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As a visible light active p-type semiconductor, CuBi2O4 is of interest as a photocatalyst for the generation of

hydrogen fuel fromwater. Here we present the first photovoltage and photocatalytic measurements on this

material and DFT results on its band structure. Single crystalline CuBi2O4 nanoparticles (25.7� 4.7 nm) were

synthesized from bismuth and cupric nitrate in water under hydrothermal conditions. Powder X-ray

diffraction (XRD) confirms the CuBi2O4 structure type and UV-Vis spectroscopy shows a 1.75 eV optical

band gap. Surface photovoltage (SPV) measurements on CuBi2O4 nanoparticle films on fluorine doped

tin oxide yield 0.225 V positive photovoltage at >1.75 eV photon energy confirming holes as majority

carriers. The photovoltage is reversible and limited by light absorption. When dispersed in 0.075 M

aqueous potassium iodide solution, the CuBi2O4 particles support photochemical hydrogen evolution of

up to 16 mmol h�1 under ultraviolet but not under visible light. Based on electrochemical scans, CuBi2O4

is unstable toward reduction at �0.2 V, but a pH-dependent photocurrent of 6.45 mA cm�2 with an

onset potential of +0.75 V vs. NHE can be obtained with 0.01 M Na2S2O8 as a sacrificial electron

acceptor. The photoelectrochemical properties of CuBi2O4 can be explained on the basis of the band

structure of the material. DFT calculations show that the valence and conduction band edges arise

primarily from the combination of O 2p and Cu 3d orbitals, respectively, with additional contributions

from Cu 3d and Bi 6s orbitals just below the Fermi level. Trapping of photoelectrons in the Cu 3d band is

the cause for reductive photocorrosion of the material, while the p-type conductivity arises from copper

vacancy states near the VB edge. These findings provide an improved understanding of the

photophysical properties of p-CuBi2O4 and its limitations as a proton reduction photocatalyst.
Introduction

Articial photosynthesis of hydrogen from water is a prom-
ising avenue for the large scale production of carbon-free
fuels.1 The sunlight driven water splitting reaction is most
efficiently accomplished with semiconductors linked in series
using a Tandem or z-scheme conguration, like in natural
photosynthesis.2–5 Powdered photocatalysts for this process
should be made of metal oxides to withstand the corrosive
environment during water electrolysis.6 While there are
a great number of n-type metal oxides that function as pho-
toanode materials, the regime of photocathodes is dominated
by p-doped II–VI, III–V, and group IV compounds, including
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p-CuGaSe2(CGS),7 p-Cu2ZnSnS4 (CZTS),8 p-GaInP2,9 p-GaN,10

and p-Si.11 Only a handful of visible light active p-metal oxides
have been reported to date, many of which owe their p-type
character to the presence of Cu(II) impurity states, as in Cu2O.
Cuprous oxide itself is unstable under cathodic and anodic
bias,12,13 and the hope is to achieve greater stability in mixed
metal oxides.14,15 Many of these p-type oxides, incl. p-
CuCrO2,16 p-CuAlO2,17 p-CuGaO2

18 and p-CuFeO2
19,20 crystal-

lize in the ABX2 delafossite structure type, where the linearly
coordinated A cations form sheets and the B cations form
edge-shared MO6 octahedra. In 2007, Arai et al., identied
CuBi2O4 during a combinatorial screening as a potential
proton reduction photocathode.21,22 Unlike delafossites,
CuBi2O4 contains stacks of square planar Cu(II)O4 groups
linked to distorted trigonal Bi(III)O6 polyhedra.23 Based on
photocurrent measurements,22,24 CuBi2O4 is p-type and has an
optical band gap of 1.8 eV.25 In subsequent syntheses the
material was obtained as lms from electrochemical or
chemical deposition followed by thermal annealing.24,25 Pure
CuBi2O4 particles were obtained by solid state and hydro-
thermal syntheses.23,26–28 The protocols by Xie26 and Patil27
J. Mater. Chem. A
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afford nanoparticles of a dendritic shape, which is not
optimal for integration into tandem photocatalysts, whereas
the synthesis by Abdulkarem28 can be tuned from dendritic
nanostructures to nanorods, depending on the Cu precursor
concentration. Here we report the rst assessment of CuBi2O4

nanocrystals as a suspended photocatalyst for H2 evolution,
photovoltage data, and the results of DFT band structure
calculations. The results show that while dry CuBi2O4 nano-
crystal lms can generate over 200 mV reversible photovoltage
under visible light illumination, the photoelectrochemical
properties of wet lms are limited by cathodic photo-
corrosion. According to DFT, photocorrosion is caused by
trapping of photoelectrons in the Cu 3d band and the p-type
conductivity of the material is due to copper vacancy states
near the valence band edge.
Results and discussion

