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The photoelectrochemical reduction of CO2 in copper particle-suspended methanol was studied by using a
p-type InP photoelectrode. In the absence of copper particles, only formic acid and carbon monoxide were
formed during the photoelectrochemical reduction of CO2, and the formation of hydrocarbons could not be
observed. However, hydrocarbons were formed on the addition of copper particles into the catholyte. The
current efficiencies of methane and ethylene were better below 273 K than at ambient temperature (288 K).
hotoelectrochemical reduction of CO2

opper particles
ethanol
ethane

-InP photoelectrode
uspension

The maximum Faradaic efficiencies of methane and ethylene were rf = 0.56% and 0.80%, respectively. The
total current efficiency of hydrocarbons became maximum at 263 K, and the maximum efficiency was
rf = 1.21%. On the basis of these observations, it was realized that it is possible to roughly change and
control the reduction product distribution by the addition of metal particles into the catholyte during
the photoelectrochemical reduction of CO2. This research can contribute to the large-scale manufacture
of useful organic products from readily available and cheap raw materials, e.g., the manufacture of CO -
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. Introduction

The reduction in the atmospheric loading of carbon dioxide
CO2) has been considered on a global level for preventing the rein-
orcement of the greenhouse effect, which may in turn increase the
verage temperature of the earth to such an extent that a series of
atastrophic events may occur. Therefore, the development of CO2
equestration technologies that involve capture and secure stor-
ge and conversion methods has been of significant interest from
he practical viewpoint [1–3]. Photoelectrochemical and photoelec-
rocatalytic methods involving p-type semiconductor electrodes
eem to be very efficient methods for the conversion and reduction
f CO2. This is because of the solar energy conversion technol-
gy involved; therefore, such methods can be regarded as artificial
odels for photosynthesis occurring in plants [1–3].
Following the first report of the photoelectrochemical reduction

f CO2 by Halmann in 1978 [4], the studies have been performed

n the reduction of CO2 and the production of useful products
ith a low input energy. Various p-type semiconductors have been
sed, including p-GaP, p-CdTe, p-GaAs, p-InP, p-SiC, and p-Si and

ts diamond coats [5–22]. Thus far, the photoelectrochemical CO2

∗ Corresponding author. Tel.: +81 59 231 9427; fax: +81 59 231 9442, 9427/9425.
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trial absorbers (the Rectisol process).
© 2008 Elsevier B.V. All rights reserved.

eduction has been exclusively examined in aqueous solutions.
ecently, many investigators have actively studied the photoelec-
rochemical reduction of CO2 using various p-type photoelectrodes
n organic solvents because CO2 is more soluble in organic aprotic
olvents than in water [6,19,20]. It has been reported that two-
lectron reduced products containing carbon monoxide, oxalic acid,
nd formic acid were produced by the electroreduction of CO2
n dimethyl sulfoxide (DMSO), N,N-dimethyl formamide (DMF),
ropylene carbonate, and acetonitrile. However, few hydrocarbons
ave been obtained in these organic solvents.

Methanol is a better solvent for CO2 than water, particularly at
ow temperatures. The solubility of CO2 in methanol is approx-
mately four times that in water at ambient temperature and

ore than eight times that in water at temperatures below 273 K
23–25]. Therefore, methanol has been industrially used as a phys-
cal absorbent of CO2 in the Rectisol method at 243–263 K [25].
urrently, over 70 large-scale plants employ the Rectisol process.
herefore, the direct photo/electrochemical reduction of CO2 in
ethanol is an advantageous choice, especially when the pro-

ess is performed under energetically efficient conditions. We
ave investigated the electrochemical reduction of CO2 at vari-

us metallic electrodes using methanol as the solvent [26–35].
ext, the photoelectrochemical reduction of CO2 in methanol at
-type semiconductor electrodes such as p-Si, p-GaAs, and p-InP
as been reported [36,37]. Furthermore, we have studied the pho-
oelectrochemical reduction of CO2 in methanol at metal-modified

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:kaneco@chem.mie-u.ac.jp
dx.doi.org/10.1016/j.cej.2008.07.038
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Table 2
Analytical instruments used for examining the products obtained from the reduction
of CO2

Product analysis
Gaseous products Gas chromatography

TCD (GL Sciences GC-320, Molecular Sieve 5A;13X-S,
Ar and He carrier gas)
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-InP photoelectrode [38]. In the photoelectrochemical reduction,
ydrocarbons such as methane and ethylene were formed, and
he maximum Faradaic efficiencies of methane and ethylene were
f = 0.7% and 0.2%, respectively.

