zn-based MOFs of zeolitic
imidazolate framework-8 (ZIF-8) possessed high CO Faradaic
efficiency of up to 91%. DFT calculations showed that charge
transferred from introduced phenanthroline molecule to the
adjacent sp? carbon atom sites in imidazolate. Sp? carbon atom
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Figure 6. a) C2+ and C1 partial current densities and b) C2+/C1 product selectivity at different applied potentials. c) Stability test for 3 h of CO2 electrol-
ysis. d) Schematic of carbon intermediates confined in the nanocavities. Reproduced with permission.’ Copyright 2020, American Chemical Society.

sides became the main electrocatalytic active sites, which pro-
moted electron movement to CO, orbit and facilitated vital
*COOH immediate formation.B2 Wang et al. used reductive
polyoxometalates (POMs) and metalloporphyrins to form poly-
oxometalate-metalloporphyrin organic framework (PMOF).
Among all PMOFs, Co-PMOF had a prominent capability to
convert CO, into CO with the highest Faradaic efficiency of
99% at —0.8V versus Ag/AgCl (Figure 7a) and TOF of 1656 h™*
(Figure 7b). The coordination effect of reductive POM and
Co-porphyrin enhanced the electron-rich unit and electron
mobility of Co-PMOF. *COOH and *CO were quickly formed
due to high electron conductivity of Co-PMOF and POM, as an
electron-rich unit, facilitated CO, desorption (Figure 7c,d).!

2.3.2. Covalent Organic Frameworks

The building blocks of COF are arranged systematically because
of its predesignable crystalline framework structure, and desired

Small 2021, 2100323

2100323 (10 of 29)

physicochemical feature is generated.® Molecularly defined
pores (Figure 8a) endow COF with maximum CO, uptake capa-
bility, which reaches 1200 mg g for COF-102 at 55 bar and
298 K8 However, low stability is still a major problem in COF
practical application due to its unidirectional crystallization.®¢!

Liu et al. reported that highly crystalline amine COF with
amine linkage showed excellent CO conversion efficiency. Dis-
crete frontier orbitals of amino functional groups combined
with CO, in specific orientations and enhanced CO selectivity.
The entire electrode displayed high CO Faradaic efficiency of
80% at —0.85 V versus RHE when loaded on an Ag electrode
surface (Figure 8b,c). Moreover, the amine linkage facili-
tated COF stability in strong acids and bases.®3] Lin et al. pre-
pared COF-366-Co and COF-367-Co via imine-condensation
of 5,10,15,20-tetrakis (4-aminophenyl) porphinato cobalt and
1,4-benzenedicarboxaldehyde or 4,40-biphenyldicarbaldehyde.
The catalyst also had remarkable activity and selectivity to CO
products with high Faradaic efficiency of 90% and initial TOF
of up to 9400 h.[%7]
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Figure 7. a) Faradaic efficiencies for CO, b) partial CO current density, and c) TOFs. d) Proposed mechanistic scheme for the CRR on Co-PMOF.

Reproduced with permission.®!l Copyright 2018, Nature Publishing Group.

2.4. Carbon-Based Materials

Nitrogen-doping graphene is one of the most common materials
used to enhance the CRR catalytic capability of graphemes. Among
different N defects, pyridinic-N sites exhibit strong CO, adsorption
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and the lowest energy barrier of *COOH immediate formation
because N defects process high affinity with *COOH.["2>%8] Major
reduction products of N-doped graphene are usually CO, formic
acid, and methane.®”) Defected graphene is also reported to be a
potential candidate for CRR catalysts. The DFT calculation results
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Figure 8. a) lllustration of the molecularly defined interface. b) Faradic efficiency for CO. c¢) Mechanism scheme of concerted CO, reduction at the
interface between COFs and the silver electrode. Reproduced with permission.®3 Copyright 2018, Elsevier.
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revealed that electron localization in the defected sites of graphene
has low bond energy with CO, indicating that its main reduction
product is CO. Furthermore, defected graphene has more CRR
selectivity than HRR, but its catalytic capability is not as effective
as N-doped graphene.* Han et al. used experiment results to
prove this theory. They synthesized defective graphene (DG) with
a nitrogen removal method. DG had remarkable CO, chemisorp-
tion capability and high CO Faradaic efficiency of 84% at —0.6 V
versus RHE. This study successfully proved the theoretical calcula-
tion and may lay the foundation of the DG application.’!
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Similar to graphene, nitrogen doping is also an ideal method
to enhance the CRR catalytic capability of CNT and strengthen
the selectivity for CO generation with considerably low overpo-
tential than pristine CNT. Furthermore, the morphology of CNT
is transformed to bamboo-shape (Figure 9a) with the introduc-
tion of pyridinic-N, thus showing high CO Faradaic efficiency
over 80% (Figure 9b) and substantially positive onset potential
(Figure 9¢).’”” The DFT results revealed that pyridinic-N on
CNT exhibited appropriate binding energy with *COOH imme-
diate, showing a low energy barrier of the potential-limiting
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Figure 9. a) TEM image of NCNTs. b) Faradaic efficiency for CO versus potential on NCNTs synthesized using different precursors and growth tem-
peratures. c) The onset potential and maximum Faradaic efficiency for CO formation as a function of N content in the synthesized NCNTs. d) Sche-
matic illustration of CO formation on the NCNTs and free-energy diagram at equilibrium potential for CRR. Reproduced with permission.®? Copyright
2015, Wiley-VCH. Deconvoluted N1s spectra for CNFs before e) and after f) the experiment. Reproduced with permission.I3l Copyright 2018, Nature
Publishing Group.
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step (Figure 9d).*Y In addition to the N atom, other additives,
such as complex or other carbon materials, result in an inter-
esting phenomenon. Guo et al. manufactured distinguished
hybrid catalysts containing ZIF and MWCNT, which exhib-
ited tremendous CO Faradaic efficiency up to nearly 100% at
—0.86 V versus RHE at a high current density of 77 mA cm™2.
The XPS analysis result showed that the synergetic effect of a
considerable amount of pyridinic N and the efficient transport
of electron and mass, as the unique feature of CNT, contributed
to the remarkable catalytic capability.”” CNT is considered to
be an ideal candidate for the catalysts of CO, battery because of
its remarkable CO, adsorption of CNT. Hu et al. took a-MCNT
as a cathode catalyst on Na-CO, battery. a-MCNT was proven
to improve the speed of Na* dendrite-free plating/stripping and
adsorb CO, efficiently.!"’!

