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Copper-Based Compounds for Electrochemical Reduction of
Carbon Dioxide

YANG Fan®, DENG Pei-lin?, HAN You-Jia, Jing Pan, XIA Bao-yu"
(Key Laboratory of Material Chemisiry for Energy Conversion and Storage (Ministry of Education),
Hubei Key Laboratory of Material Chemistry and Service Failure, Wuhan Naitonal Laboratory for

Optoelectronics, School of Chemistry and Chemical Engineering, Huazhong University of
Science and Technology (HUST), Wuhan 430074, P.R. China)

Abstract: The electrochemical reduction of carbon dioxide (CO,) to useful chemicals and fuels has attracted enormous interest
since the deteriorating global warming and energy shortage problems resulted from ever-increasing CO, emission. Designing effi-
cient catalysts is of capital significance to realize the efficient and selective conversion of CO,. Among various catalysts explored,
copper-based compounds have promising potentials with acceptable efficiency for hydrocarbon production. Herein, recent advances
on copper-based materials are summarized for electrochemical CO, conversion. We intend to include the dimensional structure, dif-
ferent forms (alloy, oxide) and molecular catalysts in copper-based catalysts. Moreover, the reaction mechanisms of CO, electroreduc-
tion on Cu-based catalysts are emphatically discussed. Finally, potential directions are also proposed for future design of highly effi-

cient Cu-based catalysts to promote the rapid development of CO, conversion for sustainable world.
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With the rapid evolution of global population
and industrial revolution, the main contributors of
greenhouse gases, CO, production and emission, are
becoming more thought provoking for energy issues
and environmental complications. Except the physi-
cal storage strategy, the CO, electroreduction can
help reduce the level in the atmosphere, and simulta-
neously produce valuable chemicals and fuels, thus,
holding great potentials to solve for these symbiotic
issues™. Among various CO, exploitation technolo-
gies, electrochemical conversion of CO, exhibits the
largest potential in developing sustainable future ow-
ing to the employment of renewable electric power
(solar, wind energy, etc.) and its easily controlled
process by external bias (i.e., overpotential) under
ambient temperature and pressuref.

CO; electroreduction reaction (CO,RR) is a com-
plex process involving multiple electrons and pro-

Document Code: A

tons, and one of the most obvious features for CO,RR
is the catalyst-dependent product selectivity. VVarious
electrocatalysts are developed to realize the selective
and efficient conversion of CO,. Typically, Au, Ag,
Zn are active materials for selective production of
COM™ some other materials such as Sn, Bi and Pb ex-
hibit a higher selectivity for formate production®,
While Cu-based materials are the only catalyst having
efficient ability for hydrocarbon production®*!, thus,
holding the most promising potential for efficiently
catalyzing CO, to useful fuels and chemicals.

Herein, we focus on the electrochemical CO,
conversion in the aspects of reaction mechanisms and
structure-function relationship based on various
Cu-based catalysts. Firstly, the mechanisms of
Cu-based materials for CO,RR are introduced and the
hydrocarbon production in the multi-electron transfer
process over Cu-based materials is highlighted, and
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followed by the relationship discussion between the
Cu compound structure and CO, electroreduction
performance. Finally, challenges and directions of
CO.RR in future development of Cu-based catalysts
are summarized and presented to promote the rapid
development of this emerging technology. We hope
this review paper could provide some useful concepts
in designing efficient Cu based electrode for selective
CO, conversion in future development of sustainable
society.

1 Reaction Mechanisms of CO, Re-

duction

Primarily, CO, molecular is thermochemically
stable due to its linear molecular structure, where C is
an electrophilic and O atom belongs to weak Lewis
bases. To active and break the O=C bond, a high po-
tential of -1.9 V vs. RHE is needed for the first elec-
tron transfer step in the reduction process, CO, to
CO,”". Furthermore, CO, electroreduction is a multi-
electron transfer process, which would result in the
diversity of reduction products. Finally, the hydrogen
evolution reaction (HER) always competes with CO,RR
in the aqueous solution, which further inhibits the ef-
ficiency of CO,RR. Thus, proper adsorption between
catalyst and reaction intermediates is of vital impor-
tance for improving the reaction Kinetics and product
selectivity. The cooperation of theoretical analyses
and experimental results are, therefore, absolutely es-
sential to design highly efficient and robust catalysts
for real-world application. Generally, the reduction
products of 2-electron transfer are CO and HCOOH,
while 4, 6, 8 electrons transferred products are
HCHO, CH3;OH and CH,, respectively. Moreover,
other hydrocarbons such as C,H, and CH;CH,OH are
produced by the transfer of 12 electrons. CO, elec-
troreduction is a cathodic reaction accompanying with
a multiple proton-electron process. Tab. 1 shows the
equilibrium potentials for different products®. Most of
the equilibrium potentials are very close to hydrogen
evolution, so the formation of byproduct H, is un-
avoidable. It is difficult to achieve a real high product
activity and selectivity for valuable carbon contained
products.

