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Selective electro- or photo-reduction of carbon dioxide to formic 
acid using Cu-Zn alloy catalyst 

Ge Yin†, Hideki Abe§*, Rajesh Kodiyath§, Shigenori Ueda‡, Nagarajan Srinivasan†, Akira Yamaguchi†, 
Masahiro Miyauchi†* 

A copper-and-zinc (Cu-Zn) alloy material was synthesized using a vacuum sealing method, in which evaporated zinc was 

reacted with copper film or nanoparticles to form a homogeneous Cu-Zn alloy. This alloy was evaluated as an 

electrocatalyst and/or cocatalyst for photocatalysis to selectively reduce carbon dioxide to formic acid. Based on the 

optimised alloy composition, the Cu5Zn8 catalyst exhibited efficient electrochemical CO2 reduction. Furthermore, we 

constructed a photoelectrochemical (PEC) three-electrode system, in which the Cu5Zn8 film functioned as the cathode for 

CO2 reduction in the dark and strontium titanate (SrTiO3) served as the photoanode for water oxidation. The PEC system 

also selectively reduced CO2 to formic acid with a Faradaic efficiency of 79.11% under UV-light and the absence of an 

applied bias potential. SrTiO3 particles decorated with nanoparticles of the Cu-Zn alloy also photocatalytically reduced CO2 

to formic acid under UV-light. Isotope trace analysis demonstrated that water served as the electron donor to produce 

oxygen and organic molecules under UV-light, similar to photosynthesis in plants. The Cu-Zn alloy material developed in 

the present study is composed of ubiquitous and safe materials, and can catalyse CO2 conversion by means of various 

kinds of renewable energies. 

1. Introduction 

The increasing emission of carbon dioxide (CO2) into the 

atmosphere from the consumption of fossil fuels has become a 

global problem. The non-renewable nature of hydrocarbon-

based fossil fuels necessitates the use of CO2-free energy 

sources like solar energy, wind power, and hydropower. The 

development of CO2-recycling systems based on such 

renewable energy sources is of growing importance to establish 

the desired carbon-neutral society. In particular, the rational 

design of high-performance catalysts is in critical demand to 

efficiently reduce CO2 to valuable organic products for different 

renewable energy sources under moderate conditions through 

electrocatalysis, photoelectrocatalysis and/or photocatalysis. 

 

The main products of CO2 reduction in aqueous media are 

formic acid (HCOOH), carbon monoxide (CO), formaldehyde 

(HCHO), and methane (CH4).1-7 Among the possible CO2 

reduction products, HCOOH is highly desirable as it is widely 

used in the energy and chemical industries as a fuel and as a raw 

material for H2 generation.8 HCOOH is also important for the 

production of various organic agents through thermal 

treatments or catalytic reactions,9 and can be used in 

agricultural and animal husbandry as a silage additive.10 At the 

industrial scale, HCOOH is mainly produced from methyl 

formate, which is synthesised from CH3OH and CO in the 

presence of a strong salt base. However, this method requires a 

large excess of water and the disposal of accumulated by-

products.11 As the market for formic acid is estimated to exceed 

$600 million by 2019,12 it is highly desirable to develop clean 

and renewable HCOOH production processes based on CO2 

conversion with solar-, wind- and/or hydropower. 

In previous studies, Ru complex catalysts were used for 

selective CO2 reduction to HCOOH.3 Although high efficiency 

(Faradic efficiency over 70%) was achieved, the Ru-complex was 

precluded from broad use due to its high cost and complicated 

synthesis. To achieve low-cost and easy preparation, numerous 

types of metals and alloys were proposed as CO2-reduction 

catalysts 13-23 such as Zn24,25, Cu26-34, Ag35-37, Au38,39, Cu-Au40, etc. 

These materials can catalyse CO2 reduction owing to their d-

electron availability10 and low surface CO2 adsorption 

strengths41. However, only a few metals can achieve selective 

CO2 to HCOOH conversion with low efficiency and high 

overpotential.42 It is known that different CO2 reduction 

products are generated via different pathways depending on 

the balance of the adsorption strengths of reduction 

intermediates (CO2
•— anion radicals and CO• radicals) on the 

catalyst surface.7,29,43-46 Thus we anticipated that the selective 

conversion of CO2 to HCOOH can be realized by tuning the 

chemisorption strengths of the reduction intermediates on the 
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catalyst surface through rational alloying of elemental metals 

with different adsorption abilities.  

Herein, we report that an alloy of Cu and Zn (Cu-Zn), which is 

historically called “poor man’s gold” due to its abundance, non-

toxicity, and brilliant finish, can selectively convert CO2 to 

HCOOH in aqueous media at room temperature probably 

because the chemisorption strengths of CO2
•— and CO• radicals 

were regulated to an ideal condition for the CO2 to HCOOH 

conversion.  