The electrochemical reduction of CO2 at lead and zinc elec-
rodes in metal particle-suspended methanol has recently been
nvestigated [39]. It is noted that methane and ethylene could be
btained, even though a copper cathode was not used. In the photo-
lectrochemical reduction of CO2 in both aqueous and nonaqueous
rganic solutions, there has been little information on the photo-
lectrolysis in the suspension [40]. This study deals mainly with the
hotoelectrochemical reduction of CO2 at p-InP electrode in copper
article-suspended methanol.

. Experimental

The instruments and experimental conditions for the pho-
oelectrochemical reduction of CO2 are listed in Table 1. The
hotoelectrochemical reduction of CO2 was performed in a

aboratory-made, divided H-type cell. An Aldrich Nafion 117
on exchange membrane (0.18 mm thickness) was used as the
iaphragm. The cathode potential was measured with respect to
n Ag/AgCl, sat. KCl electrode that was connected to the catholyte
sing a Luggin capillary (the agar salt bridge) in order to compen-
ate for the ohmic potential drop due to the solution resistance
etween the reference and working electrodes.

Methanol (99%, Nacalai Tesque, Inc., Japan) was used as received
ithout further purification. The water content in pure methanol
as less than 0.1% (confirmed by the Karl Fischer test). Sodium
ydroxide (96%, Nacalai Tesque, Inc.) was used as the ionophore in
he methanol-based electrolyte. Copper particles (diameter: 1 �m,
urity: 99.99%, CUE08PB, Kojundo Chemical Laboratory Co., Ltd.)
ere added to the catholyte for preparing a metal particle sus-
ension. It has been reported in a previous paper [35] that the pH
f methanol in the presence of a supporting salt (80 mmol dm−3

aOH) at 243 K was approximately 14 and the pH decreased
o approximately 5.3 after saturation of the catholyte with CO2.
he p-Type InP wafer was cut into chips (area: approximately
.0 × 1.0 cm2), washed with a mixture of conc. HCl and HNO3,
tched in CP-4A (a mixture of 47% HF, 60% HNO , 99.7% CH COOH,
3 3
nd H2O with a volume ratio of 3:5:3:22) and finally etched again
ith the mixture of concentrated acids to remove any organic con-

aminants on the surface. Ohmic contact was made on the rear side
f the p-InP piece by using an In alloy. A Pt foil was used as the

able 1
pparatus and experimental conditions for the photoelectrochemical reduction of
O2

hotoelectrochemical reduction
Cell H-type cell
Potentiostat/galvanostat Hokuto HA-501
Coulometer Integrator 1109 (Fusou Seisakujyo, Inc., Japan)
Potential sweep Hokuto HB-111 function generator
XY recorder Graphtec WX1100
Working electrode p-InP [(100), Zn-doped, 5 × 1017 cm−3, SHOWA

DENKO K.K.]
Counter electrode Pt foil (30 mm × 20 mm, Thickness: 0.1 mm, 99.98%

purity)
Reference electrode Ag/AgCl sat. KCl (Horiba, 2060A-10T)

Electrolyte
Catholyte 100 mmol dm−3 NaOH in methanol (70 cm3) (Cu

particles added: �1 �m, 99.99% purity, 0.1–1 g)
Anolyte 300 mmol-dm−3 KOH in methanol (70 cm3)

Carbon dioxide 99.9999% purity
Potential −2.4 to −2.8 V vs. Ag/AgCl (sat. KCl)
Temperature 258, 263, 273, 288 K (± 0.5 K)
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FID (GL Sciences GC-353B, Porapak Q, N2 carrier gas)

Liquid products HPLC with UV detector (Hitachi L4000)
TCD and FID gas chromatography

ounter electrode. The Pt anode was electrochemically activated at
00 mA for 100 s in 14.7 mol dm−3 phosphoric acid.