Tab.1 Standard hydrogen potential for CO, electroreduction

Half reaction of CO, reduction EIV(vs. SHE)

CO,+2H*+2e — CO + H,0O -0.53
CO,+ 2H" + 2e - HCOOH -0.61
CO, + 4H" + 4e - HCHO+ H,O -0.48
CO, + 8H" + 8¢ — CH, + 2H,0 -0.24
2CO, + 12H* + 12e — C,H, + 4H,0 -0.33
CO, + 6H" + 6e — CH,OH + H,0 -0.38
CO,+e— CO" -1.9

2H"+2e - H, -0.41

Recently, several reaction pathways and possible
mechanisms are proposed for CO,RR based on the
experimental and theoretical studies. Hori et al. dis-
cussed the distribution of reduction products on Cu
electrode under the diverse applied potentials!. Ini-
tially, with the less negative potentials, the faradaic
efficiency (FE) values of CO and HCOOH were in-
creased simultaneously, while the FE of H, was
dropped at the same time. Thereafter, the FEs of CO,
HCOOH, CH, and C,H, were increased at the rela-
tively negative potentials. At that moment, CH, and
C,H, became the dominant products at a sufficiently
negative potential (< -1.0 V vs. RHE).

Based on the previous experiments, Ngrskov et
al. utilized the computational hydrogen electrode
(CHE) model and den sity functional theory (DFT)
calculations to explain the catalytic reactions on Cu
catalysts™. The free energy diagrams exhibited the
lowest-energy pathways for H,and C1 (CO, CH, and
COOH) products on Cu (211) surface (Fig. 1). It shows
that CO is a key intermediate to form CHO* with the
addition of a proton-electron pair. If catalyst materi-
als adsorb CHO* intermediate stronger than CO, the
overpotential will be overwhelmingly reduced. The
C-C coupling to form C2 products on Cu(211) surface
was also explored in CO, electroreduction!®!, The
AE 4, AH, and AG,, represent the changes of elec-
tronic energy, enthalpy and Gibbs free energy, re-
spectively (Tab. 2). At ambient temperature, AE, . Of
two adsorbed *CO dimerization is higher than others
and their AG,, is significantly positive. AE,q. and
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AG, hydrogenated derivatives of *CO (*CHO and
*CH,O) dimerization are relatively small, so that the
steps need a lower overpotential. From the above re-
sults, the kinetic barriers indicate that the formation
of C-C bond is feasible, and *CO direct dimerization
is kinetically unsupported. This result is inconsistent
with the previously *CO dimerization pathway .
Thus, *CO is protonated to form intermediates *CHO
and *CH,O firstly, and then C2 and C3 products
could be produced at lower overpotentials.

Free energy, eV
Free energy, eV

Following this work, Jaramillo investigated 16
kinds of products for CO, electroreduction, the ini-
tially reported products were acetone, ethylene gly-
col, hydroxyacetone, glyoxal and glycolaldehyde,
while 11 other kinds of products included C2 and C3
hydrocarbon or oxygenates, e.g., ethylene, n-propanol,
allyl alcohol and ethanol (Fig. 2)®. CO and HCOOH
were initially observed at the most positive potential
of -0.65 V vs RHE, and CH, and C,H, hydrocarbons
were detected at -0.75 V vs. RHE. Subsequently, a

Free energy, eV

Free energy, eV

1 2 3

4 5 6 7 8
(H* + e ) transferred

Fig. 1 The Free energy diagrams for the lowest energy pathways to (A) H,, (B) HCOOH, (C) CO, and (D) CH,. In each diagram,
the black (higher) pathway represents the free energy at 0 V vs. RHE and the red (lower) pathway the free energy at the
indicated potential. Reproduced with permission*”, Copyright 2010, Royal Society of Chemistry.

Tab. 2 Electronic (AE,.), enthalpic barriers (AH,) and reaction free energies (AG,) on Cu(211). Reproduced with
permissiont®. Copyright 2013, wiley-VCH.

Reaction AE,qeleV AH eV AG eV
2*CO — 0*C*CO 1.619 1.547 1.296
*CO +*CHO — O*C*CHO 0.675 0.683 0.177
2*CHO — *OCHCHO* 0.564 0.546 -1.198
*CHO + *CH,0 — *OCH,CHO 0.374 0.422 -0.859
2*CH,0 — *OCH,CH,0O 0.203 0.188 -1.028
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Fig. 2 Current efficiency for each product as a function of
potential for major, intermediate range, and minor
products. Reproduced with permission®3. Copyright
1989, The American Chemical Society.

large number of multicarbon products began to ap-
pear, while the FES were first increased and then de-
creased with the increasing potential. C;H, demon-
strated the same trend, which indicated that one of
the pathways to C,H, was same as the pathways to C2
and C3 species. At the significantly negative poten-
tials, H, and CH, dominated the CO, electroreduction
products and the total current efficiencies exceeded
90%. Therefore, at the less negative potentials, proton
and electron were favorably transferred. When the po-
tential was very negative, C1 intermediates (e.g. *CO,
*HCO, etc.) unfavorably form C-C bond and pre-
ferred to obtain CH, instead of C2, C3 species®?,

In the past decades, a lot of investigations were

done for CO, reduction on Cu-based catalysts, and
many pathways and possible mechanisms are pro-
posed. The *CO is suggested as the important inter-
mediate on the pathways of CO, to hydrocarbons,
while *CO is protonated and dimerized or *CO di-
rectly dimerized to form C2 products. However, there
are many questions and confusion, more experiments
and theoretical calculations are needed to clarify the
mechanism to direct design the catalysts for practical
use.

2 CO, Electrochemical Reduction on
Cu-Based Catalysts

The major challenge of CO,RR is to increase the
selectivity for the target compounds along with the
reduced overpotentials. The catalytic activity and
product selectivity of CO,RR are also determined by
the morphology and structure of Cu catalysts. In this
part, we will elaborate the relationship of morpholo-
gy/structure, properties and their activities of various
Cu catalysts from the structure, composition, modifi-
cation and other emerging nanomaterials.