In previous studies, a Cu-Zn alloy electrode was reported to 

be used in electrocatalytic CO2 reduction47,48 and a Cu-modified 

zinc oxide was reported to function as a CO2 hydrogenation 

catalyst at high temperatures.49-51 However in this study, we 

have successfully materialized Cu-Zn alloy catalysts as film 

electrodes and SrTiO3-supported nanoparticles for the 

electrochemical/photoelectrochemical reduction and 

photocatalytic conversion of CO2. The CO2 reduction activity of 

the Cu-Zn catalysts was firstly optimised by tuning the alloy 

composition of the film electrodes to Cu:Zn= 5:8 (Cu5Zn8). The 

Cu5Zn8 film catalyst further exhibited enhanced 

photoelectrochemical performance for the conversion of CO2 to 

HCOOH under UV light when used as the cathode in 

photoelectrochemical cells (PEC) equipped with mesoporous 

SrTiO3 photoanodes. It was finally demonstrated that Cu-Zn 

nanoparticle-loaded SrTiO3 can also serve as an efficient 

photocatalyst that selectively promotes the desired CO2-to-

HCOOH conversion under UV irradiation. 

2. Experimental and Evaluation 

2.1 Preparation of Cu-Zn film electrodes 

Titanium (Ti) metal sheets (99.5%, Nilaco Co.) were used as 

the substrate to fabricate electrodes. Pure Cu films with a 

thickness of 50 nm were sputtered onto the surface of the Ti 

sheets. These Cu-coated Ti sheets served as pure Cu electrodes 

in the control group. The prepared Cu-coated Ti sheets were 

placed in vacuum-sealed quartz ampoules with pure zinc (Zn) 

metal grains. The vacuum-sealed ampoules were then heated 

in an electric oven to temperatures higher than the melting 

point of Zn (> 419 °C at ambient pressure) such that the Cu-

coated Ti sheets were annealed in Zn vapour for 1 h to yield 

the Cu-Zn film electrodes. The Zn concentration of the Cu-Zn 

film electrode was controlled by tuning the Zn vapour 

pressure, which was dependent on the heating temperature. 

 

2.2 Preparation of SrTiO3 photoanodes 

SrTiO3 paste was prepared from commercial SrTiO3 powder 

(ALDRICH, nanopowder, < 100 nm particle size, > 99.5% trace 

metal basis). Mesoporous SrTiO3 films 8 µm thick were prepared 

on FTO glass substrates by screen-printing the SrTiO3 paste over 

the surface, which were further annealed at 450 ˚C for 1 h to 

yield mesoporous SrTiO3 electrodes. Exposed surface of the FTO 

substrate was covered with heat-resistant insulating tapes for 

an electrochemical measurement. 

 
2.3 Preparation of Cu-Zn nanoparticle-loaded SrTiO3 powder  

Pure Cu nanoparticles were first deposited onto the surface 

of the SrTiO3 powder to obtain Cu nanoparticle-loaded SrTiO3 

powder. An aliquot (2 g) of SrTiO3 powder was dispersed in 40 

mL of distilled water that contained 5.28 mg of CuCl2∙2H2O. This 

solution was stirred overnight in an Ar atmosphere and cooled 

in an ice bath. An adequate amount of NaBH4 solution (> 0.61 

mL of 1 M solution) was added to this solution to precipitate Cu 

nanoparticles. The obtained Cu nanoparticle-loaded SrTiO3 

powder was collected by centrifugation and dried under 

vacuum at 80 ˚C for 2 hours. The Cu nanoparticle-loaded SrTiO3 

powder was then vacuum-sealed in quartz ampoules with pure 

Zn grains and heated at elevated temperatures for 2 days to 

yield the desired Cu-Zn nanoparticle-loaded SrTiO3 powder.  

 
2.4 Electrochemical CO2-reduction performance tests 

The prepared Cu-Zn film electrodes, pure Pt plates, and 

Ag/AgCl electrodes were used as working, counter, and 

reference electrodes, respectively. Air-tight electrochemical 

cells were half filled with a 0.1 M aqueous solution of KHCO3. 

The Cu-Zn film electrodes were cleaned by 10 cycles of repeated 

cyclic voltammetry in the electrolyte solution: starting bias (E0)= 

-0.9 V, 1st operating bias (E1) = -1.8 V, and 2nd operating bias 

(E2)= -0.1 V, with slope 90 mV/sec. Either CO2 or Ar gas was 

purged into this electrolyte solution prior to the performance 

test. 

 
2.5 Photoelectrochemical CO2-reduction performance tests 

An H-type glass cell was used for the photoelectrochemical 

CO2 reduction over the Cu-Zn film electrodes. The Cu-Zn film 

electrodes were used as the cathode, while the prepared 

mesoporous SrTiO3 electrodes were used as the photoanode 

(see Figure S1 in the Supporting Information). The cathodic- and 

anodic sides of the glass cell were separated by a Nafion 

membrane. The electrolyte on the cathodic side was a CO2-

purged 0.1 M KHCO3 solution and that on the anodic side was a 

0.01 M NaOH solution containing 0.1 M KCl. During the 

performance tests, the anodic side was irradiated with UV light 

(Hg-Xe lamp (240-300nm), LA-410UV, Hayashi Ltd., see the 

spectrum of the light source in the Supporting Information 

(Figure S2)). The gaseous products in the headspace such as CH4, 

CO, and H2 were quantified with a gas chromatograph (BID, 

SHIMADZU). The liquid products in the electrolyte solution such 

as HCOOH were quantified with an ion chromatograph 

(SHIMADZU). 