A 5000-W xenon lamp (Ushio, UXL-5000DK-B-O, Tokyo, Japan)
as used to illuminate the semiconductor photocathode. Wave-

engths shorter than 300 nm were filtered out by the cell wall.
discontinuous photoelectrochemical reduction procedure was

sed. First, CO2 gas was bubbled into the methanol catholyte for
h at the rate of 30 ml min−1. The CO2-saturated solution was then
hotoelectrolytically reduced at cathodic polarizations in the range
f −2.4 to −2.8 V vs. Ag/AgCl, sat. KCl. The catholyte was magnet-
cally stirred in order to maintain the suspension conditions. The
emperatures of the electrolytes were controlled by using a cool-
ng device (ESC-50, EYELA, Tokyo, Japan). The Faradic efficiencies of
he formation of the major products were calculated from the total
harge passed during the batch electrolyses, which was set to 30 C.
he gaseous products obtained during the photoelectroreduction
ere collected in a gas collector and analyzed by gas chromatog-

aphy (GC). The products soluble in the catholyte were analyzed
y high performance liquid chromatography (HPLC) and GC. A con-
entional column (length: 4 mm; i.d.: 2.2 mm) was used for GC. The
etailed information is given in Table 2. In the control experiment,
itrogen gas was used. The surface morphology of the p-type InP
lectrode was examined by scanning electron microscopy (SEM,
itachi S-4000, Japan).

. Results and discussion

Literature values [8–10] for the solubilities of CO2 in pure
ethanol at 288, 263 and 243 K and in water at 288 K were

.6, 8, 15 and 1.07 cm3 cm−3, respectively. It has been pre-
ented in a previous study [35] that the solubility of CO2 in a
olution of 80 mmol dm3 methanolic NaOH at 243 K was approxi-
ately 15 cm3 cm−3 (approximately 670 �mol CO2/cm3 methanol).
lthough NaHCO3 may be formed in the methanol while bub-
ling CO2 through the solution for several minutes, the amount
f NaHCO3 in the catholyte is assumed to be very small since no
recipitate can be observed. Therefore, CO2 can be considered to
e physically dissolved, i.e., under intact form in the methanol
atholyte. The solubility of CO2 in our system is greater than that
f CO2 in water, which is very advantageous.

.1. Effect of addition of copper particles

In the photoelectrochemical reduction of CO2 at p-type InP
lectrodes in a methanol-based electrolyte [37], formic acid and
arbon monoxide were the principal products obtained from CO2,
nd no hydrocarbons such as methane and ethylene were formed.
owever, hydrocarbons are formed during the electrochemical

eduction of CO2 in copper particle-suspended methanol [39].

ence, we can consider the usage of a solution suspended with
etal particles for photoelectrochemical reduction. Therefore, the

nfluence of the addition of copper particles on the photoelectro-
hemical reduction of CO2 at a p-InP cathode in methanol was
valuated at 288 K, as illustrated in Fig. 1. In the photoelectro-
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ig. 1. Effect of amount of metal particles on Faradaic efficiencies of hydrocarbons
ormed by the photoelectrochemical reduction of CO2 at the p-InP photocathode in
opper particle-suspended methanol. ( ) CH4; (�) C2H4; potential: −2.5 V; tem-
erature: 288 K.

hemical reduction of CO2 at the p-InP electrode without copper
articles, the hydrocarbons were not formed, which is the same
s the previously obtained results [37]. However, in the presence
opper particles, the methane and ethylene were formed, and their
aradaic efficiencies increased with the amount of copper particles
n the methanol catholyte. The maximum efficiencies of methane
nd ethylene were rf = 0.19% and 0.13% with 300 mg and 400 mg
f copper particles, respectively. Ethane formation (rf = 0.01%) was
bserved only in the suspension containing 300 mg of copper par-
icles. The total hydrocarbon efficiency was maximum (0.28%) with
00 mg of Cu particles. When the amount of copper particles was

ncreased to more than 400 mg, a decrease in the formation efficien-
ies of hydrocarbons was observed. The morphology of the p-type
nP cathode surface before and after the electrolysis was evaluated
y SEM. No electrodeposited copper particles could be observed
n the p-InP surface. Consequently, hydrocarbons such as methane
nd ethylene could be formed during the photoelectrochemical
eduction of CO2 at the p-InP photoelectrode in copper particle-
uspended methanol. For the subsequent experiments, 300 mg of
opper particles was added to the methanol-based catholyte.

.2. Current–potential curves

The current–potential (I–V) curves of the p-InP electrode in
opper particle-suspended methanol were recorded at 288 K. The
otential was scanned at a sweep rate of 50 mV s−1. The typical I–V
urves are shown in Fig. 2. Under illumination, relatively large pho-
ocurrent densities were observed both in the presence and absence
f copper particles, although the dark current in the absence of illu-

ination was very small. At a potential of −2.5 V, the photocurrent

ensity after the addition of 300 mg copper particles had reduced
y only 30% relative to those obtained without the copper parti-
les. The decrease in the photocurrent density with the amount
f copper particles may be due to the decreased light penetra-

d
h
J
a
a

ig. 2. I–V curves for the p-InP photocathode in CO2-saturated methanol at 288 K. (a)
ithout copper particles. (b) With copper particles (300 mg). (c) Dark experiment

without illumination).