CuBi2O4 was prepared by the published hydrothermal reac-
tion,26 aer systematic optimization of reagent amounts.
Transmission electron micrographs of the resulting CuBi2O4

sample are shown in Fig. 1A. The particles are irregularly sha-
ped with an average particle size of 25.7 � 4.7 nm. The crys-
tallinity and phase conrmation of CuBi2O4 by powder X-ray
diffraction is presented in Fig. 1B. The XRD pattern matches the
Fig. 1 (A) TEM images of CuBi2O4 and size histogram. (B) Powder X-
ray diffraction pattern with the index from JCPDS card 042-0334.

J. Mater. Chem. A
JCPDS database (042-0334) and previous reports, respec-
tively.24–28 No peaks from impurity phases were observed.

The crystal size was estimated using the Scherrer equation
from the diffraction peak widths at half maxima and was found
to be about 28 nm. This means that the particles are single
crystals.

Diffuse reectance UV spectra were taken to obtain the
Kubelka–Munk plot in Fig. 2A. Based on the absorption edge,
the band gap of the material is 1.75 eV, close to the 1.80 eV
value reported by Hahn et al.25 This absorption is responsible
for the brownish appearance of the material (inset in Fig. 2A).
To investigate photochemical charge transfer in CuBi2O4

nanoparticles, Surface Voltage Spectroscopy (SPS) was
employed.29,30 In this technique, a light-induced change of the
contact potential difference (CPD, versus gold Kelvin probe) of
a sample lm is recorded as a function of the irradiation
wavelength/energy (Fig. S1†).31 Depending on the direction of
charge transport, this produces either positive or negative
photovoltage.

Spectra obtained in this way provide information about the
carrier type,32 mid gap states,33,34 defects,35 and electrochemical
reactions at interfaces,36 without the need for a liquid interface
as in electrochemistry, for example. A spectrum of the CuBi2O4

lm on uorine-doped tin oxide (FTO) is shown in Fig. 2A. The
Fig. 2 (A) Kubelka Munk and surface photovoltage spectra of CuBi2O4

on FTO substrates. (B) Time-dependent surface photovoltage spec-
trum of CuBi2O4 nanoparticles under 2.71 eV monochromatic illumi-
nation (240 mW cm�2).

This journal is © The Royal Society of Chemistry 2016
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positive sign of CuBi2O4 nanoparticles indicates the transport of
holes towards the substrate and away from the Kelvin probe, as
shown in the inset in Fig. 2B. This is similar to what was
observed for NiO,37 and conrms the p-type character of
CuBi2O4. The photoonset at 1.75 eV coincides with the optical
band gap of CuBi2O4. This shows that the material is free from
optically active defects. A time-dependent photovoltage
measurement under 2.71 eV illumination (Fig. 2B) was per-
formed to gain insight into the charge separation dynamics in
a 4300 nm thick CuBi2O4 lm. On illumination, a stable positive
signal (+0.21 V) develops within �1 s. When the light is turned
off, the signal decays to zero over the same period of time. This
fast and reversible charge separation indicates that deep charge
traps are absent and that there is no signicant photocorrosion
under these conditions, as expected for a good photovoltaic
material.38

Previous studies indicate a dependence of the maximum
photovoltage on the absorber lm thickness.32,39 In order to
study this effect, the CuBi2O4 lm thickness on FTO was varied.
The spectra in Fig. 3 resemble those in Fig. 2, except for the
Fig. 3 (A) Surface photovoltage spectra of CuBi2O4 nanoparticles on
FTO and (B) peak photovoltage (DCPDmax) as a function of thickness
(with error bars in red). Measurement configuration and Xe spectrum in
Fig. S1.† Thickness determined by profilometry as shown in Fig. S2.†
The hatched line is shown to emphasize the size trend.

This journal is © The Royal Society of Chemistry 2016
presence of local maxima at 2.0, 2.4, 2.7 and 3.1 eV. These are
due to intensity variations of the Xe light source (spectrum in
Fig. S1†).