2.1 Dimensional Cu Materials

The physical morphology and structure signifi-
cantly determine the surface and chemistry of cata-
lyst. Then nanostructured Cu-based materials from
zero-dimensional (OD) nanoparticles, one-dimension-
al (1D) nanowires/fibers/tubes, two-dimensional (2D)
foils/layers/films/sheets, event three-dimensional (3D)
foams/flowers and other superstructures have been
investigated in CO,RR. The first consideration is the
size effect on the 0D Cu nanoparticles for the CO,
conversion, Results show that Cu nanoparticles in
the range of 2 ~ 15 nm have an optimized influence
on the catalytic activity of CO, conversion, while H,
is the main product when the size is smaller than 30
nm (Fig. 3), which means that the hydrogen evolution
dominates the water coupled CO, electrolysis. The
FEs of both H, and CO increased with the decreased
size of Cu nanoparticles, and the increasing tendency
was dramatic for these smaller particles (< 5 nm).
Meanwhile, the catalytic activity and selectivity of hy-
drocarbons (CH, and C,H,) were suppressed according-
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Fig. 3 Particle size dependence of (A) the composition of gaseous reaction products (balance is CO,) during catalytic CO,RR over
Cu NPs, (B) the faradaic selectivity of reaction products during the CO,RR on Cu NPs. (C) Ball models of spherical Cu
NPs with 2.2 and 6.9 nm diameters. Surface atoms are color-coded according to their first neighbor coordination number
(CN), CN < 8 (gray), CN =8 (blue), CN =9 (red), CN > 9 (green). (D) Population (relative ratio) of surface atoms with a
specific CN as a function of particle diameter. Reproduced with permissiont®l. Copyright 2014, The American Chemi-

cal Society.

ly. When the particles were less than 2 nm, the size
effects were dramatically increased. A plausible ex-
planation was proposed that small nanoparticles with
plentiful low-coordinated atoms strongly bonded with
the intermediates (CO and H), suppressing the further
reaction to form hydrocarbons. On the contrary, FE
of CH, could obtain 80% over 7 nm Cu nanoparticles
and the partial current density of CH, was 4 times
larger than that of pure Cu foil electrode®!. With the
increased Cu nanoparticles size (e.g., 50 ~ 100 nm ), a
high FE of 36% for C,H, and an only 1% FE toward
CH, were achieved on this Cu nanoparticle, because
of weak binding of CO and H enhancing hydrocar-
bons formationt®!,

Except the particle size, the morphologies of Cu
catalysts also determine the surface Cu atoms ar-
rangement and distribution. Hori and co-workers
demonstrated that the CO, reduction products were

dependent on the facets of Cu crystal, Cu(100) favored
C,H, production, while Cu(111) preferred to form CH,
at the same potential®?, In the early studies, Asthagiri
employed the DFT calculations to evaluate the spe-
cific pathways of CO, reduction on the Cu(111) and
Cu(100) facets®™, According to the results, the con-
version of *CO into *CHO or *COH was suggested
as the key selective step. CH, and C,H, were pro-
duced through *COH intermediate under the high
overpotentials on the Cu(111) facets, which was con-
sistent with the experimental results®, On the con-
trary, the formation of intermediate *CHO was fa-
vored on the Cu(100) facets. Then C,H, and C,H:OH
were produced due to the C-C bond formation of two
*CHO under less negative potential. Those pathways
were consistent with the reported experimental re-
sults, one pathway of C,H, was similar to other C,
oxygenates.
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For example, cubic Cu nanoparticles revealed
a high selectivity and low overpotential for C,H,,
while the CH, was totally suppressed®. Loiudice et al.
employed colloidal chemistry method and prepared
different Cu nanocubes (24 nm, 44 nm and 63 nm) and
Cu nanocrystal spheres (7.5 nm and 27 nm) for
CO,RR™, Generally, the Cu nanocubes were found
more active than the Cu spheres. Cu nanocubes (44
nm) showed the highest efficiency for CO, reduction
and the highest FE of 41% toward C,H, production
(Fig. 4). The Cu nanocube surface was made by
Cu(100) facet and (100) steps, thus confirming that
Cu(100) was favoring the formation of multicarbon
products. Increasing the Cu cube size, the number of
atoms on the plane increased, while the corner and
edge atoms decreased relatively. Experimental results
indicated that the balance between the edge sites and
plane sites is vital for CO, reduction and C,H, selec-
tivity. Fig. 4 shows the specific CO, electroreduction
pathways on the Cu (100) facet™. On the Cu(100) sur-
face, the reaction pathway for the dimerization of two
adsorbed *CO was demonstrated exprimentally to
form C,H %3, However, comparing the protonation
of *CO to *CHO, the direct dimerization of *CO was
unfavorable™. For these low-index terrace facets of
Cu(100), Cu(111) and Cu(110), many researches il-
lustrated the preferences of C,H, for Cu(100) and CH,
for Cu(111) %%1 The high-index stepped surfaces

Ci

Cu Nanocube
{—Cu Nanosphere

3
&
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@ |
=8|

-

Fa(adic'Efriciency 1%
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(200)

| Cu Ref.

rae |
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(Cu(711), Cu(511) and Cu(311)) all showed a higher
selectivity of C,H, and other C2, C3 productions.
These stepped Cu facets needed lower overpotentials
than the terrace surfaces and had different selectivi-
ties, as Cu step edges and kinks bind CO more
strongly than the terrace surfaces™* ®.. For example,
Cu(711) surface contained mostly (100) terrace and
some (111) step sites, and held an FE of 51.6% for
C.H, and 3.8% toward CH,"™. Obviously, theses cor-
ners, edges, steps and kinks were reaction active sites
and made contributions to a high reaction activity
(high current density)®.

