Journal of Energy Chemistry 26 (2017) 1050-1066

journal homepage: www.elsevier.com/locate/jechem

Journal of Energy Chemistry

Contents lists available at ScienceDirect

JeC

JOURNAL OF ENERGY CHEMISTRY
—

http://www.journals.elsevier.com/
journal-of-energy-chemistry/

Review

Rational design of Cu-based electrocatalysts for electrochemical

reduction of carbon dioxide

Baohua Zhang, Jintao Zhang*

Key Laboratory for Colloid and Interface Chemistry of State Education Ministry, School of Chemistry and Chemical Engineering, Shandong University, Jinan

250100, Shandong, China

ARTICLE INFO ABSTRACT

Article history:

Received 28 August 2017
Revised 8 October 2017
Accepted 10 October 2017
Available online 14 October 2017

The recent development of Cu-based electrocatalysts for electrochemical reduction of carbon dioxide
(CO3) has attracted much attention due to their unique activity and selectivity compared to other metal
catalysts. Particularly, Cu is the unique electrocatalyst for CO, electrochemical reduction with high selec-
tivity to generate a variety of hydrocarbons. In this review, we mainly summarize the recent advances
on the rational design of Cu nanostructures, the composition regulation of Cu-based alloys, and the ex-

Keywords: ploitation of advanced supports for improving the catalytic activity and selectivity toward electrochemical
Electrocatalysts reduction of CO,. The special focus is to demonstrate how to enhance the activity and selectivity of Cu-
Copper based electrocatalyst for CO, reduction. The perspectives and challenges for the development of Cu-based
Alloy electrocatalysts are also addressed. We hope this review can provide timely and valuable insights into the

Selectivity

CO, electrochemical reduction
Electrocatalytic activity
Faradaic efficiency

design of advanced electrocatalytic materials for CO, electrochemical reduction.
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1. Introduction

At present, fossil fuels are the main energy source (over 80%)
to sustain our society and economy [1]. As a result, the excess
emission of carbon dioxide (CO,) leads to the climate change and
serious environmental issues [2,3]. The conversion of CO, to useful
chemicals or liquid fuels as the renewable energy resources is a
highly promising approach to addressing the forthcoming energy
crisis and environmental issues [4]. Due to the sluggish reaction
kinetics of carbon dioxide reduction (CDR), various approaches
(such as photochemical, thermochemical, and electrochemical
method) are developing to reduce the energy barrier and improve
the activity, selectivity for achieving the sustainable carbon re-
cycling [5]. Electrochemical reduction of CO, with the help of a
proper electrocatalyst is attracting increasing attention due to its
unique features. Unlike the other catalysis methods in which harsh
conditions (e.g., high pressure and high temperature) needed to
initiate the reaction, the electrochemical reduction reaction not
only can proceed in ambient temperature and pressure, but also
can generate the targeted products by reasonably adjusting the
electrocatalyst, operating potential, electrolyte, and others [6,7].
Therefore, it is an important technology option for the conversion
of electricity to chemical energy sources, offering the potential to
create organic fuels when combined with renewable energy such
as solar or wind power as shown in Fig. 1(a). Considering the
sluggish reaction kinetics of the liner CO, molecule with a large
activation energy barrier, robust and efficient electrocatalysts are
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Fig. 1. (a) Electrochemical reduction of CO, coupled with renewable energy sources, such as solar or wind power, enables a sustainable energy cycle in which CO, is
converted to industrial chemicals and fuels in a renewable and sustainable manner. (b) Volcano plot of partial current density for CO, electrochemical reduction at —0.8V vs.
CO binding strength on various metals. Reproduced with permission from Ref. [10]. (c) Proposed reaction pathways for different products on Cu electrocatalysts. Reproduced

with permission from Ref. [36].

required to improve conversion efficiency of CO, reduction reac-
tion [8]. However, the extensively development of this technology
suffers from the high cost, low efficiency, and poor selectivity of
the electrocatalysts [9,10]. Specifically, the high price of the noble
metal materials hampers their extensive applications. Furthermore,
the hydrogen evolution reaction as a competitive reaction often
results in the poor selectivity for CDR. To resolve these tricky is-
sues and improve the activity and selectivity of electrocatalysts for
CDR, much efforts have been devoted to exploit non-noble metal
electrocatalysts on the basis of nanostructure [11,12], alloying
[13,14], surface modification [15,16] and so on.

In a CO, saturated aqueous solution, the typical CO, electro-
chemical reduction generally involves three elementary steps: first,
the chemical adsorption of CO, molecules on an electrocatalyst
surface; second, the broken of C-O bonds to form C-H bonds along
with the electron transfer and/or the proton migration; finally, the
rearrangement and desorption of products from the electrocatalyst
surface [17,18]. As a typical example, the electrochemical reduction
of CO, to CO is proposed according to the following process, given
in Egs. (1)-(4) [19,20]:

CO, (g)+* — *CO, (ads) (1)
CO, (ads)+H* (aq)+e~— *COOH (2)
*COOH + H* (aq)+e~ — *CO + H,0(1) (3)

*CO —CO (g)+* (4)
where asterisk (*) indicates a catalytic site for adsorbing a surface-
bound species. CO, electrochemical reduction is a multistep
reaction process including two-, four-, six-, or eight-electron
reaction processes [21]. A series of products including CO and
hydrocarbons (e.g., formic acid, methanol, ethanol, methane,
aldehyde, ethylene, ethane) would be synthesized on the basis
of the different reaction pathways (reactions (5)—(10)) [22,23].
The generated products such as ethanol and methanol can be
directly used as fuels, usually being used to partly replacement
gasoline for internal combustion engines [24]. Carbon monoxide
can be converted into valuable liquid fuels or other useful chem-
icals through further Fischer—Tropsch process [25]. In addition,
methane is main component of natural gas and ethylene can be
used to produce plastics. A wide range of valuable reduced carbon
compounds further concretely illustrates the significance of CO,
electrochemical reduction.