 
2.6 Photocatalytic CO2-reduction performance tests  

A 100 mg aliquot of the prepared Cu-Zn nanoparticle-loaded 

SrTiO3 powder was dispersed in a CO2-purged 0.1 M KHCO3 

solution that was contained in an air-tight glass reactor 

equipped with a quartz window. The same light source and 

chromatograph as mentioned above were used for the 

performance test. A rectangular quartz cell (10 x 10 x 50 mm3) 

was used for isotope tracing experiments. For the tracing of 13C, 

the Cu-Zn nanoparticle-loaded SrTiO3 powders were dispersed 

in 1 mL of 0.1 M KH13CO3 solution into which 13CO2 gas was 

purged prior to irradiation. For the tracing of 18O, H2
18O was 

used as the solvent for the electrolytes. The gaseous products 

Page 2 of 8Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
0 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
ca

st
le

 o
n 

11
/0

4/
20

17
 0

9:
48

:5
8.

 

View Article Online
DOI: 10.1039/C7TA00353F

http://dx.doi.org/10.1039/c7ta00353f


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

were quantified with a gas chromatograph-mass spectrometer 

(GC-MS, SHIMADZU). 

 
2.7 in situ Fourier transform infrared (FT-IR) spectroscopy analysis. 

The in situ FT-IR spectra were measured using FTIR6100 (JASCO), 

the catalytic reaction was conducted in a gas-flow reactor with a 

quartz window (S.T. Japan), in which Cu-Zn nanoparticle-loaded 

SrTiO3 powders were put in a porous ceramic cup. For pre-

treatment, pure Ar gas was introduced to the reactor at the flow 

rate of 100ml/min at 573K for 1 hour. Heater was only used for pre-

treatment. During the catalytic reaction, Ar gas or CO2 gas were 

introduced into the reactor through bubbling of water to flow 

humid gas. UV light (Hg-Xe lamp (240-300nm), LA-410UV, Hayashi 

Ltd, was used as light source. The Cu nanoparticles loaded SrTiO3 

prepared according to the session 2.3 was also analyzed as a control 

group. The schematic illustration of the in situ FT-IR analysis was 

shown in our supporting information (Figure S3). 

3. Results 

3.1. Characterisation 

Fig. 1 HAXPES spectra of a) Cu 2p and b) Zn 2p core-levels in the Cu-Zn alloy 
electrode. The HAXPES spectra of pure copper and zinc are also shown. c) The XRD 
pattern of the Cu-Zn alloy electrode prepared at 500 ˚C. Ti metal sheet was used 
as the substrate. ▲, Cu5Zn8 (cubic); ■, pure Ti 

The prepared Cu-Zn film electrodes were characterised using 

hard X-ray photoelectron spectroscopy (HAXPES; h = 5.95 keV) 

at the undulator beamline BL15XU52 of SPring-8 as shown in Fig. 

1a and 1b. The Cu 2p and Zn 2p peak positions for the Cu-Zn film 

electrode (Cu:Zn=5:8, see Fig. 2 and the corresponding 

paragraph) were different from those for pure Cu and Zn metals, 

indicating that the Cu-Zn film was neither pure Cu nor Zn, but 

an alloy of Cu and Zn. Figure 1c shows the X-ray diffraction (XRD) 

profile of the same Cu-Zn film electrode. The reflection peaks at 

35.97, 37.89, 43.23, and 62.96° correspond to the (222), (321), 

(330), and (600) reflections of the atomically ordered Cu5Zn8 

alloy (cubic), which is consistent with the expected chemical 

composition of the Cu-Zn film, Cu:Zn=5:8. As discussed in the 

next section, this Cu5Zn8 film electrode exhibited significantly 

enhanced electrochemical CO2 reduction. 

 
3.2 Electrocatalytic CO2 reduction 

Linear sweep voltammetry (LSV) curves of the prepared Cu-

Zn electrode under CO2 and Ar purging are shown in Fig. 2. Pure 

Cu and Zn electrodes were also evaluated as control groups. The 

onset potential of the Cu-Zn electrode was found to be −0.65 V 

vs. Ag/AgCl at the lowest, which was markedly lower than those 

of pure Cu (-1.0 V vs. Ag/AgCl) and Zn (−1.2 V vs. Ag/AgCl). The 

atomic ratio of Cu-Zn in the alloys was controlled by varying the 

annealing temperature under vacuum, as described in the 

experimental section. Specifically, with increasing heating 

temperature, the Zn concentration in the Cu-Zn electrode also 

increased. Figure 2d shows the influence of the Zn 

concentration in the Cu-Zn alloy electrode on the onset 

potential for CO2 reduction. The onset potential was lowest at a 

Zn concentration of ~60 atom%. The Zn concentrations in Figure 

2d were determined using X-ray fluorescence (XRF) elemental 

analysis (raw data shown in Table S1 in the Supporting 

Information), and the optimised Zn concentration of ~60% was 

consistent with the crystal structure (Cu5Zn8) determined by 

XRD (Figure 1c). 

Fig. 2 Linear sweep voltammetry (LSV) curves of a) Cu5Zn8 alloy electrode, b) pure 
Cu, and c) pure Zn. The onset potential for CO2 reduction at the Cu-Zn electrode 
as a function of Zn atomic ratio is also shown (d). 