To enhance catalytic activity of CO, electrore-
duction, nanostructure engineering is often employed
to enhance the structure-determined CO, performance
on various Cu catalysts®. For example, dendritic Cu
selectively formed C,H, instead of CH,, while honey-
comb-like Cu with and 3D Cu foam produced a mixture
of C, hydrocarbons (C,H, and C,Hs) and suppressed CH,
formation at -1.9 V vs. Ag/AgCI®!, However, some
similar nanostructures of porous dendritic Cu were
reported for converting CO, to HCOOH with a high
selectivity of 90% and large current densities in wa-
ter/ionic liquid mixture electrolyte®®. Sen et al. reported
a 3D hierarchical Cu nanofoam by electrodeposition
on mechanically polished Cu substrates for the
HCOOH production®,

In addition, Chung et al. synthesized a series of
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Fig. 4 (A-C) TEM images of Cu cubes with an average edge length of 24, 44, 63 nm, respectively; (D-E) TEM images of Cu spheres

with an average diameter of 7.5 and 27 nm, respectively. Scale bar 50 nm. (F) Typical XRD patterns of the Cu spheres

(black line) and Cu cubes (red line). (G) Bar graph reporting the faradaic efficiencies for each product in the different sizes
of Cu NC cubes and in the Cu foil at -1.1 V vs. RHE. Reproduced with permission®l. Copyright 2015, Wiley-VCH.
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hierarchical Cu pillar electrodes by electrodeposition.
The hierarchical Cu pillar electrode exhibited a selec-
tivity to HCOOH with an FE of 28% at a potential of
-0.5 V vs. RHE!. Kas et al. reported a 3D porous
hollow fiber Cu electrode, which obtained a high FE
of COto ~ 72% at -0.4 V vs. RHE™. To increase the
mass transfer and diffusion, porous hollow fiber Cu
electrode was investigated in CO,RR (Fig. 5A, B). The
FE of CO of this porous fiber electrode was de-
clined at more negative potential of -0.5 V and that
may be ascribed to the desorption or further reaction
of CO into other products at this potential (Fig. 5C).
In the Tafel plot of CO, the first step was attributed
to electron transfer to the adsorbed *CO, and the
second Tafel slop was 93 mV -dec? closing to 116
mV -dec?, which suggested that the rate-determining
step to form CO was the formation of *COOH inter-

mediate (Fig. 5D).
2.2 Bimetallic Cu Catalysts

In order to improve the catalytic activity and se-
lectivity for the conversion of CO,, alloying is a favor-
able method to tune the binding strength of reaction
intermediates on the Cu-based catalysts. Tin (Sn) is
known to be a good metal catalyst for CO,RR to
HCOOH, but when it is doped into Cu, the products
are changed. Yang et al. reported the Sn coating on
Cu foam by electrodeposition method with the FE of
83.5% for CO at -1.8 V vs. Ag/AgCI™. Moreover,
Sarfraz et al. investigated different amounts of Sn on
the Cu surface. This kind of electrodes can convert
CO, to CO with high catalytic activity and a maxi-
mum selectivity higher than 90% (-0.4 to -0.8 V vs.
RHE) for a long period of time (> 14 h)I!. The CO
selectivity is dependent on the amounts of deposited

C
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Fig. 5 (A) Cross-sectional image of a perpendicularly broken Cu hollow fiber. Scale bar, 100 wm. (B) High magnification of the
outer surface of the Cu hollow fiber. (C) FE as a function of applied potential for CO, formic acid and H,, using a CO,

purge of 20 mL-min. (D) Overpotential versus partial current density of CO using Cu hollow fiber. Reproduced with per-

mission®, Copyright 2016, Nature Publishing Group.
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Sn. Excess Sn diminishes the CO FE, while favors H,
generation. Moreover, a thin layer of SnO, is coated
over Cu nanoparticles, the thicker (1.8 nm) shell gen-
erates HCOOH, whereas the thinner (0.8 nm) shell
favors CO with a 93% FE at -0.7 V (vs. RHE)" . So
the optimal composition of Cu-Sn bimetal efficiently
and selectively generates CO, but the surface of
Cu-Sn bimetal with excess Sn shows Sn-like activity
to generate HCOOH. For instance, Sn-based film
with a thickness of ~ 325 nm on Cu foil showed a
higher selectivity for HCOOH (91.5% at -1.8 V vs.
Ag/AgCI) 1 Likewise, Yang et al. reported the Sn
coating on Cu foam by electrodeposition for 35 min
with an FE of 83.5% for HCOOH at -1.8 V vs.
Ag/AgCI™,

Like Sn, metal indium (In) also favors the pro-
duction of HCOOH for CO,RR, and Cu-In catalyst
usually generates CO with the appropriate proportion
due to the suppressed H, evolution by In atoms!. Ra-
sul et al. reported that Cu-In alloys by electrochemi-
cal deposition selectively converted CO, toward CO
with a high FE of 90% at -0.6 V vs. RHE along with
extremely high stability in 0.1 mol -L* KHCO, ™.
From the DFT calculation results, In atoms prefer to
be located on the edge sites instead of the corner or
flat sites, and greatly influence the adsorption ability
of neighboring Cu®. Moreover, other noble metals are
also introduced to form Cu alloys, for instance,
Cu-Au and Cu-Pd. Ma et al. investigated Cu-Pd alloy
catalysts including ordered, disordered, phase-sepa-
rated alloys (Cuy:Pd, = 1:1) and disordered CusPd and
CuPd;PY, Ordered CuPd alloy had the highest selec-
tivity toward CO product (FE > 60%) compared with
other kinds of CuPd alloys (disordered and phase-
separated alloys), while the phase-separated CuPd al
loys possessed the highest selectivity to C, species
(C:H, and C,HsOH). With the increasing Cu/Pd ratio
(Pd, CuPd; CuPd to CusPd and Cu), the FE of C2
products increased and the highest FE of C,H, was
obtained over 45% at only -0.8 V (Fig. 6). In addition,
PdCI, decorated Cu nanoparticles achieved the FE of
30.1% for C,H.. Like alloyed Cu-Pd, Cu-Au catalysts
with different compositions were also investigated® .