CO, +2H* +2e~— CO+H,0 E9=-0.52V (5)
CO, + 2H*+ 2~ — HCOOH E° = -0.61V (6)
CO, + 4H*+ 4e~ — HCHO + H,0 E° =-0.51V (7)
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CO, + 8H*+8e~ — CH, +2H,0 E° =-0.24V (8)
2C0, + 12H* + 126~ — CoHy + 4H,0 0 =-0.34V 9)
CO, + 6H* +6e~ — CH;0H + H,0 E0 =-0.38V (10)

Carbon monoxide (CO) is an important intermediate product for
CDR because CO can be further reduced to hydrocarbons and/or
oxygenates electrochemically [26—28]. Thus, the binding strength
of CO on various metal surfaces (Fig. 1(b)) is often used to deduce
the catalytic selectivity of an electrocatalyst. Accordingly, the metal
catalysts can be divided into three main groups: (1) the metals
such as Au, Ag and Zn possess weak adsorption capacity for CO.
Once CO is adsorbed on the surface of such a metal, the CO ad-
sorbed (CO,q4s) tends to be directly break away from the electrode
surface, leading to a high selectivity for synthesizing CO [29]. (2)
The metals including Pt, Fe and Ni with low hydrogen evolution
potentials are easily covered by CO due to the strong binding
ability of CO on their surfaces, leading to high selectivity for hy-
drogen evolution reaction (HER) [30,31]. The third type of metals
(e.g., Cu) possesses intermediate binding energy for CO, which not
only provides successive electron/proton transfers but also offers
the potential to form C-C coupling. CO,4s would continue to form
hydrocarbons via the subsequent hydrogenation reaction [29,32].

Therefore, among the metal catalysts for CDR, metallic Cu is
the most widely studied catalysts. Hori, in a pioneering work,
pointed out that Cu has the unique selectivity for CDR to gen-
erate a variety of hydrocarbons (e.g., CH30H, CH3CH,OH, CHy,
HCHO, CH,CH,) [32]. Therefore, much research attention has been
invested to investigate the unique activity of Cu for CDR [33].
However, CO, reduction at a Cu electrode often requires large
overpotential of more than 1V, especially at the polycrystalline
Cu electrode [32,34]. In addition, the stability of Cu is not ideal
for a long time scale. As shown in Fig. 1(c), CO, electrochemical
reduction with a cupper electrocatalyst is extremely complicated,
thus, the selectivity for a targeted product cannot be controlled
easily [35,36]. To address these issues, experimental and theo-
retical investigations have targeted to better understand these
mechanisms for further improving the activity and selectivity
of Cu-based catalyst [29,33,36-40]. With rapid advances on the
development of Cu electrocatalysts [13,16] for CDR with a lower
overpotential and better product control, it is urgent to update the
recent achievements for improving the electrocatalytic activities.
Herein, we summarize the recent advances for designing advanced
copper-based CDR electrocatalysts. With the brief introduction on
the basic principles for evaluating the catalytic activities of an
electrocatalysts, the Cu-based electrocatalysts for CDR have been
summarized. The challenges and future directions for developing
efficient CDR electrocatalysts are also addressed.

2. Fundamental parameters for CO, electrochemical reduction
2.1. Onset potential, overpotential, and Tafel slope

The onset potential refers to the potential applied on an elec-
trocatalyst vs. the reference electrode, on which a desired product
is yielded at a detectable amount scale. Typically, the transition
join point between the thermodynamic controlled region and the
kinetic controlled region is defined as the onset potential [41]. It is
worth noting that the onset potential is generally lower than the
equilibrium potential for CDR. The overpotential (1) is defined as
the potential difference between the standard electrode potential
(E?) and the minimal potential applied (E) for reducing CO, to a
specific product [42], specifically, n=E’—E. The overpotential as

an important index plays a crucial role in evaluating the catalytic
performance of an electrocatalyst [41].

Tafel slope is another important parameter to evaluate the
performance of electrocatalysts. In the case of CDR, the reduction
process is farther from the equilibrium state (7 >> 0). According
to the Butler-Volmer equation, Tafel plot, which links the over-
potential and the current density in the form of logarithm can be
simply expressed as Eq. (11) [43]:

—23RT, 23RT, . .
n= ( anF logj )+< T logj) = a+ blogj (11)

in which the exchange current density (j°) is the common ab-
solute value of current density at the equilibrium of the system
(n=0). « is the transfer coefficient. n is the number of electrons
transferred. F is the Faraday constant. R is gas constant. T is the
temperature. Tafel slope (b) is commonly used to investigate
the reaction mechanism via determining the rate-determining
step [44]. It is well-known that carbon dioxide reduction is an
extremely complex process with multi-step and multi-electron
transfer. Thus, Tafel slope would be analyzed case by case on the
basis of the specific products. For the case of carbon monoxide as
the dominate product (Fig. 2(a) and (b)), if the Tafel slope is close
to 118 mV dec~!, it implies that the rate determining step for CO,
reduction occurs the generation of carbon dioxide radical (CO,"")
as the key intermediate by the initial one electron transfer step
(Fig. 2(a)), it is commonly invoked for metal electrodes [35]. While
the Tafel slope is about 59mV dec!, the proposed mechanism
includes a fast pre-equilibrium involving one electron transfer
to form CO,"~ and a subsequent slower chemical reaction as the
rate-determining step (Fig. 2(b)) [35,41,45,46].

2.2. Electrochemically active surface area (ECSA) and roughness
factor (RF)

Electrochemically active surface area (ECSA) is of importance
for accurately assessing the activity of an electrocatalysts, which
reflect the real surface area for electrochemical reactions. Specific
ways to measure ECSA of a given electrocatalyst have been sum-
marized by Trasatti and Petrii [47], especially those of noble metal
electrocatalysts, such as Pt, Pd, Au. Electrochemical determination
of the charges corresponding to form a hydrogen monolayer on
Pt, surface oxide monolayers for Pd and Au is often used to deter-
mine the corresponding ECSA, respectively. For the detailed ECSA
measurements of Cu electrocatalysts, two approaches have been
proposed, namely, the double layer capacitance differential method
and the underpotential deposition (UPD) method [12,27,47,48]. For
the layer capacitance differential method, the ECSA of a Cu catalyst
is determined by the analysis of the double layer capacitance. Typ-
ically, the capacitive currents in a potential range without faradaic
reaction are determined by cyclic voltammogram method at vari-
ous scan rates, respectively (Fig. 2(c)) [49]. The specific capacitance
(Cq in uF) of a Cu electrocatalyst is obtained from the slope of
capacitive current against scan rate (Fig. 2(d)) [49]. Then, ECSA (in
cm?) is determined by dividing the electrode capacitance with the
standard double layer capacitance (Cs, 27.5 pF/cm? according to
Eq. (12) [50]:

ECSA = Car (12)
G

To demonstrate the UPD method, a typical CV curve for the
UPD of Pb on a Cu electrode is shown in Fig. 2(e). The two peaks
(named as Cj; and Cy,) at around —0.4V before the bulk deposition
of Pb (Cj; at —0.54V) are ascribed to the underpotential deposition
of Pb on the surface of Cu. During the anodic scan, the peaks of
labeled ‘A’ and ‘A;" are corresponding to the bulk and underpo-
tential dissolution of Pb, respectively. On the basis of the total
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Fig. 2. (a, b) Proposed Mechanisms for CO, Reduction to CO. Reproduced with permission from Ref. [46]. (c) Cyclic voltammograms for a Cu substrate at various scan rates
and (d) the linear relationship between the current density and scan rate. Reproduced with permission from Ref. [49]. (e) Cyclic voltammograms for a Cu substrate measured

in 0.1 M HCIO4 + 1 mM Pb(ClO,),. Reproduced with permission from Ref. [48].

charges for depositing a Pb monolayer during the potential range
of UPD (Qpy, in nC), the ECSA of Cu can be determined by dividing
the conversion factor of 310 pC/cm?2 [47]. For the detailed mea-
surements of ECSAs, the readers may be referred to the reported
works [16,51,52]. The roughness factor (Ry) is actually the ratio of
the electrochemically active surface area (EASA) to the geometric
surface area, which is an important factor for determining the
catalytic performances [20,52].

2.3. Faradaic efficiency (FE), current density and turn over frequency
(TOF)

Faradaic efficiency (FE) refers to the percentage of electrons
consumed for the formation of a given product. Thus, FE for a
specific product is calculated using Eq. (13) [53,54]:

anF anF

Jj(mA/cm2) x t(s) TQ (13)

EFaradaic =

in which o is the number of electrons transferred (e.g., o =2 for
reduction of CO, to CO). n refers to the number of moles for a
desired product. F is Faraday’s constant. Q is the charge passed (in
C) for a specific reaction.

Current density is normalized to the mass or the surface area of
the catalyst, which is also a crucial indicator for the reaction rate
on a specific electrocatalyst. For CDR, the overall current density is
often calculated via dividing the current by the geometric surface
area of the working electrode. Therefore, the current density
can be significantly increased by using nanostructured electrode
materials with large real surface area while keeping the geometric
area constant. In addition, the partial current density for a specific
product can be obtained on the basis of the corresponding FE.

The turnover frequency (TOF) of a targeted product is a mea-
surement of per-site activity of catalysts to produce the targeted
product. TOF for the formation of a special product can be

calculated according to Eq. (14) [55,56]:

_ The rate of product formation
" The number of Cu surface atoms
io(A cm=2) x FE

= . (14)
active sites density x e x n

TOF (s 1)

where active sites density (site~!/cm?) can be calculated by den-
sity of active sites for standard sample (site~!/cm?) multiplying
RF. e refers to elementary charge (1.602 x 10-1° C). n refers to the
number of electrons transferred to generate the special product
(e.g., n=2 for CO).

3. Cu-based electrocatalysts for carbon dioxide reduction
3.1. Cu nanostructures

Although Cu has been extensively studied to synthesize hy-
drocarbons (e.g., CH4, CyHg, CyH4) from CO,, electrochemical
reduction of CO, on bulk Cu electrode generally requires a large
overpotential of above 1V, and suffers from the rapid deactivation
and poor selectivity [33]. Therefore, much effort has been placed
on tailoring the structures of Cu electrocatalysts in the scope of
atom and/or nanoscale to improve their activities and selectivities
[29,34,37]. It is found that the electrocatalytic performance of Cu
catalysts is closely dependent on their particle size [57], surface
structure [12], and crystal facets [58,38] and so on. To reveal the
effect of surface structure on the electrocatalytic properties, differ-
ent types of highly dense Cu nanowires (Fig. 3(a)) have been syn-
thesized by thermal oxide of Cu mesh into copper oxide nanowires
in air, followed by thermally forming gas reduced and electro-
chemical reduction, respectively. The forming gas and electrochem-
ically reduced nanowires are denoted as FGR and ECR nanowires
in the following discussion, respectively. Although the two
types of nanowires exhibited the shape with similar dimension
(Fig. 3(a)), they were found to possess substantially different
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Fig. 3. (a) SEM image of Cu nanowires. (b) Selected area electron diffraction (SAED) pattern of the ECR Cu nanowires indicating the presence of both metallic Cu and Cu,0
phases (with the diffraction spots indexed in red and yellow, respectively). (c) SAED pattern of the FGR Cu nanowires showing pure metallic Cu of large crystal domains.
(d) Tafel plots of the total current densities depending on the electrode potential for ECR, FGR Cu nanowires and the pristine Cu mesh. Catalytic performance of the Cu
nanowires and pristine Cu gauze in comparison to oxide derived copper (OD-Cu, adapted from Ref. [12]) and polycrystalline copper (poly-Cu, adapted from Ref. [20]). (e)
Partial current densities (jco) and (f) Faradaic efficiencies for CO production. Reproduced with permission from Ref. [49].

crystalline structures at the nanoscale. As shown in Fig. 3(b)
and (c), selected area electron diffraction (SAED) pattern of the
ECR Cu nanowires indicate the presence of both metallic Cu and
Cu,0 phases. The small amount of CuyO is believed to be due
to re-oxidation of small Cu crystalline domains on the surface
when the ECR nanowires were exposed to air. However, only
pure metallic Cu with large crystal domains is observed on the
SAED pattern of the FGR Cu nanowires. The electrochemical
results revealed that both FGR and ECR nanowires have much
higher current densities for CDR compared to the pristine Cu
gauze. The ECR nanowires possess the most efficient catalytic
activity among the three catalysts. To reach a current density of

1mA/cm?, only an overpotential of 0.3V is required (Fig. 3(d)).
The current density gradually increases with increasing overpo-
tential and reaches to the maximal value of around 1.5mA/cm?,
which is better than the previously reported results (Fig. 3(e))
[29,36,37,59]. Notably, The FE of CO for ECR nanowires as high
as ~60% can be achieved at an overpotential of only 0.3V. ECR
nanowires exhibited higher selectivity for producing CO than those
of other Cu catalysts in the low-overpotential region (Fig. 3(f)).
The two types of nanowires had similar dimensions. However, the
ECR nanowires have higher selectivity, which can be originated
from their unique surface structures. The ECR nanowires were
composed of small crystalline domains in near-surface region.
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function of the potentials applied. (d) Comparison of the performance of different electrodes (Au, Ag and Cu electrodes in (d) adopted from Ref. [31,62]) on the basis of the
partial current density for synthesizing CO at variable potentials. Reproduced with permission from Ref. [60].