For the thicker lms, the maximum photovoltage shis to
2.7 eV as a result of the lower light penetration depth at higher
photon energy. The voltage increases monotonically with the
lm thickness, peaks at +0.239 V for the 7.2 mm thick lm, and
then declines slightly to +0.227 V for the thickest lm (10.3 mm).
Assuming that 7.2 mm thickness is required to absorb 99% of
the photons, the optical penetration depth dp at 2.7 eV can be
estimated as 3.6 mm, and the absorption coefficient a ¼ 2700
cm�1, according to a ¼ dp

�1. Even though the 2.7 eV light no
longer reaches the bottom 3 mm of the 10.3 mm lm, the pho-
tovoltage only shows a minor decrease. This means that hole
transport is very efficient in CuBi2O4, and the hole-diffusion
length of the material is on the order of the lm thickness (10
mm). This makes CuBi2O4 interesting as a potential hole-
conductor for solar cells,40–42 and for thin lm photovoltaics.43

Based on the photovoltage data, CuBi2O4 particles should also
function as a proton photoreduction catalyst in the presence of
a sacricial donor. The H2 evolution performance of 50 mg of
the material dispersed in 0.075 M KI solution is shown in Fig. 4.
Indeed, aer a small induction period, CuBi2O4 produces H2

with rates of up to 16 mmol h�1, under UV/Vis illumination from
a Xe arc lamp. However, the rate deteriorates aer 6 h and the
total amount of evolved H2 (95 mmol) only slightly exceeds the
molar amount of the catalyst (91 mmol), corresponding to a TON
of 1.1 over the 6 h illumination period. Under visible light
illumination (>400 nm) no H2 is produced from KI solution, but
small amounts (<1 mmol) can be observed from aqueous
methanol (Fig. S3†), even in the presence of platinum as
a cocatalyst.

To determine the reasons for the low H2 evolution activity of
CuBi2O4, photoelectrochemical scans of CuBi2O4 lms were
Fig. 4 H2 evolution from 50 mg CuBi2O4 nanoparticles in 100 mL of
0.075 M aqueous KI solution containing pH 7.2 buffer (0.05 M
NaH2PO4/0.05 M Na2HPO4) under visible (240 mW cm�2 at the flask)
or UV/Vis light (24 mW cm�2 at the flask between 200 nm and 380
nm). Inset: photos of CuBi2O4 powder before and after irradiation.

J. Mater. Chem. A
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conducted under full spectrum illumination from a Xe lamp (40
mW cm�2) as a function of pH. In aqueous 0.1 M K2SO4 solution
only very small cathodic photocurrents (<1 mA cm�2) were
observed (Fig. S4†), but the addition of 50 mg of Na2S2O8 as
a sacricial electron acceptor boosts the current to above 8 mA
cm�2 (Fig. 5A). The size of the photocurrent is largest for basic
solution and decreases monotonically as the pH is lowered to 3.
At the same time, the photoonset potentials shi from +0.87 V
vs. NHE for the pH 13 solution to +0.6 V at pH 3. This shi is
opposite of what would be expected from the Nernst equation,
dEF ¼�59 mV� pH,23 and has been previously attributed to the
reduction of CuBi2O4.25 Indeed, electrochemical scans in the
dark (Fig. 5B) show the reduction of CuBi2O4 at �0.2 V vs. NHE
(pH ¼ 3), approximately 0.5 V before reduction of protons
occurs (at �0.7 V in pH ¼ 3). At pH ¼ 10 the reductive dark
current is weaker, indicating improved stability of the material.
This behaviour is similar to what was observed by the Buddie
Mullins group.25 Finally, under reductive bias, CuBi2O4 lms
turn black (inset in Fig. 5B) similar to irradiated CuBi2O4

particles in solution. This conrms that the photochemical
deactivation under H2 evolution conditions is due to reduction.
Fig. 5 Photocurrent (A) and dark (B) scans of CuBi2O4 nanoparticles
on FTO substrates in 0.1 M K2SO4, 50 mg Na2S2O8 under different pH
conditions. Light source: Xe arc lamp (full spectrum, 40 mW cm�2).

