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A pellet of polycrystalline CuGaO2 with a delafossite structure was prepared from Ga2O3 and CuO by hightemperature solid-state synthesis. The CuGaO2 pellet was a p-type semiconductor for which the electrical
conductivity, carrier density, carrier mobility and Seebeck coefficient were 5.34 × 10−2 Ω−1cm−1, 3.5 × 1020
cm−3, 9.5 × 10−4 cm2V−1s−1 at room temperature, and +360 µV/K, respectively. It also exhibited two optical
transitions at about 2.7 and 3.6 eV. The photoelectrochemical properties of the CuGaO2 pellet electrode were
investigated in aqueous electrolyte solutions. The flat-band potential of this electrode, determined using a MottSchottky plot, was +0.18 V vs SCE at pH 4.8 and followed the Nernst equation with respect to pH. Under UV
light illumination, a cathodic photocurrent developed, and molecular hydrogen simultaneously evolved on the
surface of the electrode due to the direct reduction of water without deposition of any metal catalyst.
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Introduction

Experimental

ABO2-type semiconductors that have a delafossite (CuFeO2)
structure have attracted much attention due to their potential
application in catalysis,1 batteries,2 and electrical devices as
transparent conducting oxides,3 ever since Shannon et al.
started to study the materials several decades ago.4 Delafossite
metal oxides usually show p-type conductivity even without
intentional doping, whereas most metal oxide semiconductors
tend to have n-type electrical conductivity because of the
existence of oxygen defect sites. The delafossite structure
(ABO2) consists of alternate layers of two coordinate A-site
cations and edged-shared BO6 octahedra. The conduction
mechanism of delafossite metal oxides has not yet been
clearly defined.
Water splitting into molecular hydrogen and oxygen or
electricity generation by light energy is expected to become
one of the most promising methods for solving energy production problems in the future. Since Fujishima and Honda’s
pioneering work,5 a great number of metal oxide semiconductors have been investigated as photoelectrodes for water
splitting or solar cells.6 In photoelectrochemical cells, there
are not many materials known to be utilized as a photocathode, especially for water splitting. CuGaO2, which is a
delafossite p-type semiconductor, has recently been demonstrated to be a promising photocathode in a dye-sensitized
solar cell.7 However, a photoelectrochemical study of the
CuGaO2 electrode by band-gap excitation has rarely been
reported, except for the early study of Ca-doped CuGaO2 by
Benko et al..8 In this study, we prepared a polycrystalline
CuGaO2 pellet electrode without intentional doping and
investigated its photoelectrochemical properties under bandgap excitation. As far as we know, we have demonstrated for
the first time photoelectrochemical hydrogen evolution on
the CuGaO2 electrode by water reduction.

Sintered pellets of CuGaO2 were prepared by a conventional solid-state reaction from the powders of CuO (Aldrich,
99+%) and Ga2O3 (Aldrich, 99.99%). Powder mixtures (with
a molar ratio for CuO:Ga2O3 of 2:1) were pressed into a
pellet (diameter: 6 mm, thickness: 1.0 mm) at a pressure of
200 kg/cm2 and sintered at 1060 oC under N2-flow for 12 h.
The CuGaO2 electrode was prepared by sealing the pellet in
a glass tube using a silver paste rear side contact. The
conductivity and thermoelectric power of the CuGaO2 pellet
were measured with a Keithley model 182 nanovoltmeter, a
model 224 current source, and a model 617 electrometer by
the 4-probe DC method. The UV-visible absorption spectrum was measured using a Varian Cary 1 spectrophotometer
that was equipped with an integrating sphere for use in the
diffuse reflectance mode. The X-ray diffraction (XRD)
pattern was obtained using a Phillips X’Pert-MPD system
with a Cu Kα source and 0.02o/s scan rate. The capacitance
measurement for the Mott-Schottky plot was done with a
PAR 263A potentiostat and Stanford S830 digital lock-inamplifier with an applied AC signal of 10 mV and 1 kHz.
The photoelectrochemical measurements were performed in
a standard three-electrode cell that had a flat quartz window,
using a PAR 263A potentiostat and an ILC Tech. 300 W
Xe(Hg) arc lamp or an Oriel Photomax 200W Hg arc lamp
with a monochromator as a light source. Light intensities
were measured with a Molectron P10 power meter and an
International Light Technologies IL1400-A photometer with
a Si detector. Specific surface area using the Brunauer–
Emmett–Teller (BET) method was measured using a Quantachrome Autosorb-1 analyzer. A scanning electron microscopic (SEM) image was taken with a Hitachi S-2700. The
evolved hydrogen was collected in the headspace of the
electrochemical cell and analyzed using a Shimadzu 14-A
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gas chromatograph with a molecular sieve (5A) column and
a thermal conductivity detector.
Results and Discussion
Figure 1 shows the XRD pattern of the synthesized CuGaO2
pellet. The pattern corresponds to a typical delafossite
structure that has a hexagonal unit cell. The calculated unit
cell parameters from the XRD data were 2.975 and 17.148 Å
for a and c, respectively. These values agree well with the
JCPDS data (a = 2.977, c = 17.171 Å) of CuGaO2.9 The
surface morphology of the CuGaO2 pellet is shown in the
scanning electron microscopic image (Figure 2). The particles,
a few micrometers in size, are fused together and show a
porous structure. The parallel lines on the surface of the large
fused particles indicate the laminar structure of delafossite.
The specific surface area of the pellet, measured using the
BET adsorption method, was 0.16 m2/g. The estimated surface
roughness factor was about 592, taking into account the
geometric size and weight of the pellet.
The UV-visible absorption spectrum of the synthesized
CuGaO2 powder, measured in the diffuse reflectance mode,
is shown in Figure 3. The spectrum shows an interesting
feature that is unlike the normal absorption spectrum of a