Such a nanoscale crystalline structure results in high-density grain
boundaries. The grain boundaries in Cu electrodes could be many
active sites for selective reduction of CO, to special products [28].
Additionally, the small crystalline features could also be associated
with low-coordinated surface sites. According to the reported par-
ticle size effect on CO, reduction, the low-coordinated sites on Cu
nanoparticles are believed to promote the production of CO [12].
Microtubular gas diffusion electrode (GDE) is often used for
electrocatalytic reduction of CO, due to its unique structure for
improving the reaction efficiency [61]. Recently, a novel three-
dimensional porous hollow fiber copper electrode (Fig. 5(a) and
(b)) has been fabricated via spinning and subsequent thermal
treatment method [60]. The porous hollow fiber copper provides
a large area, three-phase boundary for gas-liquid reactions. In
the process of CDR, CO, was purged from the inside out of the
fiber and gas bubbles emerge from out of the fiber. When use
the synthesized Cu fiber as a catalyst for CDR, the onset of CO
formation can be observed at —0.15V (vs. RHE) (Fig. 4(c)), which is
much positive than the previous reports (around —0.5V) [29]. The
sum FE for the main products reaches up to 85% at the potential
range of —0.3 to —0.5V. Especially, a maximum FE for synthesizing
CO is up to ~72% at a potential of —0.4V, much higher than those
of reported polycrystalline copper [29] (only ~20% at a potential
of —0.8V) and copper nanoparticles [12] (~45% under a current
density of 300 pA/ cm?), respectively. As shown in Fig. 4(d), the
electrochemical performance of such Cu hollow fibers is even

comparable to the noble metal catalysts (e.g., nanoporous silver
[31], gold nanoparticles [62]) at low overpotentials. In the present
case, the porous hollow fiber, as an efficient gas diffuser would fa-
cilitate the rapid mass transfer for CO, and electrolyte to the inner
active sites, thus leading to the enhanced catalytic performance.
Another efficient method to improve the catalytic activities of
Cu catalysts is to fabricate Cu foams with hierarchical porosity for
CDR [63,64]. This process is able to modify the catalytic surface
and create more active sites. Accordingly, nanoporous Cu electrode
and a variety of Cu foams with highly open porous walls have
been synthesized by electrochemical deposition methods [65,66].
A template-assisted electrodeposition process was developed to
prepared mesoporous Cu foams comprised of dendritic walls
[64]. It is worth noting that hydrogen evolution reaction takes
place at the Cu surface in the same potential range with that of
Cu electrodeposition. Thus, hydrogen gas bubbles generated on
the surface of Cu can be used as a geometric template for Cu
electrodeposition, leading to the formation of porous Cu foam (Fig.
5(a)). As shown in Fig. 5(b), the SEM images exhibit that the walls
of the porous Cu foam are composed of dendritic copper. The
sizes of pores and dendritic structures increased obviously with
increasing the deposition time, which would result in different
catalytic activities to CDR. The mesoporous Cu foams (deposition
time of 20s) as CO, electrocatalysts were highly selective toward
the formation of C2 products (e.g., C;H4 and C,Hg) with the effi-
ciencies of 55%. However, the formate production was significantly
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suppressed to very low FE efficiencies of <6% at the potentials
applied. Generally, C,H, is usually reported as the dominate
C2 product for CDR [22,38,40], therefore, the extremely high
production rate of the fully reduced C,Hg species is astonishing.
Furthermore, the onset for C;Hg production is observed at rather
low overpotentials of only —0.4V and has better selectivity of C2
products than Cu planar wafer (Fig. 5(c) and (d)). In the present
study, the observed superior C2 product efficiencies on the Cu
foam can be rationalized by a combination of two particular
effects. The first is related to the postdeposition treatment of the
Cu foam. Cuprous oxide (Cu,0) film formed when the Cu foam
exposed to air after the electrodeposition. Therefore, the subse-
quent reduction of Cu,0 would create amount of active sites for
C—C coupling. The second effect is that the temporal trapping of
gaseous intermediates inside the mesoporous Cu foam during CDR,
which is also contribute to the formation of specific C2 products.

3.2. Cu—M (M =Pd, Au, In) alloys
As discussed above, intensive research efforts have been aimed

at reducing the overpotentials and improving selectivity of Cu
catalysts for the CO, electroreduction toward a specific product,

including not only experimental results (e.g., nanostructured Cu
catalyst [67], oxide-derived Cu catalyst [12], core-shell structures
[68-70]) but also theoretical predications (e.g., key intermediates
[71], proposed reaction pathways [22,40,71]). To further improve
the activity and selectivity, a series of Cu-based alloys have been
synthesized [72,73].