Carbon nanohorn (CNH), especially oxidized CNH, pos-
sesses open nanowindows, which endow excellent CNH
adsorption. CNHs ordinarily form dahlia-like aggregates,
which provide CNH with three types of adsorption sites: CNH
tips, CNH sidewalls, and the central empty cavities within the
dahlias.®®! However, the CRR catalytic capability of CNH is not
ideal because of the weak bond between CO, and carbon sur-
face. Melchionna et al. integrated Pd@TiO, nanoparticles on
ox-SWCNH. This integration showed a high formic acid yield
with high Faradaic efficiency of nearly 99% at —0.13 V versus
RHE in the first 5 min of electrolysis. By contrast, HRR gradu-
ally became the dominant reaction as the reaction continued.”!
Liang et al. loaded N-doped single-wall CNH (N-SWCNH) on
the cathode of the Na-CO, battery. Compared with CNT, Raman
results demonstrated that N-SWCNH had large defect sites and
disorder degrees, indicating that N-SWCNH contained addi-
tional active sites to facilitate contact with CO, and conduct
catalysis. Until now, among all Na-CO, batteries, this battery
displayed the lowest discharge—charge overpotential of 0.61 V at
the current density of 0.1 mA cm=2.1°8!

Carbon nanofiber (CNF) is an ideal candidate for catalyzing
CRR with two electrochemically active species: 1) pyridinic-N
and 2) positively charged carbon atoms. Kumar et al. reported
that polyacrylonitrile-based heteroatomic CNF had a remark-
able capability to reduce CO, to CO at negligible overpotential
(0.17 V), high Faradaic efficiency of 98% at —0.573 V versus
SHE, and current density of up to 15 mA ¢cm~2. The XPS anal-
ysis showed that during the reaction, content of N-oxide and
pyridinic nitrogen, which was traditionally considered as active
sites, decreased but the catalytic performance was unchanged
(Figure 9e,(f). Therefore, compared with nitrogen elements,
oxidized carbon atoms play a vital role in CRR by forming
strong bonds with CO, intermediate complex because of its
high atomic charge and spin density.”3! Fang et al. developed
nanowire-decorated carbon fibers (CMO@CF) and applied
them in the Na-CO, battery. The discharge product Na,CO;
was easily decomposed due to its porous homogeneous mor-
phology, and this specific structure rendered batteries with low
overpotential and high stability.*”!

Carbon black has considerable electron conductivity and
highly irregular hydrophobic surface of mesoporous.l%! More-
over, carbon black has promising applications in solar energy,
fuel cells, and lithium-ion batteries. In recent years, carbon
black played an important role in the electrodes and substrates
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of catalysts in the field of metal-CO, battery. Xu et al. applied
super P carbon black on the cathode of Li-CO, battery and
remained stable even at high temperatures of 100 °C.1°U The
application of Ketjen black as a cathode catalyst on Li-CO, bat-
tery was also reported. The rechargeability of the Li-CO, bat-
tery was possible via Ketjen black.[02]

Apart from nitrogen-doped carbon material, sulfur and
phosphorus are attractive doped candidates. Liu et al. first
introduced phosphorus-doped carbon material as CRR electro-
catalysts, by synthesizing phosphorus doped onion-like carbon
(P-OLC). The P—C bonds of P-OLC exhibited strong electron
transfer capability and binding energy of key intermediate
“COOH. These superior characteristics rendered catalysts with
high CO Faradaic efficiency of 81%.11%% Furthermore, the addi-
tion of phosphorus and sulfur to form co-doped with nitrogen
is reported to enhance selectivity and activity of pyridinic
and graphitic N, and it can further decrease energy barrier of
*COOH immediate formation.'" Han et al. recently made
some breakthroughs on nitrogen and phosphorus co-doped
carbon aerogels (NPCA) to acquire excellent catalysts for the
reduction of CO, to CO. The electrochemical measurement
exhibited that NPCA had maximum CO Faradaic efficiency of
99.1% at —2.4 V versus Ag/Ag*. Partial current density reached
—143.6 mA cm™2 at the same potential, which was the highest
current density to date.'%%]

Last but not least, metal impurities, involving Fe, Ni, Co,
Mo, Mn, V, and Cr, may appear in carbon-based catalysts, due
to deposition of metal ions from electrolyte and residue of
metal catalysts during the synthesis process. They are hardly
to be removed thoroughly and small amount of them can dis-
play great impact on the whole catalytic process.['®l The effect
of metal impurities is under heat debate and many researches
have been taken to trace it.'"”) Lum et al. took research on CRR
catalytic performance of graphene oxide with different con-
centrations of Cu impurity (Cu(X)GO). It showed that only
120 ppm Cu content endowed Cu(X)GO with 54.67 mmol g™' s7*
methane mass activity. Moreover, Cu(X)GO exhibited four to
five times higher activity than pure Cu particles.'®®! Further-
more, metal impurities are able to interact with other doped
elements to enhance catalytic ability. Kim et al. reported that Fe
impurities from electrolyte interacted with N sides of nitrogen-
doped carbon well, with the aid of self-activation. The Fe-N
interaction displayed brilliant stability, which kept 90% CO
Faradaic efficiency and more than 3.8 mA cm™ current density
after 120 h operation.!%”!

Overall, Figure 10 shows the performance comparison of
four types of electrocatalysts considering the activity, selectivity,
price, stability, and electron conductivity. Moreover, this review
provides a clear cognition of the selection of suitable CRR cata-
lysts in the future by comparing their catalytic capability.

3. Metal-CO, Batteries

CO, coupling on battery is an attractive way to mitigate energy
and environmental crisis. The application of CO, on batteries
was firstly observed by adding CO, in supply gas of Li-O, bat-
teries. Until now, this field has attracted more and more atten-
tion, based on the following merits. 1) metal-CO, batteries are
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Figure 10. Road maps of the performance properties of different types of electrocatalysts: a) noble metal and relative compounds, b) transition metal
and relative compounds, c) organic polymer, and d) carbon-based metal-free materials.

able to consume greenhouse gas CO, and generate electricity,
playing the role of killing two birds with one stone; 2) owning to
great diffusion of intermediate like peroxydicarbonate ion, final
products of CO, reduction are more likely to fill void volume
of electrodes. Herein, metal-CO, batteries exhibit large capacity
and discharge voltage; 3) discharge products, like carbon and
formate, possess high energy density and economic value.!’!
Depending on the difference in energy conversion, metal-CO,
batteries are divided into two parts: Li/Na-CO, and Zn/Al-CO,
systems. Li/Na-CO, system exhibits more substantial energy
density than that of the Zn/Al-CO, system and is a promising
electricity supply. However, Zn/Al-CO, systems display extraor-
dinary selectivity to convert CO, into valuable carbonaceous
products.™ The electrochemical properties of four types of
metal-CO, batteries are listed in Table 2. However, there are
several problems, inhibiting the progress of metal-CO, bat-
teries. 1) discharge reaction requires large overpotential, which
is likely to decrease battery energy efficiency; 2) unstable anode
metals and flammable electrolyte bring many security risks to
batteries; 3) reduction products carbonate is low electron con-
ductivity and difficult to decompose."? In order to tackle these
challenges, it is necessary to take research on three aspects:
1) employing bifunctional electrocatalyst which is active for oxi-
dation and reduction; 2) improvement of battery structure by
applying solid electrolyte and liquid anode to enhance ion con-
ductivity and operational stability of batteries; 3) tuning cathode
electrolyte composition to convert discharge products into car-
bonaceous products with high electron conductivity.