Figure 3. Diffuse-Reflectance UV-visible absorption spectrum of
the synthesized powder CuGaO2. (F(R) = (1−R)2/2R: KubelkaMunk function).

semiconductor. One absorption band is located at 300-450
nm and the other absorption starts again at 350 nm. Light
absorption by a semiconductor generally starts at the band
gap energy and is saturated at higher energy. It appears that
there are two interband transitions for CuGaO2. Benko et al.8
reported, based on photoelectrochemical measurements, that
there were two indirect band gap transitions (band gap
energy Eg = 1.19 and 3.4 eV) and one direct transition (2.72
eV) in Ca-doped CuGaO2. Ueda et al.3(b) reported a direct
transition (3.6 eV) from the transmittance spectrum of an
epitaxially grown CuGaO2 thin film. These reports were
estimated from a Tauc plot that was expressed as Eq. (1):
α

Figure 1. XRD pattern of the synthesized CuGaO2 pellet.

Figure 2. SEM image of the synthesized CuGaO2 pellet.

1/n

∝ ( hν – Eg )

(1)

where α is the absorption coefficient, n = 1/2 for a direct
transition and 2 for an indirect transition.10 We also tried to
estimate the type of transition and the band gap energies
from the Tauc plots that were presented both for the direct
(n = 1/2) and indirect (n = 2) transition in Figure 4. The
Kubelka-Munk function, F(R), was used in the plot instead
of α because F(R) is proportional to α in the diffuse reflectance mode. It is difficult to determine whether each

Figure 4. Tauc plots of the direct and indirect transitions for the
synthesized CuGaO2.
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Figure 5. Temperature dependence of the electrical conductivity
of the CuGaO2 pellet.

transition is direct or indirect from these plots, because the
linearity in both plots is not clear. However, we roughly
estimated the two transition energies as 2.7 and 3.7 eV from
the edges of the plots.
Figure 5 shows the temperature dependence of conductivity (σ) for the synthesized CuGaO2 pellet. The good
linearity of logs-vs-T−1 in the temperature range of 100 to
298 K proves that CuGaO2 is a typical semiconductor, whose
conductivity is due to the presence of thermally activated
carriers. The thermal activation energy was estimated to be
0.23 eV from the slope. The measured conductivity at room
temperature was 5.34 × 10− Ω−1cm−1. The Seebeck coefficient (S) that was obtained from the measurement of
thermoelectric power was +360 µV/K at room temperature.
The positive value of the Seebeck coefficient confirms that
the synthesized CuGaO2 is a p-type semiconductor. The
conductivity is one order of magnitude higher and the
Seebeck coefficient is about half that of previously reported
values by Benko et al.8 for Ca-doped polycrystalline
CuGaO2 (σ = 5.56 × 10−3 Ω−1cm−1, S = 790 µV/K) and Gall
et al.11 for undoped CuGaO2 (σ = 3.3 × 10−3 Ω−1cm−1, S =
780 µV/K). However, these values are comparable with
those of the epitaxially grown CuGaO2 thin film (σ =
6.3 × 10−2 Ω−1cm−1, S = 560 µV/K) by Ueda et al..3b It is also
three orders of magnitude higher than that of the nanostructured CuGaO2 film on a FTO electrode (1-10 × 10−6 Ω−1
cm−1), recently reported by Herraiz-Cardona et al..12 By
comparison, in the case of CuAlO2, which has the same
delafossite structure and similar conductivity characteristics,
the conductivity values were reported as 7.32 × 10−4 and
1.69 × 10−3 Ω−1cm−1 for the polycrystalline pellet,13,14 9.5 ×
10−2 or 1.5 × 10−2 Ω−1cm−1 at room temperature,3a,15 and
3.4 × 10−1 Ω−1cm−1 at 300 K for the thin film.16 Therefore,
the conductivity of the synthesized CuGaO2 is 30-80 times
larger than that of the polycrystalline CuAlO2 and is comparable to that of the thin film CuAlO2. If the conduction
process can be explained by small polarons hopping between Cu+ and the carrier, as employed by Benko et al.,8 the
carrier density can be calculated from the measured thermopower using Eq. (2):
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(2)