With the increase of Cu content, more hydrocarbon
products and the decreased CO were observed on the
series of Cu-Au nanoparticle monolayers®™. Besides,
Jia et al. reported that the bimetal CugsAus; could
catalyze CO, to polyols with the FE of 15.9% for
CH,OH and FE of 12% for C,H:OH®™. Therefore, the
geometric/structural and electronic effects could be
realized by alloying Cu to tune the binding strength
of intermediates on a catalyst surface, and thus en-
hance the activity and selectivity for CO;RR.

2.3 Supported Cu Catalysts

Benefit from the tradition catalyst system, Cu
catalysts are also fabricated by supporting Cu on the
various substrates to disperse the active nanoparticles
and expose sufficiently the active sites as the same
time to increase the performance via the synergistic
effect. For instance, a variety of carbon materials
including pure graphite (PG), graphene oxide (GO),
N-doped graphene, carbon nanotubes (CNTSs) and car-
bon gel were employed to deposit Cu for CO;RR. As
increasing the Cu concentration, the electrochemical
activity was increased and CH, was formed with a
high FE of ~ 40% at high initial concentrations of Cu
for both Cu/GO and Cu/PG catalysts™!. Besides, the
theoretical studies indicated that graphene-supported
Cu could improve the catalytic ability, as the defect
sites could anchor the Cu nanoparticle, thereby, in-
creasing the stability and interaction of Cu-graphene
system. Besides, the defect sites could also stabilize
the reaction intermediates during CO,RR process and
prevent the agglomeration of Cu nanoparticles [,
Thus, in order to improve the amount of defect sites
and the catalytic activity, some studies applied the
N-doped graphene as the supporting materials to lo-
cate Cu nanoparticles.

Song et al. synthesized Cu nanoparticle/N-doped
graphene electrode®, which efficiently converted CO,
to C,HsOH with a high selectivity of 84% and a high
FE of 63% at -1.2 VV vs. RHE. Both the active Cu
species and the synergistic interaction between Cu
and neighboring carbon atoms contributed to the effi-
cient electrochemical conversion of CO, to C,H:OH
via carbon monoxide dimer pathway. Furthermore,
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the carbon lattice inserted N, S or B, and the neighbor
carbon atoms became the active sites. Li et al. report-
ed Cu nanoparticles assembled on a pyridinic-N rich
graphene (p-NG) support with an FE of 62% for
HCOOH at -0.8 V and FE of 19% for C,H, at -0.9 V
vs. RHE. CO, and proton could be absorbed by the
pyridinic-N functions, which promoted hydrogena-
tion reaction to form C,H, products®™!. Recently, Ma-
lik et al. investigated multi-wall carbon nanotubes
(MWCNTSs) with different Cu,O loadings (10wt% ~
50wt%). The catalyst with 30wt% Cu,O could achieve
a high current density and FE of 38% for CH;OH at
-0.8 V vs. RHE™. Similarly, CNT-supported Cu con-
verted CO, to CH,OH with an FE of 38.5%.
2.4 Derived Cu Catalysts

Except for the pure Cu catalysts, numerous
functioned Cu-based catalysts such as oxide-derived
Cu, copper(l) halide, copper(l) sulfide, alloy, carbon
supported Cu and surface modified Cu have been re-
ported for CO,RR. These functioned Cu-based cata-
lysts can enhance the catalytic activity and alter the
selectivity of reduction products via electronic effect,
strain effect and grain-boundary effect. In-situ elec-
trochemical reductions of the CuO and Cu,O materi-
als, known as oxide-derived Cu catalysts, have been
proven to greatly enhance the catalytic activity during

CO,RR. Kanan and coworkers synthesized thick
Cu,0 films by annealing Cu at 500 °C for 12 h. These
films were formed by dense rods arrays with the di-
ameters of 100 ~ 1000 nm™®., The high FE of ~ 45%
for CO production at potentials of -0.3 to -0.5 V vs.
RHE and 33% for HCOOH production at potentials of
-0.45 to -0.65 V vs. RHE were obtained (Fig. 7). The
Tafel slope of 116 mV -dec® was consistent with a
rate determining initial electron transfer to CO, to
form a surface adsorbed *CO; - intermediate®. More-
over, the oxide-derived Cu nanowires by electro-
chemical reduction of CuO nanowires showed more
advanced electrochemical activity and selectivity than
by annealing under H, atmosphere, achieving the FE
of 61.8% for CO production at -0.4 V and ~ 30.7% of
HCOOH production at -0.6 V!,