J. Mater. Chem. A
Finally, we employ DFT+U p-DOS (p: projected density of
states; U: Hubbard-based correction parameter) calculations to
analyze the photophysical properties of CuBi2O4. Fig. 6A shows
the electronic band structures of CuBi2O4 with and without
copper vacancy defects. It can be seen that the direct band gap
of pristine CuBi2O4 of 1.90 eV at X is slightly higher than the
experimentally observed one of 1.75 eV. This discrepancy can be
overcome by introducing defects into the lattice. According to
Fig. S5,† Cu vacancies and Cu substitution on Bi sites are the
most probable defects under oxygen-rich single phase growth
conditions (formation energies �1.5 eV), but only the Cu
vacancies reproduce the experimentally observed optical band
gap of 1.75 eV (the band structure of CuBi2O4 with Cu substi-
tution defects is shown in Fig. S6†). These Cu vacancies also
lead to empty states in the CuBi2O4 valence band, explaining the
observed p-type activity of the material. According to the p-DOS
diagram in Fig. 6B, the valence and conduction band edges of
CuBi2O4 arise primarily from the combination of O 2p and Cu
3d orbitals, respectively, with additional contributions from the
Cu 3d and Bi 6s orbitals just below the Fermi level. Trapping of
photoelectrons in the Cu 3d band is the cause for the observed
reductive photocorrosion of the material. Fig. 7 shows
a simplied energy diagram of the compound together with
electrochemical potentials of donors and acceptors. Visible
Fig. 6 (A) The DFT+U electronic band structures of (left) pristine
CuBi2O4 and (right) VCu – CuBi2O4. The Fermi level (EF) is set at 0 eV.
The presence of VCu leads to partial occupation of the bands around
the VB edge. This gives rise to p-type behavior in CuBi2O4. (B) The
DFT+U projected density of states of VCu – CuBi2O4.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Energy scheme of the CuBi2O4 photocatalytic system at the
point of zero charge.
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light excitation (1.75–3.00 eV) of the material promotes elec-
trons from the valence band into the Cu 3d band, while UV
illumination (>3.1 eV) populates the more reducing Bi 3p states
above. The Cu 3d band is positive of the proton reduction
potential, but the Bi 3p band is not. This explains why hydrogen
evolution from CuBi2O4 requires UV excitation.

Fig. 7 also contains an estimate of the Fermi level of the
material. Because of photocorrosion in solution, this value
cannot be obtained from the cathodic photoonset potentials in
Fig. 5A. Instead EF is estimated from the photovoltage spectra in
Fig. 3. Based on the +0.225 V experimental photovoltage, the
Fermi level under illumination is located between +0.7 and +1.3
V, in the middle of the Cu d and O p valence band. Overall, Fig. 7
provides an understanding of the photochemical properties of
the CuBi2O4/H2O system and of the photovoltage of CuBi2O4

lms on FTO.
Conclusions

In conclusion we have shown that well dened CuBi2O4 nano-
crystals can be obtained by hydrothermal synthesis of Cu and Bi
nitrate in aqueous solution. Surface photovoltage measure-
ments conrm the p-type character and a 1.75 eV effective band
gap of the compound. Under vacuum, CuBi2O4 nanocrystal
lms generate a reversible photovoltage of up to +225 mV with
no apparent photocorrosion or trapping of charge carriers, but
in Na2SO4 electrolyte solution CuBi2O4 undergoes reductive
photocorrosion at �0.2 V NHE. This electrochemical instability
limits the ability of the compound to catalyse hydrogen evolu-
tion under visible light. DFT calculations show that the 1.75 eV
band gap and the p-type conductivity of CuBi2O4 are due to Cu
vacancies in the lattice and that photocorrosion of the
This journal is © The Royal Society of Chemistry 2016
compound is due to trapping of photoelectrons in the Cu
d band near the conduction band edge. These ndings provide
an improved understanding of the photophysical properties of
p-CuBi2O4. Photocorrosion limits the use of CuBi2O4 as a proton
reduction photocatalyst, but the photovoltage data suggest that
the material could nd applications as an absorber for photo-
voltaic devices.

Experimental
Chemicals

Bi(NO3)3$5H2O (Acros Organics, 99.9%), CuSO4$5H2O (Merck,
98%), and NaOH (Fisher Scientic, 100%) were used as
received. Water was puried to 18 MU cm resistivity using
a Nano-pure system.