The reaction products generated by the Cu5Zn8 electrode, 

pure Cu electrode, and pure Zn electrode under different bias 

potentials are also shown in Fig. 3. Notably, the scales of the 

vertical axis for the Cu5Zn8 electrode and pure Zn electrode are 

about 10 times larger than that for the pure Cu electrode. The 

amount of HCOOH generated at the Cu5Zn8 alloy electrode was 

markedly higher than that produced at the pure Cu electrode (< 

0.03 mol), which generated CH4 and CO as the main reaction 

products. The Cu5Zn8 alloy electrode also generated more 

HCOOH than the pure Zn electrode (< 1 mol). Specifically, 

under −1.0 V vs. Ag/AgCl, the selectivity of the Cu5Zn8 alloy for 

HCOOH generation was obviously better than pure Cu or pure 

Zn, as shown in Fig. 3d. It is noted that the Faradaic efficiency of 

the Cu5Zn8 alloy for HCOOH generation was 71.11% at a bias 
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application of −1.0 V vs. Ag/AgCl. The CO2 to HCOOH conversion 

efficiency of the Cu5Zn8 alloy catalyst was higher than that of 

the previously reported Cu-Zn alloy electrocatalysts.47,48 

 

Fig. 3 Products generated by a) Cu5Zn8 electrode, b) pure Cu electrode, and c) pure 
Zn electrode in electrochemical cells under different applied bias potentials for 1 
h. Bias potentials were applied from -0.6 to -1.4 V vs. Ag/AgCl. d) The CO2 
reduction product distribution generated at Cu5Zn8 electrode, pure Cu electrode, 
and pure Zn electrode under -1.0 V vs. Ag/AgCl. 

 
3.3 Photoelectrochemical CO2 reduction 

We constructed a photoelectrochemical (PEC) cell, in which 

the Cu5Zn8 electrode served as the cathode for CO2 reduction 

and SrTiO3 was used as a photoanode for oxygen production 

from water (Figure S1). When the SrTiO3 photoanode was 

irradiated with UV light, water was oxidised at the anode by the 

photogenerated holes in the valence band of SrTiO3, whereas 

the excited electrons were transferred to the cathodic Cu5Zn8 

electrode and used for CO2 reduction. The production of 

HCOOH at the cathodic side under rest potential conditions 

(without any bias application) is shown in Fig. 4. The amount of 

HCOOH generated by the Cu5Zn8 electrode was markedly higher 

than those by the pure Cu- or Zn electrodes, which were 

consistent with the results of electrochemical CO2 reduction 

shown in Fig. 3.  

 

Fig. 4 Amount of HCOOH produced by a PEC cell equipped with a Cu5Zn8 electrode 
as the cathode and CO2-purged 0.1 M KHCO3 as the electrolyte. PEC cells equipped 
with a pure Cu cathode and a pure Zn cathode in CO2-purged 0.1 M KHCO3 
(electrolyte) were used as controls. 

 

We also conducted the photoelectrochemical performance 

test under argon (Ar) gas at the cathodic side as a control 

experiment (see Figure S4 in the Supporting Information). The 

C1 molecule production was quite limited, while H2 production 

was significant with Ar bubbling. These results indicate that C1 

molecules are produced by CO2 reduction on our Cu5Zn8 

electrode. In addition to the HCOOH shown in Figure 4, other 

gaseous products such as CO, CH4, and H2 in the headspace of 

the reactor were quantified and are shown in our supporting 

information (Figure S5). Based on these data, we estimated the 

Faradaic efficiency for HCOOH production of the Cu5Zn8 

cathode combined with a SrTiO3 photoanode. It is noteworthy 

that the Faradaic efficiency of HCOOH production was as high 

as 79.11%, which is markedly higher than those of pure Cu 

(28.54%) or Zn (47.68%). In the case of pure Zn, hydrogen was 

mainly produced through water splitting and only limited CO2 

reduction activity was observed. The Cu5Zn8 electrode also had 

excellent stability, with the turnover number (TON) for CO2 

reduction reaching 1458.9, which was twice of that of pure Cu 

(731.3) under the same experimental conditions. The quantum 

efficiency of photoelectrochemical CO2 reduction by the Cu-Zn 

electrode was 0.13%. 

 
3.4 Photocatalytic CO2 reduction by Cu-Zn nanoparticle-loaded 

SrTiO3 powder 

Cu-Zn nanoparticle-loaded SrTiO3 powder was prepared 

using a similar vacuum annealing method to that used for film 

fabrication, as mentioned in the experimental section. The 

prepared Cu-Zn nanoparticle-loaded SrTiO3 powder was 

characterized by TEM, XPS, and UV-visible optical absorption, 

and the results are shown in Fig. 5. As can be seen in the TEM 

image, the Cu-Zn nanoparticles were approximately 3-5 nm in 

diameter and uniformly distributed on the SrTiO3 surface. The 

deposition of alloy nanoparticles was also confirmed by UV-

visible spectra, which absorbed visible light photons according 

to their metallic plasmon absorptions. The spectral shift 

observed in the XPS spectra demonstrated that the Cu 
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nanoparticles were successfully converted to Cu-Zn alloy 

nanoparticles.   