3.1. Li-CO, Batteries
Li-CO,; batteries possess higher energy and power densi-

ties compared with state-of-the-art Li-ion batteries.'? How-
ever, the decomposition of Li,CO3, which is one of the major
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discharging products, is difficult during the charge process.
Furthermore, Li,COj3 is an electrical insulator and may cause
harmful impacts on the electron transport of the cathode—
electrolyte interface. Herein, high discharge—charge over-
potential and poor cyclability are urgent defects on Li—CO,
batteries. Xu et al. tested primary Li-CO, batteries in high
temperatures. The capacity of Li-CO, batteries reached
2500 mAh g7 at a current density of 0.05 mA cm™ with a
temperature of 80°C when super P carbon black was used
as a cathode. By comparing the equilibrium potential with
the actual discharge potential, 2Li + 2CO, <> Li,CO; + CO
initially dominated, but the actual discharge potential then
reached the region of reaction 4Li + 3CO, < 2Li,CO; + C at
high temperatures.!1%

Rechargeable batteries show better traits than primary bat-
teries. The first rechargeable Li—-CO, battery was reported in
2014. Ketjen black was taken as a cathodic catalyst and cycled
in a mixture of LiCF;SO3; and TEGDME (1:4 in mole). The dis-
charge capacity of Ketjen black was as low as 1000 mAh g7,
which was only half of that of the primary Li-CO, battery.
Moreover, this battery showed large discharge—charge overpo-
tential and low round trip efficiency due to the accumulation
of poor conductive Li,CO;, indicating that further compre-
hensive optimization should be conducted.%? Therefore, pro-
moting the decomposition of discharging products plays a key
role in enhancing the cycling capability of batteries. Qiao et al.
took Ru as a cathode, which had a remarkable capability to co-
discompose discharging products of carbon and Li,CO;. Com-
pared with solo decomposition, co-composition was not limited
by thermodynamic equilibrium potential (3.82 V vs Li/Li*) and
introduced low overpotential.'¥l Jin et al. employed carbon
quantum dots (CQDs) supported by holey graphene (hG)
(CQD/hG-0.3 hG = 0.3 wt/wt) as a cathodic catalyst in Li-CO,
batteries. The catalyst exhibited a low overpotential of 1.02 V
(vs Li/Li*) at a current density of 0.1 A g™! and a large discharge
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Table 2. Comparison of electrochemical performances of different metal-CO, batteries.

Battery Cathode Electrolyte Applied current Discharge capacity Voltage gap Cycle ability Refs.
Li-CO, Super P 1™ LIiTFSI 0.05 mA cm™2 2500 mAh g™ - - [101]
KB LiCF3SO, 30mA g 1000 mAh g™ 16V 7 cycles [102]
Ru LiclO,~DMSO 5 HA 10 uAh 13V - [113]
Au LiCclO,~DMSO 5 uA 10 pAh 15V 20 cycles Mm3]
Au Liclo,~DMSO 20 uA 20 uAh 22V - [13]
CQD/hG LiTFSI 05Ag" 12300 mAh g’ 1.02V 235 cycles [114]
Cu-NG - 02Ag" 1000 mAh g~ 077V 50 cycles ms
Ru-Cu-G - 02Ag" 1000 mAh g™ 0.88V 100 cycles 6]
CPE@CNT LiTFSI 50mA g™ 9000 mAh g™ 14V 50 cycles M7
Na—-CO, CMO@CNF NaClO,4 0.1 mA cm™ 500 mAh g~ 195V 75 cycles [99]
a-MCNT PVDF-HF-4% 0.5A g™ 1000 mAh g 1.5V 400 cycles [13]
Si0,/NaClo,
MCNT Poly/NaClO,/SiO, 50 mA g™ 1000 mAh g 0.6V 240 cycles 18]
Nanohorn Na3Zr,Si,PO;, 0.1 mA cm™ 2293 mAh g 0.61V 300 cycles [98]
Nanocarbon polymer 300 mA g 10 500 mAh g™ 15V 100 cycles [19]
Al-CO, Carbon EMIm]|CI/ AICl; 70 mA g™ 13 000 mAh g™ - 50 cycles [120]
NPC@Pd lonic liquid 333mA g 2978 mAh g™ 0.091V 30 cycles [21]
Zn-CO, NiPG KHCO;, 0.5 mA cm™ - 24V 60 cycles [122]
Porous Pd NacCl 0.1 mA cm™ - 0.6V 100 cycles [23]
CHF [EMIM][BF,] 0.4 mA cm™2 340 mAh g - - [123]

capacity of 12300 mAh g with a current density of 0.5 A gL
Moreover, the overpotential of this catalyst remained stable
without large extensions after 235 cycles. The SEM image of
CQD/hG-0.3 cathodic electrode showed that Li,CO; overflowed
in the electrode after the discharge process. Meanwhile, Li,CO;
was removed completely at the end of the recharge process. The
coordinated effects between the structural framework provided
by hG and high conductive CQD were proven to be crucial for
the efficient formation and decomposition of Li,CO;.["*

The aforementioned work indicated that Li,CO; generates
superoxide radicals, which may oxidize electrode and destroy
battery stability.''®! Zhang et al. dispersed Cu nanoparticles
on N-doped graphene acting as an efficient cathode. These
nanoparticles showed a low discharge—charge overpotential
of 0.77 V in the first cycle and remained stable after 50 cycles.
The TEM and SEM images revealed the formation of approxi-
mately 3-5 nm thick CuO film on the Cu surface, which
further protected the cathode from superoxide radical ero-
sion. Zhang et al. further integrated Ru-Cu nanoparticles co-
depressed on graphene (Ru-Cu-G). CO, was absorbed around
Cu and Ru particles homogeneously during the discharge pro-
cess to form ultra-small discharge products evenly due to the
interaction between Ru and Cu. Therefore, the rechargeability
of the battery was considerably enhanced. Moreover, the XPS
analysis results showed that the electron cloud density was
changed by the coordinated effects of two metals and then
affected the reciprocal electron binding energy. This unique
property withstood nucleophilic attacks and decreased the exist-
ence time of superoxide radicals, leading to remarkable cycle
performance. The results showed the low discharge—charge
overpotential of 0.88 V after 100 cycles at a current density
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of 200 mA g and maintained high Coulombic efficiency of
679%, which demonstrated superior performance to Cu-G
(58.1%) and Ru-G (60.7%).12%]