The activity and selectivity of Cu-based catalysts for CDR are
closely associated with synergistic effect. Synergistic effect is often
acquired from interfacial interaction [74], geometric effects [13,53],
electronic effect [13] or multicomponent system [75] and so on.
Different chemical identities on the surface of the catalyst play
important roles for controlling reactant adsorption, activation and
product desorption. Search for the right synergistic effect is the
key to develop an efficient Cu-based alloy catalyst for the elec-
trochemical reduction of CO,. An efficient electrocatalyst must be
capable of reducing the overpotentials of CO, reduction and con-
trolling the specific reaction pathways to obtain a desired product.
In addition, to enhance the reaction kinetics for CO, reduction,
the formation of Cu-based alloys is able to adjust the binding
strength of intermediates on a catalyst surface, thus leading to the
chemisorption and dimerization of the pertinent C1 intermediates
to C2 productions [68].
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To develop the bimetallic catalysts with well-defined arrange-
ment of respective metal atoms, Ma et al. [53] synthesized a series
of bimetallic CuPd catalysts with different elemental arrangements
(ordered, disordered, and phase-separated, Fig. 6(a)—(c)) and
different atomic ratios. The effect of structure and composition on
catalyst activity and selectivity for CDR toward different products
can be modulated by changing these geometric arrangements. The
bimetallic CuPd alloys (Cua:Pdy=1:1) with ordered, disordered,
and phase-separated atomic arrangements, were used as CDR
electrocatalysts, respectively, to determine the key factors for
achieving high selectivities to C1 or C2 chemicals. The ordered,
disordered, and phase-separated catalysts exhibited the similar
FE for CO at the relatively low potentials (> —0.3V vs. RHE)
(Fig. 6(d)—(g)). However, the C, chemicals start to be produced
when the cathode potentials are negative than —0.3 V. Meanwhile,
the ordered CuPd among the three different catalysts exhibited
the highest FE of CO, and it was contrast to that of the phase-
separated CuPd. The phase-separated CuPd exhibited the highest
FE toward C2 chemicals up to 63%, the highest reported values for
C2 production [76]. The disordered CuPd had a highest FE toward
CH4, which is in agreement with the prior reports [71]. Generally,
the alloying of Cu with the other element (e.g., Pd) with a high
oxygen affinity can improve the FE for CH4. Although the ordered
CuPd has more alternating CuPd sites than those of the disordered
CuPd, the disordered CuPd electrode had the higher CH, FE may
be due to the higher surface coverage of the intermediate. On
the basis of the above observations, it is proposed that CO is an
important intermediate for further transforming into C2 chemi-
cals production [28,70]. Thus, by adjusting the structure of CuPd
catalysts, different products of CO, electrochemical reduction can
be obtained. For the formation of CH4, theoretical results revealed
that CO as an intermediate is easily adsorbed on the surface of
Cu atoms and subsequently react with the oxygen atoms partially
adsorbed on Pd atoms, leading to the generation of CH4 [77].
However, converting CO, to CO or Cx productions is a relatively
complex process, which can be influenced by many subtle factors
[78]. Thus, improving the selectivities to different products by
adjusting the geometric arrangements of bimetallic electrocatalysts
should be further investigated.

Gold has been widely incorporated with Cu as bimetallic
catalysts for the catalytic conversion of CO, into CO. As shown in
Fig. 7(a), uniform AuCu bimetallic NPs with different compositions
can be synthesized by the co-reduction of metal precursors as
electrocatalysts for CDR [13]. The relative turnover rate (TOR) for
CO at these metal nanoparticle electrodes with different atom
ratios of Au/Cu (e.g., Au, AuCu, AuCus, and AuszCu) are shown
in Fig. 7(b). It is found that the activity follows a volcano shape
with a peak activity for AuzCu (Fig. 7(c)). The activity of AusCu is
around 93 times higher than that of pure Cu nanoparticles. For the
conversion of CO, to CO, it is proposed that firstly CO, is adsorbed
onto the surface of metal electrocatalyst to form the adsorbed
intermediate (*COOH) and further reduced to CO. On the basis of
the elementary steps, the TOR of CO, therefore, is highly depen-
dent on the binding strength of adsorbed species (*COOH and CO).
Previous report revealed that the optimum binding strength for
*COOH and CO can be achieved on the surface of gold, leading to a
peak activity for CO, to CO conversion according to the electronic
effect. However, the best activity of AusCu indicates that the
presence of Cu would change the electronic structure of bimetallic
catalyst, and thus the binding strength (Fig. 7(d)). Additionally, the
atomic arrangement at the active site is also of importance for the
efficient adsorption of intermediates according to the geometric
effect. The present experimental results revealed that Au and Cu
atoms are uniformly distributed following the atom ratios of their
bulk compositions. Therefore, the synergic operation of electronic
and geometric effects in the present case leads to the suitable

binding of intermediates for the easy generation of CO rather
than further reduction. The present study demonstrated that the
binding strength of intermediates would be adjustable not only
by changing the surface composition of bimetallic electrocatalyst
according to the electronic effect, but also by correlating with the
geometric effect via the local atomic arrangement at the active
site. The insights gained would serve as fundamental principles
for designing enhanced CO, electrochemical reduction catalysts.
The catalytic activity of multi-metallic nanoparticles would be
enhanced by precise control on the elemental configurations down
to the atomic level by the disorder-to-order transformation of
individual NPs (Fig. 8(a)). Yang and co-workers exhibited that the
atomic ordering transformation of AuCu NPs made them perform
highly selectivity for CDR [14]. In contrast to the disordered AuCu
(d-AuCu) alloy NPs, the ordered AuCu (o-AuCu) NPs is able to se-
lectively convert CO, into CO at a FE of up to 80%. The formation of
CO could be achieved at a low overpotential of ~200 mV. As shown
in Fig. 8(b), the atomic ordered AuCu NPs can selectively enhance
the production of CO. Typically, the current density for CO forma-
tion is increased from 0.43 mA/cm? for d-AuCu NP to 1.39 mA/cm?
for 0-AuCu NP (Fig. 8(c)). The precise control of atomic arrange-
ments form bimetallic systems to an individual nanoparticle level
provides a promising approach to adjust the catalytic properties
of bimetallic catalysts and understand their structural origin. The
method that regulating phase transformation between disordered
alloys and ordered intermetallic in bimetallic nanomaterials has
great potential to control over the level of atomic precision.
Copper—indium (Culn) alloys due to the high selectivity for CO,
reduction toward CO, have attracted widespread attention [79—-81].
Culn alloys through the electrochemical deposition of In on rough
OD-Cu surfaces were prepared by Takanabe’s group (Fig. 9(a) and
(b)) [17]. The total current density and FE of Culn catalyst at —0.3
to —0.7V (vs. RHE) are comparable to the OD-Cu in the same po-
tential range (Fig. 9(c)). The results indicated that there is a distinct
difference in selectivity for the two catalysts. The FE of CO for Culn
catalyst are higher than OD-Cu at all applied potential. Moreover,
CO is almost the sole product of CO, electrochemical reduction
when using Culn as catalyst, approaching a FE of 90% at —0.5V
(Fig. 9(d) and (e)). It clearly indicates that the presence of In along
with Cu dramatically improves the selectivity for CO, reduction to
CO and alters the nature of the electroactive species. In addition,
the Culn catalyst has extremely stability shown in Fig. 9(f). This
preparation of non-noble metal alloy electrodes for the reduction
of CO, provides guide lines for further improving electrocatalysis.
Porous Culn alloy can be prepared by the reduction of CulnO,
electrode, as shown in Fig. 10(a) [80]. The SEM images exhibit Culn
electrodes before and after the electrocatalytic reduction of CO,
(Fig. 10(a) and (b)). The Culn catalysts have superior performance
over Cu electrode prepared by reducing Cu,0 for CDR (Fig. 10(c)).
Fig. 10(d) indicates the product selectivities for CO, reduction
at different potentials. During their measurement, the product
distribution at an applied potential remained almost unchanged,
corresponding to the highly stable nature of the Culn electrode. It
exhibits that, for the Culn electrode, CO is formed at approximately
-0.4V and the FE for CO, reduction into CO and formic acid is up
to 90% at -0.8V with a low FE for H, of below 10%. The improved
FE for CDR on Culn electrocatalyst would be contributed to the
different local electronic and/or geometric environments around
the Cu sites. On one hand, the nature of the second metal (e.g., In)
situated around Cu is likely to be paramount in the environment of
CO, reduction process. On the other hand, the formation of formic
acid at In electrode as a major product often occurs at high over-
potentials [82-84]|. Thus, the discrete nature of each component
in the Cu-based system influenced the selectivity of the products
from aqueous CO, under identical conditions. DFT calculation also
indicated that In site occupation occurs on Cu step sites, and the In