 

Fig. 5 a) the TEM image of the Cu-Zn alloy nanoparticle-loaded SrTiO3 nanopowder, 
b) the XPS Cu 2p and Zn 2p spectra of the Cu-Zn alloy nanoparticle-loaded SrTiO3 
nanopowder, compared with that of pure Cu and pure Zn. Measurement condition: 
10 cycles, 3 repetitions, one step = 0.15 eV, 40 ms. c) The UV-Visible spectra of 
pure SrTiO3 (STO), Cu nanoparticle-loaded SrTiO3, Zn nanoparticle-loaded SrTiO3, 
and the Cu-Zn alloy nanoparticle-loaded SrTiO3. 

 

Under UV irradiation of the Cu-Zn nanoparticle-loaded SrTiO3 

powder, CO2 was mainly converted to HCOOH, whereas CH4 and 

CO productions were limited (Fig. 6). A negligible amount of 

hydrogen was detected in the reactor headspace, indicating 

that the Cu-Zn co-catalyst was highly selective for CO2 reduction. 

Oxygen production through water oxidation would be 

proceeded by photogenerated holes in SrTiO3, but oxygen 

molecules that cannot be ignored already existed in the head 

space of our reactor and/or were adsorbed on the surface of 

the photocatalyst powder as H2O2 molecules.53 Therefore, we 

tried to prove that the water molecule was an electron donor 

using isotope trace analysis,3,54 as shown in the Supporting 

Information (Figure S6). When H2
18O was used as the aqueous 

electrolyte solution, 18O2 (m/z=36) generation was detected. 

This result strongly suggests that water molecules served as the 

electron donor in our photocatalyst system, which is consistent 

with photosynthesis in natural plants. We also analysed the gas-

phase products in the headspace under 13CO2 (m/z = 45) isotope 

bubbling with light irradiation. As a result, gas phase 13CO (m/z 

= 29) was detected, indicating that the extracted electrons from 

water molecules would be excited into the conduction band of 

SrTiO3, and these excited electrons react with CO2 to produce 

fuel molecules.  

According to the XPS analysis of the Cu-Zn nanoparticles-

loaded SrTiO3 powder collected after the CO2 reduction, as 

shown in the supporting information (Figure S7), there was no 

valence change of Cu and Zn during the reaction, indicating that 

our catalyst was stable under photon irradiation in aqueous 

media. The TON for the CO2 reduction of the particulate system 

was 11.46, which is lower than that of the Cu-Zn thin film 

electrode system under the same experimental conditions. 

Even though the two materials were prepared using the same 

vacuum annealing method, the Zn concentration of the Cu-Zn 

nanoparticles was higher than that of the Cu-Zn electrode 

(Table S2). The XRD pattern of Cu-Zn nanoparticles loaded 

SrTiO3 (5%wt) also proved that pure Zn exists (Figure S8 

supporting information). In the case of the particulate system, 

Zn vapour would be directly loaded on the surface of SrTiO3 

without reacting with Cu during annealing. The present 

modification method with Cu-Zn nanoparticles is facile and 

applicable to various light harvesting materials to enhance their 

photocatalytic CO2 reduction activity.  

 

Fig. 6 Photocatalytic CO2 reduction by Cu-Zn alloy nanoparticle-loaded STO 
powders. HCOOH, CH4, CO, and H2 were generated. 

 

4. Discussion 

The high selectivity of the Cu-Zn alloy electrode toward 

HCOOH generation can be explained based on the relationship 

between CO2 reduction pathways and the state of the catalyst 

surface. Among numerous studies on CO2 reduction 

pathways,14, 43, 44, 55 most papers suggest that the formation of 

HCOOH is initiated by a CO2
- radical formed near or weakly 

adsorbed on the catalyst surface.5,42,56 As shown in Figure 7, 

when the catalyst surface has weak adsorption for CO2
•— anion 

radicals, one electron would transfer to CO2 and CO2
•—  radicals 

would be predominantly formed in a state where the C atom is 

available for hydrogenation, leading to the generation of 

HCOO—. The Zn surface has very weak adsorption strength for 

CO2
•— anion radicals; thus, during CO2 reduction, CO2 is 

converted into HCOO— as the main reaction product. However, 

due to this weak adsorption strength, proton reduction (water 

splitting) competes with CO2 reduction in aqueous electrolytes, 

and the selectivity of zinc for CO2 reduction is quite low.10,14 

In contrast, when the catalyst surface has high adsorption 

strength for the CO2
•— anion radical, the radical formed on the 

metal surface is stabilized by d-electron back donation and 

would be subsequently converted to the CO• radical. If the 

adsorption strength for the CO• radical is weak, the radical 

would desorb from the metal surface, resulting in the 

production of CO. In contrast, if the adsorption strength is 

appropriately strong to stabilize the CO• radical on the catalyst 

surface, the radical is further converted to CH4 and/or CH3OH. 

Notably, if the adsorption strength is sufficiently strong, the 

metal surface will be occupied by the CO• radical, leading to 
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deactivation of the catalyst. In the case of Cu and Cu oxides, 

although the CO2 reduction properties were previously 

reported,26,28,34,57-61 their adsorption and desorption strength 

with CO2 was so strong that the CO2 radicals can be adsorbed 

on the Cu surface,62 causing the generation of CH4 and/or 

CH3OH. 