The intentional oxidation and reduction of cop-
per electrodes are frequently employed to create ac-
tive sites for the enhanced performance in CO,RR.
These oxides-derived Cu catalysts can convert CO, to
not only two electrons products, but also multiple
electrons hydrocarbons (C,H,, C,Hs and C;HsOH) with
high selectivity. The Cu,O-derived Cu nanoparticles
with different initial crystal orientations or film thick-
nesses were investigated in CO,RR. Results showed
that the thickness of Cu,O film dictated the reaction
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selectivity, instead of the initial crystal orientation!®.
Under relative negative potential, the FE of hydrocar-
bon decreased, and the owverall current density in-
creased with the increasing Cu,O film thickness, the
highest FE of hydrocarbon exceeded 35% at -1.1 V
vs. RHE. It was suggested that CO, reduction pro-
ceeded on newly in-situ formed Cu nanoparticles
rather than Cu,O film. Furthermore, additional re-
search specified that the thickness of oxides-derived
Cu was firmly related to the activity and selectivity of
CO, reduction. Ren et al. investigated the copper (I)
oxide films ranging from 0.2 to 8.8 wm, synthesized
by electrochemical deposition®. The particle size in-
creased along with the increasing thickness of Cu,O
film, the sizes of the particles were 0.2 pum and 8.8
pm when the thicknesses of the films were 100 nm
and ~2 ~ 3 wm, respectively (Fig. 8). With the thick-
ness ranging from 1.7 to 3.6 wm, the films suppressed
the production of CH, (< 1% FE) and had a high se-

lectivity of C, hydrocarbons (34% ~ 39% FE of C,H,
and 9% ~ 16% FE of C;HsOH). The metallic Cu(0)
was the catalytic active specie in CO, reduction pro-
cess, which was consistent with the previous studies.
In addition, the selectivity of C2 hydrocarbons exhib-
ited a close relationship with pore size of the meso-
porous Cu catalysts, and the high selectivity toward
C2 production was maximal on the mesoporous ox-
ides-derived Cu between 50 and 100 pm with the
highest FE of 55% for C, hydrocarbons (C,H, and
CoHg)®.

Except the reduced Cu species, some studies in-
dicate that the grain boundaries in catalyst would be
the active sites for CO, reduction®™ %%, |t is believed
that the produced high local pH during the CO,RR
was favorable for the C,H, production on the rough
surface™ %, Moreover, the presence of Cu* and resid-
ual subsurface oxygen have been suggested to influ-
ence the formation of C, productions, which is more



<436 - @,

2019 4E

g
£
=3
=
2
&
g
b
o

After Reduction

" 0.2 um Cu,0 film

1.7 um Cu,0 film

Electropolished Cu
I e Before reduction J After reduction K
4 Cy, eCu —_
q 2''s
° S 454
Ieciropolushed — Eiectropollshed >
. : c o
: 3 u -
= 8 ’ (]
b ‘c 304 1
- A 1 7umCu,0| 2= * ® 1.7 ym Cu,0 =
) ry @ &=
5 A g w
I A 4 %1 88umcCu0| = R 2 _88umCu,0 % ] *
g g s 15
= = o S =lgl = S % a T’
S -9 - =i = =
= él g8 %l[c\;zo standard = 8:] 58] 8 |cu;0 standard w 2
3§ Elg § 0¥
=| § i Cu standard < Cu standard| —W T T T
= 003 3 6 9

60
20 (degree)

20 (degree)

Thickness (um)

Fig. 8 SEM images of Cu catalysts before CO, reduction: (A) electropolished Cu; (B) 0.2 um, (C) 1.7 pm, and (D) 8.8 wm Cu,O
films deposited on Cu disc. SEM images of Cu catalysts after CO, reduction at -0.99 V: (E) electropolished Cu; (F) 0.2 p.m,
(G) 1.7 pm, and (H) 8.8 um Cu,O films deposited on Cu disc. XRD patterns of Cu catalysts (I) before and (J) after CO,
reduction. (K) FE plots for C,H, and C,H;OH for 1.7-3.6 Cu.,O films deposited on Cu disc. The standard lines are also in-
cluded in (1-J) for comparison (PDF 00-003-0892 for Cu,0O and PDF 00-001-1242 for Cu). Reproduced with permission,

Copyright 2015, The American Chemical Society.

important than the structural factors, such as rough-
ness effects, defects, and grain boundaries®™™. Mistry
et al. provided experiment results to support Cu* as
the active site for reducing CO, to C,H,!®!. These
plasma-oxidized catalysts decreased the overpotential
for CO, reduction products (CO, C,H, and HCOOH)
and the selectivity of C,H, surprisingly reached 60%
at only -0.9 V vs. RHE (Fig. 9). Cu* always remained
stable in Cu catalyst either before or after reduction
during the electroreduction. These studies suggested
that Cu* was the key factor for decreasing the overpo-
tential of CO, reduction and improving the selectivity
of C,H, rather than surface roughness and pH effects.
OD-Cu materials were special for CO,RR and
had great electrocatalytic performance to generate hy-
drocarbon, especially high carbon products. The cata-
lysts were formed by reducing oxidized copper mate-

rials, and in-situ and ex-situ measurements indicated
that the oxygen still existed. Nillson found that the
subsurface oxygen induced high CO binding energy,
and this could increase the CO coverage on catalyst
surface, which kinetically enhanced the C-C bond
formation to form the high carbon productions ™,
Thus, the roles of Cu* species and oxygen in Cu cata-
lyst attract enough attention, and the in-situ detection
technologies should be largely used in CO,RR to re-
veal evolution of the catalysts and the reaction inter-
mediates, this is very important to design high effi-
ciency catalyst and reveal the reaction mechanism.
2.5 Modified Cu Catalysts