1058 B. Zhang, ]. Zhang/Journal of Energy Chemistry 26 (2017) 1050-1066

(a)

-+ Ordered -@- Disordered -#- PhaseSep

(d)100 (€) 10
—_ o 1
£ 80 - o - £ gl
z | e A S
c ” N q_, \\\
§ i / ,'/ o\“ % ol A \
3 ~ \\ .1 %%
et 7 © \
§ 40 A o 4 \ g kS \L \
— P A < d \ \
L‘E po \. I':_ 2 \\‘ °
g M ’ W A\
- \\‘\
0 S— . i (1 I PR, . S-S
(f) so (9)4s
k3 o «
g ?12 1 @
(0]
2 2
£ % 5 +
@ o 8 4
'% 2
5 20 - < g 4
. S|
g ,_‘Ei .\q >
u:'_ 10 .——. Im 4 o \\.
& \\ @ S \
© A
0+t 0 . 0 . S —
100 -080 -060 -040 -0.20 0.00 -1.00 080 060 -040 -020 0.00
Cathode potential (V vs. RHE) Cathode potential (V vs. RHE)

Fig. 6. Illustration and high-resolution TEM images of Cu—Pd nanoalloys with different structures: (a) ordered, (b) disordered, and (c) phase-separated. Faradaic efficiencies
for (d) CO; (e) CHy; (f) CoHg; (g) CoHsOH on bimetallic CuPd catalysts with different mixing patterns: ordered, disordered, and phase-separated. Reproduced with permission
from Ref. [53].



B. Zhang, ]. Zhang/Journal of Energy Chemistry 26 (2017) 1050-1066 1059

- \ 00 v
()] (b) S @-0.73V vs RHE (c)w_ Au,Cu @-0.73V vs RHE _
=]
AuCu

F] — 160 -

o o

1S 104 oo Jd Tl @ <

o v o acy | AuCuy 1)

o 3 = * ACu, o

'g Sos - Cu =
= 2 SO 80 1 1

8os ®
< i T g g
Vs RHE CAU
1 2 . . o4
!

(d) - AuCu AuCu, 1YYy

® |
- G0 a’*@c - B0 a%’c'@ G

Y %o o)
.5 ¥
SECHOBHS

Fig. 7. (a) TEM image of AuCu nanoparticles. (b) Relative turnover rates and (c) mass activity for carbon monoxide compared at —0.73V vs. RHE. (d) Proposed mechanism

for CO, reduction on the catalyst surface of AuCu bimetallic NPs. The stronger the
permission from Ref. [13].

sites hinder the adsorption of H and CO. These synergistic effects
of the presence of both Cu and In account for the selectivity of
electrocatalytic CO, reduction toward formic acid and CO. Consid-
ering the superior activity and selectivity for CO, reduction toward
the desirable products, Cu-based alloys with various compositions
and species (such as metal-metal, metal-metal oxide, metal-metal
chalcogenide) are attracting attention as promising electrocatalysts.

3.3. Supported Cu electrocatalysts

To further improve the activity and selectivity of the catalysts
for CO, reduction, great efforts have been concentrated on a more
inclusive model that embraces the support materials and metal
nanoparticles, this model offers new opportunities for designing
and optimizing the novel catalyst systems [85]. The common
support materials including reduced graphene oxide (rGO) [86],
carbon nanotubes (CNTs) [15,87,88], carbon black (C black) [89],
and inorganic metal oxides (MOy) [16]) are favorable for improving
the dispersion of Cu catalysts and increasing the active sites for
efficient CDR. Additionally, the good electric conductivity of carbon
materials and/or the strong interaction between metal nanopar-
ticles and the supports would generate additional advantages for
CDR [16,90-92]. Therefore, the species of support can influence the
activity and selectivity of the catalysts. As a typical example, Bai et
al. [78] revealed the support plays an important role in promoting
catalytic performance because it can provide new heterogeneous
sites [93], change electrical properties [94]. The synthesized or-
dered Pd,Cu nanoparticles supported on different supports (SiO,,
Ce0,, Al;03 and P25) for CO, electrochemical reduction exhib-
ited obvious different FE and selectivity to produce CH30H and
C,HsOH. Among these four catalysts, the Pd,Cu NPs/CeO, showed
the highest CH30H yield, which is probably because CeO, can
improve Cu activity in the conversion of CO, to CH30H [95]. Pd,Cu
NPs/P25 exhibited the highest selectivity for C;HsOH in which the
oxygen vacancies on P25 can facilitate CO, hydrogenation [96].

adsorption binding the thicker the wedge. C: gray, O: red, H: white. Reproduced with