By combining Cu with Zn at the atomic scale, the surface 

adsorption and desorption would take place at the interface 

between Cu and Zn in the alloy compound. Specifically, the 

adsorption strength for both the CO2
•— anion radical and CO• 

radical decreased, and thus, HCOOH was mainly generated as a 

CO2 reduction product. By combining Cu and Zn at the atomic 

scale in an alloy, high selectivity for HCOOH formation and 

suppression of hydrogen production were achieved. This 

proposal is also supported by computational study on the free 

binding energies of hydrogen and *COOH of intermetallic alloys 

including CuZn alloy63. In the present study, in situ FT-IR analysis 

was operated to verify our proposal, as shown in the supporting 

information (Figure S9), in humid CO2 under UV irradiation, 

bidentate surface carbonate were recognized in the case of Cu-

Zn nanoparticles loaded SrTiO3 powders while monodentate 

surface carbonate was detected from Cu nanoparticles loaded 

SrTiO3 powders. These results provide a plausible explanation 

for the high selectivity of HCOOH generation of Cu-Zn catalyst. 

 

 

Fig. 7 The speculated pathways for CO2 reduction. 

5. Conclusions 

The Cu-Zn alloy catalyst developed here was prepared from 

abundant and environmentally friendly materials, and exhibited 

high conversion efficiency for the reduction of CO2 to organic 

molecules, particularly HCOOH. The Cu-Zn alloy catalyst can be 

used as an electrode for electrochemical CO2 reduction, or 

combined with a photoanode for photoelectrochemical 

reactions. The Faradaic efficiency of converting CO2 to HCOOH 

was as high as 79.11% in the photoelectrochemical cell, 

demonstrating that the catalyst had high selectivity toward 

HCOOH generation. The Cu-Zn electrode also had excellent 

stability with the turnover number (TON) for CO2 reduction 

reaching 1458.9, which was twice that of pure Cu (731.3). The 

quantum efficiency of the photoelectrochemical CO2 reduction 

by the Cu-Zn electrode was 0.13%. In addition, we also achieved 

nanoparticlisation of the Cu-Zn alloy catalyst. When the Cu-Zn 

nanoparticles were loaded onto the surface of SrTiO3, the 

photocatalytic reduction of CO2 reduction was promoted under 

UV-light. We demonstrated that the Cu-Zn alloy catalyst 

exhibited high efficiency, stability, and selectivity for CO2 

reduction in the electrode system as well as the particulate 

photocatalyst. The ability to selectively regulate CO2 reduction 

using the Cu-Zn alloy catalyst described here may prompt the 

development of new types of alloy catalysts with high selectivity 

for CO2 reduction. 

Author Contributions 

GY acquired all experimental data and wrote the manuscript 

in discussion with all co-authors. HA and NR established the 

synthesis method of the Cu-Zn alloy catalyst. NR, HA, and SU 

conducted the XPS measurements. NS and AY provided 

important suggestions on the electrochemical analyses. MM 

and HA conducted the study and wrote the manuscript. 

Acknowledgements 

This work was supported by a Grant-in-Aid from the Advanced 
Catalytic Transformation Program for Carbon Utilization (ACT-
C), Japan Science and Technology Agency (JST); Japan Society 
for the Promotion of Science (JSPS) KAKENHI Grant Number 
26410234 and 16J08808. The XPS measurements were 
performed under the approval of the NIMS Synchrotron X-ray 
Station (Proposal #2015A4603 and 2015B4605). We thank Mr 
K. Hori at the Center for Advanced Materials Analysis, Tokyo 
Institute of Technology, for help with TEM characterisation. 
We appreciate members of the MANA Foundry for assistance 
with metal sputtering, and the Material Analysis Station, NIMS 
for support with the analysis of XRF and ICP data. We also 
acknowledge Mr. Greg Newton for a critical reading of the 
manuscript.  

Notes and references 

 
1 S. N. Habisreutinger, L. Schmidt‐Mende and J. K. Stolarczyk, 

Angewandte Chemie International Edition, 2013, 52, 7372-
7408. 

2 K. Li, B. Peng and T. Peng, ACS Catalysis, 2016, 6, 7485-7527. 
3 A. Iwase, S. Yoshino, T. Takayama, Y. H. Ng, R. Amal and A. 

Kudo, Journal of the American Chemical Society, 2016, 138, 
10260-10264. 

4 S. Xie, Q. Zhang, G. Liu and Y. Wang, Chemical 
Communications, 2016, 52, 35-59. 

5 R. Kortlever, J. Shen, K. J. P. Schouten, F. Calle-Vallejo and M. 
T. Koper, The journal of physical chemistry letters, 2015, 6, 
4073-4082. 

Page 6 of 8Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
0 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
ca

st
le

 o
n 

11
/0

4/
20

17
 0

9:
48

:5
8.

 

View Article Online
DOI: 10.1039/C7TA00353F

http://dx.doi.org/10.1039/c7ta00353f


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

6 B. AlOtaibi, S. Fan, D. Wang, J. Ye and Z. Mi, ACS Catalysis, 
2015, 5, 5342-5348. 

7 N. Spataru, K. Tokuhiro, C. Terashima, T. N. Rao and A. 
Fujishima, Journal of applied electrochemistry, 2003, 33, 
1205-1210. 