In addition to catalysts, liquid-free electrolytes are also cru-
cial in Li-CO, batteries because of the leakage risk. Hu et al.
reported a flexible quasi-solid-state battery with PMA/
PEG-LiClO,-3 wt%SiO, (CPE) as electrode and CNT as cathode
materials. The warping cross-stacked CNT on CPE formed inte-
grated cathode (CPE@CNT). This subtle design endowed the
battery with reduced interface resistance and excellent electro-
chemical stability. The battery showed a low discharge—charge
overpotential of 0.7 V even after 100 cycles and a large reversible
energy density of 521 Wh kg™

Different from general discharge reactions, obtaining dif-
ferent Li-CO, discharge products via tuning catholytes and
catalysts is possible. The most observed product is Li,C,0,,
which is a common intermediate of discharge reaction and
easily decomposed."3l Wang et al. and Chen et al. observed
the existence of Li,C,0, in the final products when Mo,C/CNT
was used as a cathode of Li-CO, battery (Figure 11a). Moreover,
Wang simulated the charge density difference of Li,C,0, on
the cathode surface, thereby verifying the stability of Li,C,0,
(Figure 11b).126128] Wang et al. recently further simulated the
generation mechanism of Li,C,0, on three Mo,C facets,
namely o-Mo,C (001), 3-Mo,C (001), and 3-Mo,C (101), through
DFT calculation and Bader charge analysis. The DFT results
noted that all three facets exhibited less overpotential of Li,C,0,
nucleation than Li,CO; nucleation, indicating that Li,C,0, is
likely to be the final discharge product on Mo,C cathode cata-
lyst. Moreover, energy profiles demonstrated that the splitting
reaction of Li,C,0, into Li,CO; should adsorb large amounts
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Figure 11. a) In situ Raman spectra of Mo,C/CNT at 12 selected states during cycling with corresponding discharge/charge profiles on the left.
b) Charge density difference of Li,C,0, adsorbed on Mo,C. Reproduced with permission.['?6] Copyright 2018, Wiley-VCH. c) Calculated energetic profiles
for Li,C,0, splitting into Li,CO3 on three Mo,C surfaces; electrochemical free-energy changes of Li-CO, batteries under different potentials with three
d) Mo,C:0-Mo,C (001), e) B-Mo,C (001), and f) B-Mo,C (101). Reproduced with permission.[”7] Copyright 2020, American Chemical Society.

of heat, thus offering strong support on the high stability of
Li,C,04 on three facets (Figure 1lc). Electrochemistry free
energy plots revealed that f-Mo,C (101) surface displayed the
lowest overpotential on the generation of Li,C,0, (Figure 11d-f).
Herein, increasing the [-Mo,C (101) surface enhanced the
Li,C,0, selectivity of Mo,C."”’] In addition to the replacement
of Li,CO; with Li,C,0, on the Li-CO, system, converting
CO, into formic acid, which is more valued than amorphous
carbon, was initially achieved by Wang et al. The novel battery
took Li; 5AlysGe;sP304; as a solid electrolyte, NaCl solution as
catholyte, and three-dimensional integrated Pd (3DI-Pd). Elec-
trochemical measurements showed that 3DI-Pd catalyst pos-
sessed remarkable formic acid Faradaic efficiency of 61% and a
substantial oxidation capacity of formic acid. The possible total
battery reaction was CO, +2Li+2H"<HCOOH+2Li" with the
application of 3DI-Pd on Li-CO, due to these excellent traits.
The entire battery system revealed high conversion efficiency of
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(1

CO, to formic acid due to the excellent traits of 3DI-Pd, thereby
reaching 97% and maintaining a stable voltage gap after 10 h
of testing at 2.78 mA cm™2.1"?% Therefore, this discovery breaks
through current knowledge of CO, battery systems, laying the
foundation of battery design with high energy density and
valued discharge product formation.

3.2. Na-CO, Batteries

Na has a more massive reserve on the earth than Li. Compared
with Li-CO, batteries, Na—CO, batteries exhibit a high energy
density of 1.13 kWh kg .[3% The total reaction of the battery
is 4Na + 3CO, «»2Na,CO; + C (E® = 2.35 V).’ However,
some difficulties, such as poor cyclability and large overpo-
tential, still hinder its development. Thus, developing carbon-
based cathode materials with excellent surface and interface
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traits is an ideal strategy. Fang et al. synthesized the Co,MnO,,
nanowire-decorated carbon fibers (CMO@CF) to promote
Na,CO; decomposition. These carbon fibers manifested a low
discharge—charge overpotential of 1.95 V at the current density
of 0.1 mA cm and remained stable over 75 cycles due to the
porous homogeneous morphology of CMO@CF.!

Another major challenge hampering the application of
Na-CO, battery is security risks considering the leakage of
combustible electrolytes and the instability of Na anode.
Thus, constructing a type of all-solid-state battery is feasible.
Wang et al. designed all-solid-state flexible Na—CO, batteries,
which include Na anode, poly/NaClO,/SiO, electrolyte, and
MCNT cathode. These batteries showed high safety and dis-
tinguished cyclability of 240 cycles due to solid-state elec-
trodes and dendrite-free Na anodes. Another unique feature
is the prominent bendability of these batteries. The OCV and
charge-transfer resistance (R.) of these batteries remained
stable and continued to run for more than 80 h at different
bending states (0 to 360°).18 Li et al. recently designed an all-
solid-state Na—CO, battery comprising Na anode, liquid-free
polymer electrode, and N-doped nanocarbon cathode. The bat-
tery maintained stable overpotential after 100 cycles (400 h) of
testing and electrolyte evaporation was disregarded. The DFT
results showed that the presence of pyridinic N enhanced
binding affinity with CO, and electron transfer. This brilliant
merit rendered the entire battery system with remarkable
discharge capacity exceeding 10000 mAh g™! and an energy
density of 180 Wh kg™!. Moreover, the porous structure of
cathodes helped CO, transfer freely and reduced interface
resistance to some extent. Unfortunately, the all-solid-state
Na—CO, battery exhibited a relatively large overpotential of
more than 1V compared with other Na—CO, batteries, indi-
cating that the manufacture of perfect all-solid-state Na—CO,
batteries should still be improved."*]

In most of the aforementioned research, organic solutions,
such as TEGDME, EC/DMC, and CPE, are adopted as electro-
lytes, which are normally flammable, poisonous, and poorly
conductive. Liang et al. first applied the NaCl aqueous solution
as catholyte on hybrid Na—CO, batteries and explored their elec-
trochemical performance and reaction mechanism. In the cur-
rent research, N-SWCNH was loaded on carbon paper to fabric
cathode, and the NASICON structure solid electrolyte acted as
the separator and combined with Na anode to form the hybrid
Na-CO, battery (Figure 12a). Among all Na-CO, batteries, this
type of battery exhibited the lowest discharge—charge overpoten-
tial of 0.61 V at a current density of 0.lmA cm~? (Figure 12b).
Furthermore, this battery maintained stable discharge and
charge plateau after 300 cycles (Figure 12¢) and showed a high
capacity of 2293 mAh g (Figure 12d). The result of in situ
Raman and ex-suit XRD indicated that CO, was reduced to C
and Na,CO;, and Na,CO; further reacted with H,0 to form
NaHCO; (Figure 12e,f).!