Synthesis

Preparation of CuBi2O4.26 In a typical experiment, Bi(NO3)3-
$5H2O (0.485 g, 1 mmol) was dissolved in 20 mL of water in the
presence of conc. nitric acid (0.7 mL). Aer stirring for 2 h,
a clear solution was obtained. Then, 10 mL aqueous CuSO4-
$5H2O (0.124 g, 0.5 mmol) was added to the above solution
which is followed by the addition of 15 mL of aqueous NaOH
solution (1.0 M) until a green-blue precipitate is obtained. The
complete mixture was then transferred into a Teon lined
autoclave, which was heated to 120 �C for 20 h. Aer cooling
down to room temperature, the obtained black product was
centrifuged, washed several times with water and dried under
vacuum overnight to yield 0.256 g of product.

Characterization

Powder XRD scans were performed using a Bruker D8 Advanced
diffractometer with CuK radiation and a monochromatic
wavelength of ¼ 0.154 nm. Transmission electron microscopy
(TEM) images were recorded using a Philips CM12 at 120 kV.
The samples for TEMwere prepared by dispersing about 5mg of
sample in 2 mL of water by sonication for about 20 minutes.
Then, about 20 mL of suspended nanoparticles were dropped
onto carbon coated Cu-grids using a micropipette and allowed
to dry in air naturally. UV/Vis diffuse reectance spectra were
recorded on a Thermo Scientic Evolution 220 UV Vis spec-
trometer equipped with an integrating sphere. Surface photo-
voltage (SPV) measurements were conducted under vacuum (2.5
� 10�4 mBar) on CuBi2O4 lms on FTO and gold substrates,
respectively. A gold Kelvin probe (Delta PHI Besocke) served as
the reference electrode. Samples were illuminated with mono-
chromatic light from a 150 W Xe lamp ltered through an Oriel
Cornerstone 130 monochromator (< 0.25 mW cm�2). The CPD
spectra were corrected for dri effects by subtracting a dark
scan. For photoelectrochemical measurements, thin lms of
CuBi2O4 nanoparticles were prepared by drop coating on F:SnO2

(FTO) substrates followed by air annealing at 300 �C for 2 h. The
CuBi2O4 coated electrode was connected in a 3-electrode
conguration with a Pt counter electrode and a saturated
calomel reference electrode (SCE). Aqueous electrolyte solution
(0.1 M K2SO4) and an electron scavenger (50 mg, Na2S2O8) were
J. Mater. Chem. A

http://dx.doi.org/10.1039/c5ta07040f


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
9 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

D
av

is
 o

n 
19

/0
1/

20
16

 2
2:

55
:5

2.
 

View Article Online
added to the cell and bubbled with N2 gas to remove all dis-
solved oxygen prior to scanning. The system was calibrated
versus NHE using the redox potential of K4[Fe(CN)6] at +0.358 V
vs.NHE. For photochemical H2 evolution, 50 mg of CuBi2O4 was
dispersed in 20% aqueous methanol or 0.075 M KI solutions
containing 0.05 M NaH2PO4/0.05 M Na2HPO4 at pH 7.2 and the
evolved gas was analyzed with a gas chromatograph (Varian
3800). All irradiation experiments were performed in a quartz
ask using a 300W Xe arc lamp with or without a sodium nitrite
longpass (>400 nm) lter.
Computations

DFT calculations were performed within the framework of the
standard frozen-core projector augmented-wave (PAW)44,45

method as implemented in the Vienna ab initio simulation
package (VASP)46,47 code. Exchange and correlation potentials
were treated in the generalized gradient approximation (GGA)
as parameterized by Perdew–Burke–Ernzerhof (PBE).48,49 The
basis sets were expanded with plane waves with a kinetic-energy
cut-off of 400 eV. The shortcomings of DFT—i.e., the underes-
timation of electron localization for systems with localized
d and f electrons50–52 were rectied using the Hubbard U
parameter.50,53,54 In the present work, we have used Ueff ¼ 6 eV,
(Ueff ¼ U � J ¼ 7 � 1 ¼ 6 eV, J ¼ Stoner exchange parameter),
which externally provides a Coulomb correlation with the Cu 3d
orbital. We chose this value of Ueff to be consistent with the
previous work on a Cu–Bi–O derived compound.55 A 9 � 9 � 13
Monkhorst–Pack56 k-point sampling was used for ion relaxation;
however, density-of-states (DOS) and optical absorption calcu-
lations were done with higher 11 � 11 � 13 k-point sampling.
For the defect calculations, we constructed a supercell con-
taining 112 atoms. A 5 � 3 � 5 k-point sampling was used for
defect-induced calculations.
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