8 T. C. Johnson, D. J. Morris and M. Wills, Chemical Society 
Reviews, 2010, 39, 81-88. 

9 S. Sato, T. Morikawa, S. Saeki, T. Kajino and T. Motohiro, 
Angewandte Chemie International Edition, 2010, 49, 5101-
5105. 

10 E. Baytok, T. AKSU, M. A. KARSLI and H. MURUZ, Turkish 
Journal of Veterinary and Animal Sciences, 2005, 29, 469-474. 

11 W. Reutemann and H. Kieczka, in Ullmann's Encyclopedia of 
Industrial Chemistry, Wiley-VCH Verlag GmbH & Co. KGaA, 
2000, DOI: 10.1002/14356007.a12_013. 

12 M. c. N.p., Formic Acid Market Worth $618,808.7 Thousand 
By 2019, 
http://www.marketsandmarkets.com/PressReleases/formic-
acid.asp, (accessed 9th Aug, 2016). 

13 Y. Hori, Modern Aspects of Electrochemistry, 2008. 
14 Y.-J. Zhang, V. Sethuraman, R. Michalsky and A. A. Peterson, 

ACS Catalysis, 2014, 4, 3742-3748. 
15 M. Azuma, K. Hashimoto, M. Hiramoto, M. Watanabe and T. 

Sakata, Journal of the Electrochemical Society, 1990, 137, 
1772-1778. 

16 K. Hara, A. Kudo and T. Sakata, Journal of Electroanalytical 
Chemistry, 1995, 391, 141-147. 

17 D. D. Zhu, J. L. Liu and S. Z. Qiao, Advanced Materials, 2016, 
28, 3423-3452. 

18 X. Ma, Z. Li, L. E. Achenie and H. Xin, The journal of physical 
chemistry letters, 2015, 6, 3528-3533. 

19 A. S. Varela, N. Ranjbar Sahraie, J. Steinberg, W. Ju, H. S. Oh 
and P. Strasser, Angewandte Chemie International Edition, 
2015, 54, 10758-10762. 

20 L. Shi, T. Wang, H. Zhang, K. Chang and J. Ye, Advanced 
Functional Materials, 2015, 25, 5360-5367. 

21 Y. Hori, K. Kikuchi and S. Suzuki, Chemistry Letters, 1985, 1695-
1698. 

22 Y. Hori, H. Wakebe, T. Tsukamoto and O. Koga, Electrochimica 
Acta, 1994, 39, 1833-1839. 

23 P. Hirunsit, W. Soodsawang and J. Limtrakul, The Journal of 
Physical Chemistry C, 2015, 119, 8238-8249. 

24 J. Rosen, G. S. Hutchings, Q. Lu, R. V. Forest, A. Moore and F. 
Jiao, Acs Catalysis, 2015, 5, 4586-4591. 

25 T. Hatsukade, K. P. Kuhl, E. R. Cave, D. N. Abram, J. T. Feaster, 
C. Hahn, A. L. Jongerius and T. F. Jaramillo, 2016. 

26 G. Yin, M. Nishikawa, Y. Nosaka, N. Srinivasan, D. Atarashi, E. 
Sakai and M. Miyauchi, ACS Nano, 2015, DOI: 
10.1021/nn507429e. 

27 S. Anandan and M. Miyauchi, Electrochemistry, 2011, 79. 
28 O. A. Baturina, Q. Lu, M. A. Padilla, L. Xin, W. Li, A. Serov, K. 

Artyushkova, P. Atanassov, F. Xu, A. Epshteyn, T. Brintlinger, 
M. Schuette and G. E. Collins, ACS Catalysis, 2014, 4, 3682-
3695. 

29 R. Reske, M. Duca, M. Oezaslan, K. J. P. Schouten, M. T. M. 
Koper and P. Strasser, The Journal of Physical Chemistry 
Letters, 2013, 4, 2410-2413. 

30 X. Chang, T. Wang, P. Zhang, Y. Wei, J. Zhao and J. Gong, 
Angewandte Chemie, 2016. 

31 W. Kim and H. Frei, ACS Catalysis, 2015, 5, 5627-5635. 
32 S. Shoji, G. Yin, M. Nishikawa, D. Atarashi, E. Sakai and M. 

Miyauchi, Chemical Physics Letters, 2016, 658, 309-314. 
33 R. Hinogami, S. Yotsuhashi, M. Deguchi, Y. Zenitani, H. Hashiba 

and Y. Yamada, ECS Electrochemistry Letters, 2012, 1, H17-
H19. 

34 C. W. Li and M. W. Kanan, Journal of the American Chemical 
Society, 2012, 134, 7231-7234. 

35 K. Iizuka, T. Wato, Y. Miseki, K. Saito and A. Kudo, Journal of 
the American Chemical Society, 2011, 133, 20863-20868. 

36 C. Kim, H. S. Jeon, T. Eom, M. S. Jee, H. Kim, C. M. Friend, B. K. 
Min and Y. J. Hwang, Journal of the American Chemical 
Society, 2015, 137, 13844-13850. 