3.3. AI-CO, Batteries

The content of Al ranks third in the earth’s crust. Compared
with Li and Na, Al has superior merits on high safety, low
cost, and high energy density of 2980 Ah kg 31 Archer et al.
took O, as a type of auxiliary gas to integrate Al-CO, battery
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(Al/CO,-O,) and used I-ethyl-3-methylimidazolium chloride
((EMIm]CI)/aluminum chloride (AICl;) as electrolytes. The results
of DART-MS, SEM-EDXS, XPS, and TGA-FTIR revealed that the
major discharge product was Al,(C,0,);. Based on the reaction
model of Li/CO,-O, and Na/CO,-O, battery, the following reac-
tion mechanisms of Al/CO,~O, batteries were assumed.

2Al ¢ 2A1% + 6e™ 1)
60, +6e” <> 60, (2)
3C0O, +30, <> 3CO,~ (3)
3C0O,” +30,” < 3C0O," +30, 4)
3C0O,” +3C0, < 3C,0,” +30, (5)
2A1 +3C,0,” < AL (C,0,), (6)
Overall reaction: 2A1+6CO, <> Al, (C,0,), (7)

This type of battery could also show promising industry
applications. The content of CO, reached 80% in a flue gas
stream. A total of 4.89 kg CO, kg™ Al was captured and used
to generate electric power. This battery reduced 1.97 kg CO,
kg™ Al based on the energy density of 3.58 kWh kg™ Al and
CO, emissions of 0.55 kg CO, kWh!. The main discharge
product Al,(C,0,); was decomposed to H,C,0, and Al,O3, indi-
cating the remarkable improvement of the economic benefit
(Figure 13). This improvement further demonstrated that the
reuse of Al,O; on aluminum smelting resulted in large eco-
nomic values.'?”! Ma et al. reported rechargeable Al-CO, bat-
teries with Al foil anodes, ionic liquid electrolytes, and NPG@
Pd cathodes. The total reaction of batteries obeyed the following
reaction: 4Al + 9CO, <> 2Al,(CO;)3 + 3C. Low discharge—charge
overpotential of 0.091 V was observed, and remarkable energy
efficiencies reached 877%. However, the discharge terminal
voltage dropped from 0.72 to 0.57 V after 10 h of cycling, thus
resulting in undecomposed discharge products. Herein, addi-
tional investigations on the improvement of cathode catalysts
and electrolytes should be conducted.!?!

3.4. Zn-CO, Batteries

Different from Li-CO, and Na—CO, batteries, Zn—CQO, batteries
are likely to generate abundant discharge products, such as CO
or formic acid. This unique merit provides a practical approach
to deal with the blockage problem of indissoluble discharge
products and improve reversibility. Yang et al. designed a type of
trifunctional Ni-N/P-O-codoped grapheme (NiPG) electrocata-
lyst and applied it on Zn—CO, batteries. The synergistic effect
of P-O and Ni-N units efficiently suppressed HER during the
CRR process. Furthermore, these units manifested significant
stability over 12 h discharge—charges cycles. After discharge,
one of the main products was CO, and its Faradaic efficiency
reached 66% at 1.5 mA cm™2.122l Hou et al. first applied single-
atom catalysts (SACs) on the improvement of Zn—CO, batteries
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Figure 12. a) Schematic of the proposed hybrid Na-CO, battery with N-SWCNH as a catalyst. b) Discharge—charge voltage curves with different
catalysts at a current density of 0.1 mA cm-2. c) The cycling performance of hybrid Na-CO, battery at a current density of 0.1 mA cm-2. d) Discharge
capacity curves at a current density of 0.2 mA cm-2. €) In situ Raman characterization and f) ex situ XRD pattern of the hybrid Na-CO, battery during
discharge and recharge. Reproduced with permission.®8l Copyright 2019, Elsevier.

by utilizing the gas diffusion strategy to locate Fe atoms on
N-doped carbon (Fe;NC/S;-1000). This catalyst exhibited a
high tendency to reduce CO, to CO and a remarkable TOF of
2225 h7!, which exceeded most of the transition metal catalysts.
Furthermore, compared with the previous research, Fe;NC/S;-
1000 displayed high CO Faradaic efficiency of up to 96% with
relatively low overpotential. The DFT results indicated that
Fe-N; sites were the active sites of catalysts and possessed the
capability to balance the energy barrier of each step during the
CRR process. Therefore, the entire battery was endowed with a
high power density of 526 mW cm™ due to the aforementioned
outstanding traits.3?! Xie et al. took 3D porous Pd containing
interconnected nanosheet, enriched edge, and pore structure to
form reversible aqueous Zn—-CO, battery (Figure 14a). Formic
acid was proven to be major discharge products with high Fara-
daic efficiency of over 90% at a current density of 15 mA cm™
(Figure 14b). The reaction mechanism of formic acid was
Zn + CO, + 2H* + 20H < ZnO + HCOOH + H,0. Herein,
the repeating utilization capability of CO, was substantially
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promoted. The discharge—charge overpotential maintained
0.54 V (Figure 14¢) and the battery remained durable over 100
cycles after 10 h operation (Figure 14d).[2’]

In addition to formic acid and CO, methane was recently
reported as a high valued discharge product. Hu et al.
designed the complete flow of a Zn—-CO, battery device, which
was different from traditional close battery systems. This bat-
tery comprised carbon hollow fiber (CHF) cathode, metallic
Zn wire anode, and [EMIM][BF,] electrolyte. Inflowing CO,
was reduced to methane with remarkable Faradaic efficiency
of 94%, and methane flowed out through CHF effectively. Oxi-
dized Zn anode was further electroreduced by other types of
renewable energy. The entire battery generated a high energy
density of 288.3 Wh kg™ and remained stably discharged for
eight days. High selectivity and electrochemical performance
attributed to the availability of protons are ensured by the
water shuttle between anodes and [EMIM][BF,]. Furthermore,
[EMIM]" as an electrolyte played a crucial role in the adsorp-
tion of CO, to reduce kinetic barriers. The exquisite design
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Figure 13. Preliminary system analysis. a) Overall balance of CO, emissions captured/abated by the primary Al/80% CO, electrochemical system
contrasted with emissions of aluminum metal production. b) Overall balance of CO, emissions, allowing the recycling of Al,O; for aluminum metal
production. Reproduced with permission.2% Copyright 2016, American Association for the Advancement of Science.

of the Zn—CO, battery implemented the effective conversion
of CO, to flues and generated electric power simultaneously.
Zn—CO, flow battery shouldered the responsibility of inhib-
iting green gas production with the continuous regeneration
of the Zn anode.'’]