where No and NA are the densities of Cu+ ions and carriers,
respectively. The estimated NA is 3.5 × 1020 cm−3.17 The
carrier mobility μ was found to be 9.5 × 10−4 cm2V−1s−1 at
room temperature by using the relationship: μ = σ/(NAe).
The estimated carrier density of our CuGaO2 pellet is about
two orders of magnitude higher than the reported values of
the Ca-doped polycrystalline or the epitaxially grown thin
film of CuGaO2 mentioned above. However, the carrier
mobility is much lower than those reported values. This
difference in the electrical properties may arise from using
different synthetic methods: CuO was used here as a precursor under reductive conditions instead of Cu2O that was
used for the other samples mentioned above. Since Cu2+ had
to be reduced to Cu+ during the reaction, there was a greater
chance that unreduced Cu2+ remained in the lattice. This
might explain the higher carrier density in our sample because
Cu2+ can play the role of a carrier if the conduction mechanism is attributed to the hopping of small polarons, as
mentioned above.
Figure 6 shows the cyclic voltammograms for the CuGaO2
electrode in an aqueous solution of 0.1 M KH2PO4 buffered
to pH 4.8. When only positive potentials were scanned,
increasing anodic current was only observed due to the
charging current. Since the electrode is a p-type semiconductor, the capacitive charging current appeared at a higher
positive potential than the flat-band potential due to the
formation of an accumulation layer, depending on the
applied potential.18 On the other hand, when the potential
scan was extended into the region of negative potential,
quasi-reversible peaks appeared in the voltammogram. Since
there were no oxidizable or reducible species in the electrolyte solution except for the solvent water, these peaks
must be due to either the electrode itself or an intercalated
proton. We presume that these peaks were due to the reduction and oxidation of Cu2+ ions, which reside in the CuGaO2

Figure 6. Cyclic voltammograms of the CuGaO2 electrode in 0.1
M KH2PO4. (The difference between two voltammograms is only
the applied potential range. Scan rate: 50 mV/s).
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Figure 7. Mott-Schottky plots of the CuGaO2 electrode in 0.1 M
KH2PO4 (pH 4.8) and K2HPO4 (pH 8.8).

and act as a majority carrier, instead of the redox reaction of
protons, since the peaks were also observed under basic
conditions (0.1 M K2HPO4 solution). This has not been shown
here.
In order to get the flat-band potential (Ef ) of the CuGaO2
electrode, Mott-Schottky plots were obtained from the
capacitance measurement under applied potentials. Figure 7
shows plots of results measured at two different solution pH
values. According to the Mott-Schottky relation, that was
shown in Eq. (3),18 the estimated values of Ef were +0.18 and
+0.02 V vs SCE (saturated calomel electrode) at pH 4.8 and
8.8, respectively.
kT
1 - ------------------2 -⎛
------=
E – Ef – ------- ⎞
2
⎝
e ⎠
eε
ε
N
r o A
Csc