37 Y. Zheng, L. Lin, X. Ye, F. Guo and X. Wang, Angewandte 
Chemie (International ed. in English), 2014, 53, 11926-11930. 

38 D. R. Kauffman, J. Thakkar, R. Siva, C. Matranga, P. R. 
Ohodnicki, C. Zeng and R. Jin, ACS applied materials & 
interfaces, 2015, 7, 15626-15632. 

39 Y. Chen, C. W. Li and M. W. Kanan, Journal of the American 
Chemical Society, 2012, 134, 19969-19972. 

40 Q. Kang, T. Wang, P. Li, L. Liu, K. Chang, M. Li and J. Ye, 
Angewandte Chemie International Edition, 2015, 54, 841-845. 

41 I. Toyoshima and G. Somorjai, Catalysis Reviews Science and 
Engineering, 1979, 19, 105-159. 

42 R. P. S. Chaplin and A. A. Wragg, Journal of Applied 
Electrochemistry, 2003, 33, 1107-1123. 

43 H. A. Hansen, J. B. Varley, A. A. Peterson and J. K. Nørskov, The 
journal of physical chemistry letters, 2013, 4, 388-392. 

44 K. P. Kuhl, T. Hatsukade, E. R. Cave, D. N. Abram, J. Kibsgaard 
and T. F. Jaramillo, Journal of the American Chemical Society, 
2014, DOI: 10.1021/ja505791r. 

45 F. Calle-Vallejo and M. T. M. Koper, Angewandte Chemie 
International Edition, 2013, 52, 7282-7285. 

46 A. A. Peterson, F. Abild-Pedersen, F. Studt, J. Rossmeisl and J. 
K. Norskov, Energy & Environmental Science, 2010, 3, 1311-
1315. 

47 A. Katoh, H. Uchida, M. Shibata and M. Watanabe, Journal of 
the Electrochemical Society, 1994, 141, 2054-2058. 

48 M. Watanabe, M. Shibata, A. Kato, M. Azuma and T. Sakata, 
Journal of The Electrochemical Society, 1991, 138, 3382-3389. 

49 J. Nakamura, Y. Choi and T. Fujitani, Topics in Catalysis, 2003, 
22, 277-285. 

50 J. Nakamura, T. Uchijima, Y. Kanai and T. Fujitani, Catalysis 
today, 1996, 28, 223-230. 

51 G. Guan, T. Kida, T. Harada, M. Isayama and A. Yoshida, 
Applied catalysis. A, General, 2003, 249, 11-18. 

52 S. Ueda, Journal of Electron Spectroscopy and Related 
Phenomena, 2013, 190, Part B, 235-241. 

53 M. Nishikawa, S. Yuto, T. Hasegawa, W. Shiroishi, H. Honghao, 
Y. Nakabayashi, Y. Nosaka and N. Saito, Materials Science in 
Semiconductor Processing, 2017, 57, 12-17. 

54 K. Sekizawa, K. Maeda, K. Domen, K. Koike and O. Ishitani, 
Journal of the American Chemical Society, 2013, 135, 4596-
4599. 

55 J. K. Norskov, T. Bligaard, J. Rossmeisl and C. H. Christensen, 
Nat Chem, 2009, 1, 37-46. 

56 Y. Hori, in Modern Aspects of Electrochemistry, eds. C. 
Vayenas, R. White and M. Gamboa-Aldeco, Springer New 
York, 2008, vol. 42, ch. 3, pp. 89-189. 

57 M. Gattrell, N. Gupta and A. Co, Journal of Electroanalytical 
Chemistry, 2006, 594, 1-19. 

58 K. Manthiram, B. J. Beberwyck and A. P. Alivisatos, Journal of 
the American Chemical Society, 2014, 136, 13319-13325. 

59 R. Reske, H. Mistry, F. Behafarid, B. Roldan Cuenya and P. 
Strasser, Journal of the American Chemical Society, 2014, 136, 
6978-6986. 

60 I. Shown, H.-C. Hsu, Y. C. Chang, C.-H. Lin, P. K. Roy, A. Ganguly, 
C.-H. Wang, J. K. Chang, C.-I. Wu and L.-C. Chen, Nano letters, 
2014. 

61 X. Ba, L.-L. Yan, S. Huang, J. Yu, X.-J. Xia and Y. Yu, The Journal 
of Physical Chemistry C, 2014, 118, 24467-24478. 

62 R. G. Copperthwaite, P. R. Davies, M. A. Morris, M. W. Roberts 
and R. A. Ryder, Catal Lett, 1988, 1, 11-19. 

63 M. Karamad, V. Tripkovic and J. Rossmeisl, ACS Catalysis, 
2014, 4, 2268-2273. 

Page 7 of 8 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
0 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
ca

st
le

 o
n 

11
/0

4/
20

17
 0

9:
48

:5
8.

 

View Article Online
DOI: 10.1039/C7TA00353F

http://dx.doi.org/10.1039/c7ta00353f


 

Page 8 of 8Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
0 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
ca

st
le

 o
n 

11
/0

4/
20

17
 0

9:
48

:5
8.

 

View Article Online
DOI: 10.1039/C7TA00353F

http://dx.doi.org/10.1039/c7ta00353f