4. Electroreduction of CO, to Carbonaceous Fuels

Converting CO, into fuel is widely considered to be one
of the practical and attractive means to deal with energy
shortage and maintain carbon balance. Therefore, high energy
density fuels, such as methane and ethanol, were manufactured
by utilizing CO, as raw material.'**] However, the selectivity of
products is the major problem for CRR improvement.34 Elec-
trocatalyst design is crucial in the reaction and selectivity rates
of products during the CO, electroreduction process. Different
from metal-CO, batteries, the entire reaction occurs in electro-
Iytic cells. Many issues should be considered to obtain ideal
products: the bond strength with adsorbed elements, the com-
petitiveness of HER, and the energy barrier of electron trans-
formation. Furthermore, some intermediates, such as CO,™,
*COOH, CHO, and COH, have different absorption energies
with the catalyst surface, which determines product forma-
tion pathways and affects final products. The electroreduction
process can be detected through state-of-the-art techniques,
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such as DFT and in situ analysis. This process is critical in the
tuning of active sites and the design of effective electrocatalysts.
The catalytic performance and selectivity of various catalysts are
comprehensively summarized in Figure 15.

4.1. Production of CO

In most CO formation processes, CO, should be initially
reduced to CO,” radical and adsorbed on the catalyst sur-
face.®”) The adsorbed CO,~ radical is then converted into
*COOH intermediate in aqueous solutions. Finally, *COOH is
reduced to the final product of CO. Catalysts should generate
stable bonds with CO,~ to obtain satisfactory catalytic effi-
ciency. Simultaneously, these catalysts should quickly desorb
CO to prevent further reduction and catalyst poisoning.['3¢!

Au and Ag are considered to be the preferred catalysts to con-
vert CO, into CO due to the weak CO bond.®”) However, their
catalytic capabilities are limited by the low local concentration of
CO, because adsorbed CO, is incapable of forming non-covalent
interactions with noble metal surfaces. Shi et al. developed an
Au/C three-phase contact system and reformed it via wettability-
control to solve the aforementioned issue. This system displayed
a high CO, mass-transfer coefficient of 0.27 cm s7, and its CO
current density reached 99.9 mA cm™ at —0.48 V versus RHE.[38l
Bimetallic catalyst, especially Cu—Sn bimetallic catalyst, is also
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Figure 14. a) Schematic representation of the reversible aqueous Zn-CO, battery. b) Faradaic efficiency of CO,-to-HCOOH conversion and competi-
tive HER. c) Prolonged galvanostatic discharge curve at 5 mA cm-2. d) Galvanostatic discharge—charge cycling curves at 0.56 mA cm—2. Reproduced

with permission.?l Copyright 2018, Wiley-VCH.
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widely used as effective electrocatalysts. The Faradaic efficiency of
CO is larger than 90% with low overpotential because the unique
structure of the bimetallic catalyst assists the catalyst surface in
inhibiting the adsorption of *H and bond *COOH intermediate
effectively.*l In addition, metal oxides exhibit outstanding per-
formance. Yang et al. reported that Cu,0/CuO@ Ni nanowires
strengthened the adsorption of *COOH and had high selectivity
to CO (95%) due to the synergistic effect between Cu,O/CuO
nanowires and Ni nanoparticles.['*)

4.2. Production of Methane

Only a small amount of catalysts, which can maintain high and
stable methane selectivity, is currently available. Among them,
transition metals, especially Cu, exhibit the most excellent cata-
lytic performance on the selectivity of methane. The protonation
of adsorbed CO is the most decisive step considering overpo-
tential. Thus, strong bonding with CHO or COH intermediate
is critical for the catalyst surface to increase the potential of the
protonate CO. Furthermore, the competition of HER is a tricky
problem due to the similarity of standard potential.'*!! Five strate-
gies are utilized to improve the catalytic capability of protonation:
1) alloying with metals processing high oxygen affinity, 2) electro-
philic ligand stabilization, 3) tethering of ligands, 4) addition of
promoters, and 5) hydrogen bond stabilization/solvent effects.*!
According to the volcano plot, Cu shows less protonation overpo-
tential compared with other metals. Qiu et al. fabricated the Cu
electrode via pulse electrodeposition. The transfer of electrons to
CO, was strengthened due to the presence of a stepped surface,
which reduced the energy barrier of CRR and exhibited high
methane Faradaic efficiency of up to 85% at —2.8 V.’

4.3. Production of Methanol

CO, is reduced to CO and is adsorbed on the catalyst surface
during the entire process of CO, electroreduction to meth-
anol."3] Adsorbed CO is then reduced to CHO*, CH,0%*, and
CH;0%. Products are eventually desorbed from the surface to
fabricate methanol.l*4

Using first-principles calculations, researchers predicated that
Cu-based single-atom alloy is an ideal electrocatalyst for meth-
anol production. Moreover, narrowed Co d-band bonded with
COH* stably after the addition of Co atoms into the catalyst,
which is beneficial to further reduction reaction.”! Yang et al.
employed Cu SAC on CRR by decorating Cu atoms on through-
hole carbon nanofiber (CuSAs/TCNF), which revealed the Far-
adaic efficiency of CH30OH at 44% and remained stable after
50 h test.™] In addition to Cu, Zhao et al. reported that FeS,/
NiS nanocomposite contained active sites between FeS, and NiS,
which effectively suppressed HER and maintained high CH;0H
Faradaic efficiency of 64% after 4 h operation.!0]

4.4. Production of Formic Acid/Formate
In CRR history, formic acid/formate was reported by Royer

to be the first final product of CRR in 1870.] From the
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viewpoint of DFT, the most crucial step of CO, reduction to
formic acid/formate is to bond hydrogen onto CO, molecules
to form HCOO* or OCHO* intermediates. The final product of
formic acid/formate is generated by the reduction in HCOO*
intermediate.'2>*8 *OCHO is a better electron-withdrawing
group compared with *COOH. Hence, catalysts containing
electron donors are likely to bond with *OCHO and perform
further charge transfer. Moreover, the Gibbs free energy of
*OCHO formation was 0.59 eV less than that of *COOH based
on the DFT data.[¥]

Due to favor adsorption of *OCHO over HCOO¥*, Sn- and
Bi-based catalysts are considered as promising candidates
to product formate.® Liu et al. recently synthesized Ga-Sn
alloys, via a novel mean of solid-liquid phase transition from
Sn-In alloys. The crystallization of Ga—Sn alloys exhibited great
adsorption of *OCHO. Based on this attribute, formate Fara-
daic efficiency of Ga—Sn alloys reached 95%, which was nearly
threefold than original Sn-In alloys.™ Fan et al. reported
the morphology of Bi nanomaterial, especially curvature, had
large impact on the selectivity of formate. Bi nanotube exhib-
ited larger formate Faradaic efficiency of 97% than that of Bi
nanosheet (95%), owing to high energy barrier of HER on Bi
nanotube surface.l>?