Many researches have proven that metal scattering on or into
the carbon based materials is active for CDR. As a typical example,
Rogers et al. [97] demonstrated that gold nanoparticles embedded
in graphene nanoribbon matrix exhibited a low overpotential
(onset potential > —0.2V vs. RHE), a high Faraday efficiency
(>90%), and excellent electrocatalytic stability (catalytic perfor-
mance sustained >24h) for the electrocatalytic reduction of CO,.
The catalytic environment created by the graphene nanoribbon
and gold nanoparticle interaction would lead to the good catalytic
performance. A carbon nanotube-gold nanohybrid as a selective
and efficient electrocatalyst for CDR was prepared by a layer-by-
layer method [15]. The uniform gold nanoparticles anchored on
carbon nanotubes can electrocatalytic reduction of CO, into CO
with a high selectivity at a low overpotential. Typically, a current
density of 10mA cm~2 for producing CO can be achieved at a
low potential of —0.55V (vs. SHE). A stable CO production rate of
0.52mmol s~! can be maintained for over 4 h, suggesting the good
stability. However, the carbon-supported Cu nanoparticles have
not been extensively investigated thus far due to the sensitivity
of Cu to oxidation and the experimental difficulties to synthesize
small size nanoparticles. But still a few studies about the carbon-
supported Cu nanoparticles for CDR have been reported. As a
typical example, the electrocatalytic activities of Cu nanoparticles
supported on various carbon supports including carbon black (VC),
single-wall carbon nanotubes (SWNTs), and Ketjen Black (KB) for
CDR have been investigated [16]. The synthesized catalysts were
titled as 40 wt% Cu/VC, 20 wt% Cu/SWNT, and 50 wt% Cu/KB and
20 wt% Cu/VC. Particle sizes for 40 wt% Cu/VC, 20 wt% Cu/SWNT,
50 wt% Cu/KB, and commercial 20 wt% Cu/VC catalyst (Premetek,
Inc.) are summarized. Among them, the 40 wt% Cu/VC (12nm)
and the 20 wt% Cu/SWNT (19nm) have relatively smaller size. As
shown in Fig. 11(a) and (b), Cu nanoparticles are well-dispersed on
VC and SWNTs. Faradaic efficiencies of two carbon-supported Cu
catalysts toward CO, electroreduction to hydrocarbons are com-
pared to that of electrodeposited smooth Cu films (Fig. 11(c)—(e)).
For all the catalysts studied, the only hydrocarbons are CH4 and
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CyHy. For 40 wt% Cu/VC and 20 wt% Cu/SWNT catalysts, the sig-
nificant onset potential positive shift (200mV) for C;H,4 generation
in comparison with electrodeposited Cu indicates their higher
activity toward C,H, generation. At higher overpotentials, the CO
FE decreased with the increasing FE of CH4 and C;H4 due to the
consumption of CO in the formation process of CH; and CyH4
[98,99]. For the supported Cu nanocatalysts, the ratio of C;Hy/CHy
FEs is believed to be a function of particle size, as higher ratios
are observed for smaller Cu nanoparticles. This is likely due to an
increase in the fraction of under-coordinated sites, such as corners,
edges, and defects as the nanoparticles become smaller. The work
demonstrates a new strategy to improve catalytic activity and
selectivity of Cu NPs for the electrochemical reduction of CO, for
sustainable chemistry and energy applications.

Sun and co-workers also investigated the electrocatalytic
activity and selectivity of Cu NPs deposited on graphene sheets
for electrochemical reduction of CO, into hydrocarbons [100].
Monodispersed Cu nanoparticles assembled on the pyridinic ni-
trogen rich graphene (p-NG) showed a mass- and size-dependent
catalysis for the selectively electrochemical reduction of CO, to
CyHy. The 7nm Cu NPs assembled on the p-NG with the p-NG/Cu
mass ratio of 1:1 (p-NG—Cu-7), exhibited the best electrocatalytic
activity and selectivity to CoH,4 (Fig. 12(a)). The FE for C,Hy for-
mation and the hydrocarbon selectivity reached to ~19 and 79%,
respectively at —0.9V (vs. RHE) (Fig. 12(b)). To understand the ef-
fect of p-NG on the catalytic activity of composite catalyst for the
CO, reduction, the pure p-NG as the catalyst for the CO, reduction
was studied. It revealed that the pure p-NG yielded formate with
a 65% FE and 100% hydrocarbon selectivity at 0.9V (Fig. 12(c)). The
synthesized p-NG—Cu-7 exhibited much higher selectivity for the
formation of formate at —0.8V, and C,H4 in the potential range of
—0.9 to —1.1V (Fig. 12(d)). These results manifest that the p-NG as
a support plays a significant role in enhancing the Cu NP catalyst
selectivity toward C,H4 at —0.9V and more negative potentials. For

[14].

the p-NG—Cu composite, the pyridinic-N of p-NG would function
as active sites for anchoring CO, and proton, facilitating hydro-
genation and carbon-carbon coupling reactions on Cu for the for-
mation of CoH,. The present method demonstrates that the com-
bination of CuNP and p-NG is an efficient way to improve the elec-
trocatalytic activity and selectivity for CO, electrochemical reduc-
tion by strong interaction between the p-NG and CuNP [90-92].
The reported synthesis and assembly offers a general approach to
prepare a new class of p-NG—NP catalysts for the electrochemical
reduction of CO, with much enhanced activity and selectivity.

To reveal the effect of the interaction between compositions
and carbon support of an electrocatalyst on the selectivity for effi-
cient conversion of CO,, PdCu and Pd with different compositions
were loaded on a carbon support via thermal treatment (Fig. 13(a)
and (b)). As demonstrated in Fig. 13(c) and (d), PdgsCu;5/C catalyst
shows the highest CO FE of 86% with a CO current density of
6.9mA/cm? at —0.89V (vs. RHE), which is about 5 times, 8 times
higher than that of Pd/C catalyst, respectively [72]. Pdgs5Cu5/C
catalyst has the high selectivity of CO production due to the
optimal atom ratio between Cu and Pd and the presence of low-
coordination active sites. This study demonstrates great potentials
of different composition PdCu alloy nanoparticles on the carbon
support for the selective electrochemical reduction of CO, to CO.
In short, assembling the metal on the various supports as elec-
trocatalysts for CO, electrochemical reduction has great influence
on improving the activity and selectivity of catalysts, especially
for desired hydrocarbons products. Designing the Cu-based com-
posites as electrocatalysts for CO, electrochemical reduction is a
promising strategy for developing the CO, reduction technology.