Surface structure and electronic condition are
important for the selective and active conversion of
CO.,. Cu surface functionalization strategy could be
effective to modify the surface electronic state and
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chemistry, as these functional groups could tune the
adsorption/desorption of the reaction intermediate,
and thus, change the reaction pathway. For example,
when the oleic acid (OA) ligand was functionalized on
the Cu,0 and CuO nanoparticles, only CH;OH and
CO were produced, respectively™. Another example
is amino acid modified Cu electrodes for CO,RRI .
The Cu nanowire film modified with glycine exhibit-
ed excellent activity for C2-C3 hydrocarbons (C;Hs,
C,H, and C,;Hg) with 34.1% FE at -1.9 V vs. RHE
(Fig. 10). The results indicated that CHO* and -NH,*
formed the hydrogen bond and CHO* were stabi-
lized, which would contribute to high activity and se-
lectivity of multi-carbon products.
2.6 Cu Complex Catalysts

The organic ligands are also used to combine Cu
species and form molecular Cu complexes, and these
ligands could stabilize Cu species and contribute the
modification of intermediates. Moreover, the molecu-
lar catalyst is monophasic system, which endows the
easy way to explore the catalytic mechanism™™, Re-
cently, Wang et al. reported a heterogeneous molecu-
lar Cu with porphyrin complex PorCu (copper (Il)
5,10,15,20-tetrakis (2,6-dihydroxyphenyl) porphyrin)
for reducing CO, into hydrocarbons™. At -0.976 V vs.
RHE, the total FE increased from 42% to 54% and
the current density increased from 11 to 48 mA -cm?
with time increasing (Fig. 11). Both high activity and
selectivity for hydrocarbons (CH, and C,H,) demon-

strated by this molecular catalyst was attributed to the
built-in hydroxyl groups in the Cu porphyrin complex.

Employ organic ligands could be constructed
into metal-/covalent-organic frameworks (MOF/COF).
These systems combine the advantages of monopha-
sic molecular and heterogeneous catalysts with the
abilities of tunable chemical structures, which possi-
bly bring the high carbon number products™. For ex-
ample, Cu rubeanate metal organic framework
(CR-MOF) demonstrated the interesting HCOOH
product at -1.2 V vs. SHE™., Apparently, the excellent
electronic conductivity, proton conductivity, and dis-
persed reaction sites in the porous CR-MOF con-
tributed to the good catalytic activity. Another kind
MOF of Cuy(BTC), (BTC=1,3,5-benzenetricarboxylic
acid) demonstrated the selective reduction of CO, to
oxalic acid with the FE of 51%. Furthermore, Lin
et al. reported a variety of cobalt/copper porphyrins
COF composites, COF-367-M (Co, Co/Cu (10/90),
Co/Cu (1/99)). With the increasing Cu/Co ratio, the
turnover frequency (TOF) was increased, while the FE
of CO was decreased!™. The turnover number (TON)
of COF-367-Co (1%) was over 24000, and it is one of
the most efficient catalysts reported to date for
CO.RR. Besides, Cu-MOF or Cu/M-MOF is out-
standing sacrificial precursors to synthesize various
functional nanostructures Cu-based materials by
post-processing. Therefore, Cu-based MOF/COFs
provide a new opportunity and platform for designing



. 438 - LA CTR- 2019
A B = mm C:Hs
< CuNW Cu NW+Gly Faof = C2Hs
-; C:H:s B '; mm C2H4
g Y CzHe W )
9204 7z C:H« IR S20F
=] - o
g B E IR
210} i =10}
o N S N o
g o H BB M|E
-13-14 15 16 1.7 -18 1.9 CulW 410" 2%10° 4x10° 1x10" 4x10™
Potential (V, vs. Ag/AgCl) mmol mmol mmel mmol mmeol
| C - mm C3Hs D mm C:He
T30} @ CzHe =30} [ CzHe
> m CzH+ 'g B C2Hs
520 3 gZD i
[T} o9
E E
0‘
]
E 10} "-; 10
Z g
L w
0 0

CuNWGl Ala Leu Tyr Arg Tmp

CuNW Gly RCO2H AQ PhNO:2 RSH

Fig. 10 Electrochemical CO, reduction on Cu NW film electrodes. (A) In the full potential range from -1.3 V to -1.9 V. (B) With
different concentrations of glycine at -1.9 V. (C) With different kinds of amino acids at -1.9 V. (D) With different kinds
of modifiers at -1.9 V. Reproduced with permission®. Copyright 2016, Royal Society of Chemistry.

efficient CO,RR electrocatalysts.

3 Summary and Outlook

Various catalysts for CO,RR have been inten-
sively investigated to obtain both efficient catalytic
activity and product selectivity for practical applica-
tions. Cu-based materials are the only metal material
to produce a great deal of multi-carbon products with
high activity and selectivity in CO,RR. In this work,
we summarized recent advances in copper-based ma-
terials for electrochemical CO, conversion. More-
over, the reaction mechanisms of CO, electroreduc-
tion on Cu-based catalysts are also discussed. Al-
though the development of Cu-based CO,RR electro-
catalysts have been accelerated by massive experi-
ments and theoretical calculations, yet many chal-
lenges to be overcome for efficient conversion of CO,
to desirable products. Substantial Cu-based catalysts
have shown significantly high overpotential, low
catalytic activity and selectivity to produce multi-car-
bon products, as well as poor stability for only a few

hours. Moreover, the complete, accurate and clear
CO; electroreduction mechanism and kinetics are not
explicit yet for this complex process. Therefore, sub-
stantial scientific research should be performed to
solve for these problems and achieve the goal of
commercialization.