ion and increased light scattering. The onset (starting) potential
f the cathodic current, i.e., the potential value at which a current
ensity of 0.1 mA cm−2 is observed, in copper particle-suspended
ethanol was approximately −0.7 V. The onset potential obtained

fter the addition of copper particles was found to be shifted to a
ore positive value than that (ca. −0.8 V) obtained in the absence of

opper particles. No voltammetric peak was observed in the poten-
ial range up to −2.8 V because further CO2 reduction may proceed
ith increasingly negative potentials. Once the onset potentials
ere determined from the polarization experiments, we attempted

o investigate the effect of potential on the photoelectrochemical
eduction of CO2 at the p-InP cathode in copper particle-suspended
ethanol.

.3. Effect of potential on the product Faradaic efficiency

The results dealing with the effect of the potential on the
urrent efficiencies for the products by the photoelectrochemical
eduction of CO2 at the p-InP photocathode in copper particle-
uspended methanol at 288 K are shown in Fig. 3. The total
urrent density increased from 4.3 to 9.4 mA cm−2 as the potential
ecame more negative. The current efficiency curves for methane
nd ethylene exhibited a convex pattern, and the maximum effi-
iencies were obtained at −2.5 and −2.6 V, respectively. In the
hotoelectrochemical reduction of CO2 at the p-InP electrode in
he methanol-based electrolyte, formic acid was predominantly
ormed [37]. However, in copper particle-suspended methanol,
he formation of carbon monoxide was predominant at all the
otentials studied. The Faradaic efficiency curves of CO and formic
cid became maximum at −2.7 and −2.6 V, and their efficien-
ies were rf = 45.2% and 21.1%, respectively. The curve of hydrogen
ormation efficiency was concave, and the minimum (rf = 19.7%)
as obtained at −2.5 V. The total current yield of the electrore-
uction products did not add up to 100%; the reason for this
as not been clarified as yet. The residual current might be
ttributed to the formation of methanol from CO2. Methanol pro-

uction by the electroreduction of CO2 in aqueous electrolytes
as been previously reported by Frese [41] and reviewed by

itaru et al. [42]. From the viewpoint of hydrocarbon formation
nd the decrease in hydrogen evolution, −2.5 V was selected
s the optimum potential for the photoelectrochemical reduc-
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Fig. 4. Effect of temperature on Faradaic efficiencies of the products formed by
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ig. 3. Effect of potential on Faradaic efficiencies of the products formed by the elec-
rochemical reduction of CO2 at p-InP photocathode in copper particle-suspended

ethanol. ( ) CH4; (�) C2H4; (©) CO; (�) HCOOH; (�) H2; temperature: 288 K;
opper particles: 300 mg.

ion of CO2 at the p-InP electrode in copper particle-suspended
ethanol.

.4. Effect of temperature on hydrocarbon formation

In the photoelectrochemical reduction of CO2 at p-type semi-
onductor electrodes in a methanol-based electrolyte [37], it has
een reported that methanol catholyte at a low temperature was
uitable for the improvement in the CO2 reduction. Therefore,
he influence of temperature on the Faradaic efficiencies of the
roducts of the photoelectrochemical reduction of CO2 at a p-InP
hotocathode in copper particle-suspended methanol was investi-
ated. The results are illustrated in Fig. 4. At a temperature of less
han 273 K, the formation efficiency for ethylene was larger than
hat for methane. Below 273 K, the current efficiencies of methane
nd ethylene were relatively better than those obtained at an
mbient temperature (288 K). The maximum Faradaic efficiencies
f methane and ethylene were rf = 0.56% and 0.80%, respectively.
he total current efficiency for hydrocarbons reached the maxi-
um at 263 K, and the maximum efficiency was rf = 1.21%. These

alues were better than those obtained in the photoelectrochem-
cal reduction of CO2 in methanol at the metal-modified p-InP
hotocathode [38]. The formation efficiency of carbon monox-

de increased slightly on decreasing the temperature. The current
fficiency of formic acid at 288 K was better than that at low tem-
eratures of less than 273 K.