More recently, metal-organic frameworks (MOFs) with uni-
formly porous structure have also been used to synthesize desired
electrocatalysts for CO, electroreduction [101-105]. The direct
carbonization of MOFs is a straightforward pathway to fabri-
cate metal and porous carbon hybrid materials [106-107]. This
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permission from Ref. [26].

approach not only can obtain porous carbons directly from MOFs
during the process of high-temperature treatment, but also in-
corporate the metal species of MOFs into carbon matrix in situ.
Such MOF-derived composite materials exhibit many distinct mer-
its, such as hierarchical porous structures, well-dispersed metal
nanoparticles, and large surface areas, possibly benefiting to the
enhanced electrocatalytic activities. For example, oxide-derived

Cu/carbon (OD Cu/C) catalysts have been synthesized by a facile
hydrothermal and subsequent carbonization of Cu-based MOFs
[108]. The obtained catalysts prepared at various temperatures of
900, 1000, and 1100 °C are denoted as OD Cu/C-900, OD Cu/C-
1000 and OD/C-1100, respectively. As shown in Fig. 14(a) and (b),
the octahedral OD Cu/C composite catalysts are decorated with lots
of Cu and Cu,0 particles. The OD Cu/C-1000 catalyst exhibits the
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highest current density than those of OD Cu/C-900 and OD Cu/C-
1100 (Fig. 14(c)) due to its lower charge transfer resistance for
CDR. OD Cu/C-1000 presents high-yields of methanol and ethanol
with the production rates of 51-12.4 and 3.7-134mg L' h™1,
respectively (Fig. 14(d)). More importantly, the electrocatalyst
exhibited the lowest overpotentials for CO, to C;HsOH. The high
selectivity for the formation of ethanol would be contributed
to the presence of CuyO in OD Cu/C because Cu,O has been
identified as an important contributor for generating alcohols at
a low overpotential on oxide-derived Cu electrode [109,110] (Fig.
14(e)). Fig. 14(f) gives the possible reaction paths for CO, elec-
troreduction on OD Cu/C-1000. As shown in Egs. (1)-(3), along
with one electron transfer, the subsequent formation of adsorbed
intermediates (e.g., CO,*~, *COOH) would lead to the formation of
formate acid and methanol via the proton-electron pair forms. In
contrast, the formation of surface-bound C1 oxygenates (*CO) via
the breaking of the C-O bond along with the removal of water
molecule is of importance for the subsequent coupling of C—C
bond to form enol-like surface species (right side). The enol-like
intermediates are then converted to ethanol by hydrogenation and
dehydroxylation. The improvements in activity and selectivity of
the oxide-derived Cu/carbon catalysts would be contributed the
synergistic effect between the highly dispersed Cu-based active
species and the highly conductive carbon matrix [111,112].

4. Summary and outlook

With the rapid accumulation of CO, due to the burning of
fossil fuels, the electrochemical conversion of CO, to valuable

products is attracting extensive attention. However, CO, is a
stable and inert molecule which brings significant challenges for
its chemical activation to useful products. Previous efforts have
been devoted to metal-based catalytic systems, especially for
Cu-based catalysts. However, it is still challenging to efficiently
reduce CO, to the targeted products. Actually, in terms of the
current electrocatalytic technologies in CDR area, there is still
a long way to reach the requirements for practical applications.
The scientific problems mainly include high overpotential, inferior
selectivity, low activity, and unsatisfactory catalyst stability. In
view of the former research on the Cu-based catalysts devoted to
CO, electrochemical reduction, we summarize the recent major
advances on the development of Cu-based electrocatalysts, with
special focus on the design of Cu nanostructures, Cu-based alloys,
and supported Cu electrocatalysts for enhancing the activity and
selectivity to CO, electrochemical reduction:

(1) Nanostructured Cu catalysts for carbon dioxide reduction.

The structure of electrocatalyst plays an important in boosting
the final catalytic performance, especially for metal catalysts.
Therefore, the preparation of nanostructured Cu catalysts is effi-
cient to improve the current densities in comparison with the bulk
material catalysts due to the larger electrochemical active surface.
What's more, the rough surfaces and small crystalline features of
Cu nanostructures possess significantly more low-coordination ac-
tive sites (such as edges, steps, defects) than those of smooth ones,
which have better intrinsic reaction activity and selectivity for CO,
reduction to special products. In additions, the surface morphology
effect, exposed crystal face and surface impurities should also
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be considered. For the sustainable development of the technol-
ogy in CO, reduction, various nanostructured Cu materials (e.g.,
mesoporous structures, nanowires, core-shell structures, hollow
structures, multidimensional structure, metal—organic frameworks)
would be further designed as promising electrocatalysts for CO,
reduction.

(2) Composition modification of Cu for carbon dioxide reduc-
tion.

Composition of the electrocatalysts also has a significant impact
on the final catalytic performance. Especially, the Cu-based alloys
catalysts often have higher catalytic activities than monometallic
catalysts. The bimetallic composition modification approach would
alter the geometric environment and the local electronic structure,
therefore the binding strengths of different reaction intermediates
to Cu alloy catalysts would be adjusted properly, leading to better
catalytic performance than those of monometallic catalysts. DFT
calculations would provide efficient predications for designing
Cu-based bimetallic electrocatalysts by changing the conventional
electronic structure, and/or geometric and ensemble effects of the
metal active sites. Therefore, it is still popular to rationally design
Cu-based alloy catalysts with adjustable composition and desirable
structure, aimed to improve the catalytic activity and selectivity
for CO, toward desirable products.

(3) Design of Cu with catalyst support for carbon dioxide reduc-
tion

To further improve the activity and selectivity of the cata-
lysts for CO, reduction, the support materials combined with Cu
nanoparticles offer new opportunities for designing and optimizing
the novel catalyst systems. The common support materials (e.g.,
rGO, CNTs, C black, or MOy) at the nanometer scale are favorable
for increasing the amount of active catalyst area per unit of
electrode and improving the dispersion of the catalyst. In addition,
the strong interaction between the supports and Cu nanoparticles
are attractive for tuning the electronic microenvironment of the
catalysts with an important influence on the selectivity for CO,
electrochemical reduction. In short, the incorporation of Cu with
desirable supports as efficient electrocatalysts for CO, electro-
chemical reduction is a promising strategy for developing the CO,
reduction technology.

The preparation of catalysts with high activity and selectivity
toward the special product would be the dominant future trends
for electrochemical CO, reduction. The electrocatalytic activity
and the selectivity of the electrocatalysts for CO, electrochemical
reduction largely depends on the binding strength of various
reaction intermediates to electrocatalysts. Therefore, the deep
understanding on the reaction mechanisms on the basis of the
experimental results and theoretical calculations would provide
useful principles for the rational design of efficient catalysts.
This review article hopes to stimulate future research interest
in the development of efficient Cu-based electrocatalysts with
new nanostructures, tunable compositions and efficient catalyst
supports for CDR. The application of Cu-based catalysts for CO,
reduction is still in its early stages, and further development of
rationally designed Cu-based catalysts will be highly demanded.
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