4.5. Production of Ethylene

Similar to methane, Cu-based catalysts exhibit the highest
efficiency of CO, reduction to ethylene. The dimerization of
carbon atoms during the entire reaction process is the rate-
determining step of the C, compound formation, which almost
occurs on the Cu(100) facet.>3l Moreover, Cu’ and Cu* enhance
the adsorption and stabilization of intermediates and further
improve the product selectivity.'>*]

The addition of iodine atoms employs halides and cationic
Cu species, collaborating with rough surface morphology,
form defects, and low-coordinated sites to promote C-C
coupling. Herein, the iodine-modified catalyst displays the
highest ethylene Faradaic efficiency of 80%.1°°! Moreover,
hydrophilic ionomer loaded on polycrystalline Cu surfaces
establishes pathways to increase CO, diffusion substantially
and optimize reaction kinetics. Compared with bare Cu
catalysts, the CRR current density increases from 50 to
510 mA cm™ due to the synergetic effect of Cu nanoparticles
and ionomer, and ethylene Faradaic efficiency is still larger
than 40% after 60 h test.[%

4.6. Production of Methylglyoxal

To date, 1-propanol, acetone, and methylglyoxal are reported to
be common Cj; products of CRR. However, most C; synthesis is
plagued by problems of low Faradaic efficiency, most of which
are less than 10%, and unclear reaction mechanism.” Notably,
detailed process steps of CO, electroreduction to methylglyoxal
was discovered by Dismukes et al. Adsorbed CO, was trans-
formed to *HCOO™ during the reaction and then protonated
to generate H,CO* immediate. Afterward, two steps of self-
condensation reactions occurred and converted H,CO* into
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Figure 16. Schematic of the two-step CRR method. Reproduced with permission.'®5l Copyright 2020, Elsevier.

glyceraldehyde. Eventually, glyceraldehyde reacted with H,0
molecules in electrolytes and generated the final methylglyoxal
product.

Moreover, researchers obtained a maximum methylglyoxal
Faradaic efficiency of 84% when Ni,P was applied to the meth-
ylglyoxal formation at a relative positive potential of —0.1 V
versus RHE. The remarkable methylglyoxal Faradaic efficiency
rendered promising means to manufacture C; products.>®

5. Practical Application of CO, Electroreduction

From theoretical viewpoint, practical CRR application exhibits
excellent economic benefits. For instance, by using industrial
electricity the cost of electroreducing CO, to ethanol is about
$0.32 L., which is less than 2020 average fuel ethanol price
of $0.38 L7115 Moreover, governments provide substantial
financial support to promote CRR industrial application, such
as “Rheticus project” of Germany, “CO,perate” of Belgium, and
“Recode” of Ttaly.['0%]

Regrettably, totally industrial CRR technology still does not
exist, but some technologies have entered the pilot stage.'%l
Among them, converting CO, into CO is the most mature tech-
nology.'®!l Haldor Topsge developed high-temperature CO, elec-
troreduction system, which successfully produced 96 Nm? h
and synthesized CO with purity of 99.95%.1%2 Different from
high-temperature system, Schmid et al. introduced a type of low-
temperature electrolyzers. During the process, humid CO, was
injected into cathode and then syngas, mixing above 30% CO with
H,, was finally produced, which kept stable after 650 h test.['63]
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Compared with CO generation, electroreduction of CO, to
formic acid and C, products is further away from commer-
cialization, due to the limitation of catalyst stability and com-
plicated reaction mechanism.'® Herein, two-step method
is introduced as a promising mean to achieve industrial C,
production. During the process, CO, is electroreduced to CO
to form CO/CO, syngas in the first step, and CO is further
transferred to hydrocarbons in the second step (Figure 16).11%]
Schmid et al, innovated this system to enhance energy effi-
ciency and environmental friendliness. In this system, solar
cell was used as power source and biological fermentation was
used to convert syngas. Multiple alcohols, including ethanol,
butanol, and hexanol, were synthesized successfully, with
nearly 100% desired alcohols Faradaic efficiency. Furthermore,
the new system was able to work continuously at 300 mA cm™2
for 200 h.[166]

Compared with relatively mature CRR electrolyzers,
metal-CO, batteries are still in its infancy. Whereas, with
the progress of catalysts, electrolyte, and electrode mate-
rial, metal-CO, batteries possess potential application value
in the future. As mentioned in Section 4, Li/Na-CO, and
Zn/Al-CO, systems have different electrochemical proper-
ties, with respective application directions. Due to brilliant
energy density and capacity, Li/Na-CO, system is hopefully
used as vehicle batteries, especially Mars exploration whose
95% atmosphere is CO,.'"”] On the other hand, with low price
of anode and high valued discharge products, Zn/Al-CO,
system can be taken as primary batteries on industry exhaust
treatment and realize carbonaceous compound production
with negative energy.
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6. Conclusion and Outlook

Aiming to identify a promising and practical pathway for
energy conversion, this review concluded two major applica-
tions of CRR: energy generation by metal-CO, batteries and
electroreduction of CO, to carbonaceous fuel. Among all influ-
ence factors, electrocatalysts play a decisive role in the activity
and selectivity of the two applications. The recent development
of electrocatalysts employed in the two applications is reviewed.
Moreover, this review provides a clear cognition of the selection
of suitable CRR catalysts in the future by comparing their cata-
lytic capabilities.

However, numerous challenges must be overcome to accom-
plish the industrial application of CRR. Several future direc-
tions from the aspects of two applications are comprehensively
presented in the following paragraph.