Generally, in the electrochemical reduction of CO2 in water,
ydrogen formation competes with CO2 reduction. Therefore, the
uppression of hydrogen formation is very important because the

pplied energy is wasted on hydrogen evolution instead of being
sed for the reduction of CO2. In the normal photoelectrochemical
eduction of CO2 at the p-InP photocathode in a methanol-based
atholyte, the efficiency of hydrogen formation was found in the
ange of 23–29% [37]. In the copper particle-suspended reduction

p
t
f
t
e

he electrochemical reduction of CO2 at p-InP photocathode in copper particle-
uspended methanol. ( ) CH4; (�) C2H4; (©) CO; (�) HCOOH; (�) H2; potential:
2.5 V; copper particles: 300 mg.

ystem, hydrogen formation efficiency tended to decrease with a
ecrease in the temperature. At a temperature of 263 K, the Faradaic
fficiency of hydrogen formation could be decreased to 8%.

.5. Reaction mechanism

The mechanism for the photoelectrochemical reduction of CO2
n copper particle-suspended methanol at p-InP photoelectrodes
as investigated. GC-mass spectrometric analysis with deuterated
ethanol catholyte demonstrated that no reduction product was

btained from methanol [34]. Hydrogen was formed exclusively
hen the electrolysis in the suspension was conducted under a
itrogen atmosphere. Hirota et al. [43] stated that the reduction
roducts were produced from CO2 during its photoelectrochemical
eduction in methanol. Consequently, the desired products were
roduced by the electrochemical reduction of CO2.

The experimental data in this study and literature reports
1–22,26–41] suggest the mechanism of formation of methane,
thylene, carbon monoxide, and formic acid at the p-InP photo-
lectrode, as shown in Fig. 5. Furthermore, the schematic cross
ections of the chemical reaction site on the photoelectrode surface
re shown in Fig. 6. In the photoelectrochemical reduction of CO2
n copper particle-suspended methanol, three adsorption/reaction
ites can be speculated on the photocathode surface for the photo-
lectrochemical reduction reaction; (A) the photocathode surface,
B) the area between the photocathode surface and the copper
articles, and (C) the surface of the copper particles. At site (B),
he chemical species CO2 can undergo a number of electronation
rocesses from both the photoelectrode surface and the copper par-

icle. As shown on the right side of the reaction pathways in Fig. 5,
ormic acid and carbon monoxide may be produced at the adsorp-
ion site (A). On the other hand, hydrocarbons such as methane and
thylene are probably formed at the adsorption sites (B) and (C),
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Fig. 5. Reaction mechanism of the photoelectrochemical reduction of CO2 at p-InP photo
(C) correspond to those shown in Fig. 6.
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ig. 6. Schematic cross sections of the adsorption/reaction sites on the cathode.

wing to the catalytic property of copper metal. In the normal pho-
oelectrochemical reduction of CO2 in a methanol-based electrolyte
38], methane and ethylene were produced at a nickel-modified
-InP photoelectrode, although no hydrocarbon could be formed
n Cu-deposited p-InP. The reason for the difference between the
hotochemical reduction of CO2 in the present study and that at a
opper-modified p-InP electrode is not clear. This difference might
e attributed to the poor catalytic activity of copper caused by its

ow crystallinity when it was coated on the p-InP electrode surface
y using vacuum spluttering devices. Thus far, in order to control
he distribution of the reduction products in the photoelectrochem-
cal reduction of CO2, the effect of various factors such as the type
f photocathode, supporting salts, temperature, and pressure have
een reported [1–3]. In the present study, it is found that the reduc-
ion product distribution can be fairly controlled by the addition of

etal particles into the catholyte during the photoelectrochemical
eduction of CO2.

. Conclusion

The photoelectrochemical reduction of CO2 in copper particle-

uspended methanol was studied by using a p-InP photocathode.
n the absence of copper particles, formic acid and carbon monox-
de were the only reduction products, while methane and ethylene

ere not obtained at the p-type InP photoelectrode. After the
ddition of copper particles, hydrocarbons were formed in the
cathode in copper particle-suspended methanol. (*) Adsorption sites (A), (B), and

hotoelectrochemical reduction of CO2. At <273 K, the current
fficiencies of methane and ethylene were better than those
btained at ambient temperature (288 K). In the photoelectrochem-
cal reduction of CO2, it may be possible to roughly change and
ontrol the distribution of reduction products by the addition of
etal particles. With the development of nanotechnology that

nvolves the preparation of nanosized metal particles, the present
O2 photoelectrochemical techniques may become one of the most
romising methods for the conversion and reduction of CO2. Thus,
he synthesis of hydrocarbons through the photoelectrochemical
eduction of CO2 might be of practical interest in fuel production,
torage of solar energy, and production of intermediates for the
etrochemical industry.
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