Firstly, multifarious Cu-based catalysts should
be investigated to achieve high catalytic activity and
stability, as well as the partial current density of tar-
get products should be enhanced. Nanostructured cat-
alysts and composite materials are good development
direction. Moreover, the reaction pathways of CO,
electroreduction process are very complicated, and
the understanding in the mechanisms of CO,RR s in-
evitably required for the advancement of CO,RR. In
addition, some derived Cu catalysts, maybe named as
“pre-catalyst”, will suffer the evolution during the ca-
thodic reduction process. Thus, a large amount of in-
and advanced characterization technologies
should be widely used to directly observe the reaction

sttu
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intermediates and the change of catalyst to explore
the reaction process, such as in operando spec-
troscopy and microscopy to monitor the intermedia
tion of CO, reduction and the remolding of Cu cata-
lyst in the real operation. Besides, computer technol-
ogy and theoretical calculations are powerful tools to
investigate the CO,RR process at an atomic level.
The combination of experiment, atomic structure, the
interaction between reaction intermediates and cata-
lyst surface could offer a deep insight to understand-
ing the CO,RR mechanism on Cu-based materials. In
turn, those can provide valuable clues and help to de-
sign the Cu-based catalysts for highly efficient CO,
conversion.

In the end, CO, electroreduction technology
should achieve industrial application, which can re-
duce environmental issues and increase energy uses.
The relatively low solubility of CO, in aqueous solu-
tions leads to a mass transfer constraint. In order to
achieve a higher catalytic efficiency and higher cur-
rent density, the gas diffusion electrode (GDE) would
be employed to effectively reduce the CO, mass
transfer constraint. This goes directly to the gas phase
instead of the liquid phase, and the flow cell replac-
ing experimental Lab-level H-cell configuration is
necessary. Therefore, a performance summarization
of the Cu-based catalysts discussed in this review
along with their reaction conditions is presented in
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Tab. 3 The performance of recently reported Cu-based electrocatalysts for CO, reduction

Potential/ Product Current
Catalyst Electrolyte V(vs. RHE)  (Faradaic efficiency)/% Densnty_/ Reference
(mA-cm?)
. ] CO (22%), CH, (10%),
NE! -
Cu nanoparticles (10 nm) 0.1 mol-L* KHCO; 11 CH, (4%) 20 [24]
Cu nanoparticles capped with
tetradecylphosphonate of 0.1 mol-L* NaHCO; -1.25 CH, (80%) 9 [25]
diameter 7.0 nm
. . CO (40%)
. -1 -
Oxide derived Cu 0.5 mol-L*NaHCO, -0.5 HCOOH (33%) 2.7 [20]
CO (40%)
. -1 -
AuCu alloy 0.1 mol-L* KHCO, 0.73 HCOOH (3.11%) 3 [53]
CO (38%)
. -1 -
Culn alloy 0.1mol-L* KHCO, 0.6 HCOOH (34%) 1 [49]
Cu-MOF 05mol-L kHco, 2V HCOOH (98%) 75 [76]
' ® (vs. SHE) 0 :
CuylIng on Cu foil 0.5mol-L*KHCO; -0.6 CO (90%) 0.6 [49]
CuO derived Cu nanowire arrays 0.1 mol-L* KHCO,  -0.41 CO (61.8%) 1 [79]
. CO (45%)
NE! -
Cu,O derived Cu nanorod arrays 0.5 mol-L* NaHCO; -0.5 HCOOH (33%) 2.7 [20]
15 nm thick Cu overlayers on Pt 0.1 mol-L*KHCO; -1.0 CH, (33%) 10 [80]
Cu nanparticles (50 ~ 100 nm) 0.1 mol-L* KCIO,4 -1.1 C,H. (36%) Non [26]
Carbon supported 12 nm 4 0
Cu nanoparticles 0.1mol-L*KHCO,  -0.9 C.H, (19%) 75 [14]
Ru/Cu allo 05mol-LiNaHco, 08V CH.OH (41.3%) 0.04 [81]
Y ' °  (vs. SCE) : o7 :
Organic lithium -1.1 0
Cu electrode salt sysytemn (vs. Ag/AGCI) CH3OH (40%) 9 [82]
Cu nanoparticles on N-doped mol- L KOH 12 C,H:OH (63%) 2 [57]
carbon nanospkikes
Cu electrode 0.1 mol-L* KCIO 14V C,H, (48.1%) 5 [83]
: (vs. NHE) AT
0.08 mol - L* -35V
0,

Cu electrode CsOH/methanol (vs. Ag/AGC) C,H, (32.3%) 11 [84]
Cu(100) 05mol-LiNaHco, 4V CoH. (31.7%) 5 [85]
’ ®  (vs. NHE) ZAs
Cu nanocubes with 0.1mol-L*KHCO,  -1.1 CoH, (41%) 5.6 [27]

44 nm edge length

Tab. 3 for comparison.

cent progress in Cu-based catalysts. Although many

In summary, Cu-based materials are the most pathways and possible mechanisms have been pro-
notable catalysts with high catalytic activity for hy- posed for CO,RR over Cu-based catalysts in the past
drocarbons. This article has introduced the proposed decades, there are still many questions and confusion,
CO,RR mechanisms on Cu metal surface, and the re- and more experimental results and theoretical calcu-
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lations are stilled needed to clarify the concert mech-
anism and guide the design and preparation of effi-
cient catalysts for practical application. More exten-
sive efforts will be made, we believe, the develop-
ment of CO,RR could be swifter in the near future,
and relatively cheap and practical catalysts for elec-
trochemical CO, reduction would be obtained to
achieve industrial application.
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