(3)

where εr, εo, and NA are the relative dielectric constant of the
semiconductor, vacuum permittivity, and carrier density of
the semiconductor, respectively. The pH dependence of Ef
roughly followed the Nernst relationship for the change in
Helmholtz layer potential for a metal oxide semiconductor.18
The dielectric constant εr was estimated to be 0.95619 from
the slope of the Mott-Schottky plot and the carrier density
NA, which was evaluated from the thermoelectric power.
This indicates that our CuGaO2 hardly showed any dielectric
properties in comparison with other metal oxide semiconductors.
When the CuGaO2 electrode in 0.1 M KH2PO4 aqueous
solution was irradiated by white light from a Xe(He) arc
lamp with an applied potential of −0.5 V vs SCE in a standard
three-electrode cell, the cathodic photocurrent was measured
and simultaneous gas evolution was observed on the surface
of the electrode. The evolved gas was identified as molecular hydrogen by gas chromatography, as shown in Figure
8. Since there were no other species except for KH2PO4 in
the electrolyte solution, the evolved hydrogen must be
attributed to the reduction of water. The evolution of hydrogen gas persisted as long as the irradiation continued, although
the evolution rate decreased slowly with time. As far as we
know, this is the first time photochemical hydrogen evolu-

Figure 8. (a) Gas chromatograms of the evolved gas at the
CuGaO2 electrode under white light illumination and the applied
potential −0.5 V vs SCE. (b) The time dependence of the evolved
H2 at the same electrode (Light intensity: 1. 5 W/cm2).

tion on a CuGaO2 electrode by water splitting has been
demonstrated.
The photocurrent-potential characteristics were obtained
in 0.1 M KH2PO4 and K2HPO4 solutions using chopped light
(Figure 9). The photocurrent onset potentials were about
+0.4 and +0.2 V vs SCE at pH 4.8 and 8.8, respectively.
They were about 0.2 V more positive than the flat-band
potentials measured from the Mott-Schottky plot at the same
pH values. The photocurrent onset for a normal semiconductor electrode starts at the flat-band potential plus 0.03 V,
and the current saturates at a certain applied potential. In this
case, the photocurrent-potential characteristics were slightly
abnormal. The photocurrent onset potential was about 0.15
V less than the value expected from Ef and the current was
slightly decreased rather than being saturated at high potential.
The shift in photocurrent onset potential might be attributed
to hole trapping due to the surface states under illumination.
The decrease in the photocurrent at high potential might be
caused by augmentation of the dark current due to the direct
reduction of H2O caused by tunneling by the deepened band
becoming bent at high applied potential.
Figure 10 shows the photocurrent action spectrum of the
CuGaO2 electrode in 0.1 M KH2PO4 plotted as incident
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lower energy transition did not contribute to the observed
photocurrent. Since the flat-band potential is + 0.18 V vs
SCE at pH 4.8, the potential of the conduction band electrons, even in the lower energy transition, is high enough to
reduce water at about −2.5 V vs SCE, but no photocurrent
was observed. This implies either the existence of serious
surface states that may accelerate the charge recombination
for the lower energy transition band or that the overpotential
for water reduction on the CuGaO2 surface is very high. In
order to clarify the photoelectrochemical properties of the
CuGaO2 electrode further, we are currently investigating
other factors such as the quantitative relationship between
the photocurrent and the evolved hydrogen, the time-dependence of the photocurrent, and the long-term stability of the
electrode.
Conclusion

Figure 9. Photocurrent-potential curves of the CuGaO2 electrode
in (a) 0.1 M KH2PO4 and (b) 0.1 M K2HPO4 (Light intensity: 1.17
W/cm2, frequency of chopped light: 2.1 Hz, potential scan rate: 10
mV/s. The dark current was subtracted as background).

A p-type semiconductor CuGaO2 polycrystalline pellet
with an electrical conductivity of 5.34 × 10−2 Ω−1cm−1 and
Seebeck coefficient of +360 μV/K was synthesized without
intentional doping with other metals. The conductivity was
found to be considerably higher than previously reported
values for bulk or thin film CuGaO2 due to the high carrier
density (3.5 × 1020 cm−3). These unusual electrical properties
might be explained by high natural doping due to the unusual
synthetic method. Using the synthesized CuGaO2 pellet as a
photoelectrode, the photoelectrochemical water reduction to
molecular hydrogen was demonstrated at a higher potential
than the flat-band potential under UV light illumination
(> 3.6 eV). The flat-band potential of this electrode was
estimated to be +0.32-0.03pH (V vs SCE) in an aqueous
electrolyte solution; the value was determined from the
Mott-Schottky plot.
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