1) Employing single-atom catalysts (SACs)

The SACs have attracted considerable attention. Ordinarily,
the formation of SAC aims to combine substrate and single-
atom sites via confinement effect.l'%®l The coordinated effects
of substrate adjust single-atom sites considering shape, com-
position, structure, and catalytic performance.l'®” Moreover,
single-atom sites of SACs endow catalysts with some traits of
homogeneous catalysts, such as remarkable TOF numbers.["?!
The size of single atoms means that SACs take advantage of
providing a large amount of contact surface with CO, mol-
ecule. SACs exhibit different traits from conventional cata-
lysts by doping atoms belonging to metal atoms. For instance,
theoretical calculation results reveal that the synergistic effect
of the p-orbital of graphene and d-orbital of metal atoms
strengthens specific intermediate bonds, such as *CHO,
and then CRR selectivity was enhanced to a large extent.}!
Therefore, compared with nanoparticles containing different
shapes, sizes, and configurations, single-atom sites signifi-
cantly enhanced the selectivity of catalysts.l”!] Moreover, the
discovery of effective substrates instead of carbon-based sup-
ports is important. Sun et al. loaded Pt atoms on octahedral
Pd crystals to form alloys and then deposited them on CNTs
via atomic layer deposition. This method prevented the effec-
tive oxidation of Pt atoms, which introduced a new direction
of a novel type of SACs.["?]

2) Application of operando techniques on deep analysis

Most of the existing measurements may introduce erro-
neous data because many reactions should be performed
under certain conditions. Furthermore, these testing
methods help researchers identify reaction roadmaps and
intermediates. Although calculations of quantum chemistry
can analyze the transformation of adsorbed reactants, han-
dling relatively new and complicated systems is difficult.'”3l
The operando techniques can analyze the activity and selec-
tivity of catalysts synchronously, while reaction conditions are
close to real working environments.V¥ This study presents
a clear and innovative insight into the reaction mechanism
and formation of different intermediates by operando tech-
niques.! For instance, Pd lattice was inserted by hydrogen
and transformed to PdH during the CRR through the oper-
ando XAS spectra.lV®l In situ infrared spectroscopy (SEIRAS)
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was recently applied to the testing of local pH near electrode
surfaces. Concentration gradients between electrodes and
electrolytes are reported to have large impacts on reaction
selectivity and activity, which offers inspiration for cell design
in the future.l”’]

3) Catalytic performance enhancement via plasma

Plasma, which is an ionized gas comprising electrons,
ions, and neutral species, is an effective way used for mate-
rial synthesis and modification. Nonthermal plasma is a
nonequilibrium state at the temperature of 300-1000 K.[78l
From the viewpoints of promoting reaction, plasma plays an
important auxiliary role in the following two aspects: syner-
gistic catalytic and catalyst surface modification. Synergistic
catalytic means that plasma participates in the reaction pro-
cess and affects reaction pathways. Plasma protects catalysts
from being poisoned during the entire reaction by modi-
fying product desorption and increasing the rate of product
formation.[”?! In addition, catalyst surface modification is
a vital use of plasma considering material modification.
Strong effects of etching, sputtering, charging, and heating
may occur during plasma interaction with catalyst surfaces.
Herein, morphology and oxidation state on surfaces may sub-
stantially change and generate large active surface areas.[’®l
Therefore, catalyst surface modification by plasma improves
the activity and selectivity of catalysts on the CRR catalytic
process.[8% For example, plasma peroxide Ag surface exhibits
a strong bonding of reaction intermediate and has superior
selectivity to CO.[18U

4) Theoretical research via machine learning

The recent application of machine learning on DFT calcu-
lation, organic synthesis, and catalyst design is appealing.[18%
Considering catalyst design, machine learning plays the main
role in predicting catalysts with high selectivity based on mas-
sive data in the silico database.'®3] A surrogate model is estab-
lished during the process of machine learning to select suit-
able data, and the data are taken into the original database to
loop multiple times. Finally, the model will become increas-
ingly ideal. Furthermore, genetic algorithms, which exhibit
strong information selection capability and evolution par-
ticipation of catalysts, are utilized in the model by mimicking
biology.'¥ The combination of machine learning with other
calculation methods increases calculation efficiency to a large
extent. Machine learning collaborates with surrogate-based
optimization through the DFT database to analyze metals
comprehensively, which has near-optimal bond energy with
adsorbates, such as CO. The time consumption of theoretical
calculation and experiment is reduced in the present study to
a large extent.['®]

5) Improvement of metal-CO, batteries

As the emerging fields of energy storage devices, many
aspects of metal-CO, batteries must still be improved: high
overpotential, unstable ion transport, and low safety. First,
many discharge products of metal-CO, batteries are carbon-
ates, which are not decomposed easily and has poor electronic
conduction.® Herein, alternating carbonates with other carbo-
naceous products may be a future trend. The first attempt was
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performed on primary Zn—CO, batteries, which reduced CO,
to CO with a low discharge—charge overpotential of 0.2 V.23
However, other metal-CO, batteries that exhibit the same prop-
erties currently remain unreported, thus deserving additional
attention."®! Furthermore, many metal-CO, batteries face
the common problem of irregular ion transport and dendritic
deposition due to the unstable hydrodynamics of liquid elec-
trolytes.'¥”] Different from liquid electrolytes, solid electrolytes
provide ions with stable transmission channels based on tuning
structure and composition of crystals.88 Therefore, quasi-solid
batteries will become appealing and promising candidates for
next-generation batteries after overcoming problems of interfa-
cial kinetics and mechanical property.’¥)! Finally, another key
issue inhibiting the development of metal-CO, batteries is the
high instability of active metal anodes, such as Na and Li, which
may introduce considerable security risks. The application
of liquid anodes is considered to be one of the practical solu-
tions, which usually is formed by dissolving metals into organic
solvents, such as biphenyl and ethers.®” Some works have
been implemented on Na-air batteries, thus demonstrating its
remarkable potential in the field of metal-CO, batteries.['""

6) Novel design of CRR electrolyzer

Utilizing CRR on the mass production of carbonaceous fuels
is one of the vital goals of new energy exploration. However,
compared with laboratory experiments, industrial applications
may face complex conditions, which may weaken the stability
and activity of reactors. Traditional H-type electrolyzers can only
work for tens of hours and exhibit a limited current density of
100 mA cm™2, which does not meet the industrial production
requirement.!¥? Thus, the membrane electrode assembly cell
(MEA), which comprises the gas diffusion electrode (GDE) and
ion-exchange membrane, is introduced to solve these problems.
GDE plays a key role in improving the kinetics condition of
cathode due to its macroscale pores by maintaining stable gas
diffusion and remarkable electron conductivity.'**l Additional
contributions of GDE include flexible configuration of various
membranes, which enhance specific ion movement and impu-
rity of products.'™ Xia et al. used MEA cells to convert CO,
into formic acid, with high Faradaic efficiency exceeding 90%.
The reactor was reported to generate 12 M formic acid solution
and produce 0.1 m formic acid stably for 100 h.[%]

Overall, in the future, CRR application shows potential in
the fields of environment protection, energy conversion, and
space exploration.
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