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a b s t r a c t

Surface photovoltage spectroscopy (SPS) was applied to the analysis of particulate La5Ti2CuS5O7 and
SrNbO2N photoelectrodes fabricated by a particle transfer method, as a means of assessing charge sepa-
ration under illumination. The critical roles of the back contact metals and cocatalyst in generating charge
separation and defining various photoelectrochemical properties were confirmed. The results suggests
that SPS in conjunction with particle transfer technology potentially allows the identification of the most
beneficial photoelectrode components for photoelectrochemical water splitting.

! 2017 Elsevier B.V. All rights reserved.

1. Introduction

Oxysulfide and oxynitride semiconductors have received much
attention as potential photocatalysts for renewable hydrogen pro-
duction via sunlight-driven water splitting, owing to their ability to
absorb visible light [1]. As an example, La5Ti2CuS5O7, having an
absorption edge at 650 nm, works as either a photoanode or a pho-
tocathode in conjunction with Ti or Au back electrodes, respec-
tively [2,3]. Series-connected La5Ti2CuS5O7 photoanodes and
photocathodes have been reported to allow photoelectrochemical
(PEC) water splitting without the application of an external bias
under visible light illumination. SrNbO2N absorbs light up to
690 nm and has been shown to function as a photoanode for PEC
water oxidation [4]. In addition, modification with cocatalysts such
as CoPi effectively improves the PEC properties of SrNbO2N pho-
toanodes [5]. In these photoelectrode systems, charge separation
at the interfaces between particulate semiconductors and back
electrodes or cocatalysts evidently affects the PEC properties.
Indeed, charge transfer processes are central to the activation of
oxysulfide and oxynitride photoelectrodes, based on their narrow
band gaps and minimal driving forces for the water splitting
reaction.

Surface photovoltage spectroscopy (SPS) is a powerful tool for
the analysis of charge separation processes in semiconducting
devices such as solar cells, photocatalysts and photoelectrodes

[6–8]. In this technique, the surface photovoltage is measured
under various atmospheres, including under vacuum. During irra-
diation of the sample by monochromatic light, changes in the sur-
face photovoltage resulting from charge separation can be
monitored to obtain a spectrum [9–11]. Charge separation proper-
ties can be evaluated as the sign and the magnitude of the SPS sig-
nal even if photocurrent or product is not observable in non-biased
conditions. When applying this method to the study of particulate
photocatalysts as potential photoelectrodes, it is vital that these
materials have sufficient electrical contact with a back electrode.

Recently, our group reported particle transfer as a novel method
for the fabrication of electrodes based on particulate photocata-
lysts [12]. In this technique, only a few layers of photocatalyst par-
ticles are rigidly embedded into a metal film. Therefore,
composites of various particulate photocatalysts and metal films
exhibiting low contact resistances can be obtained reproducibly.
This is preferable with regard to SPS because the effects of varia-
tions in the film thickness and contact resistance between semi-
conducting particles and the back electrode can be reduced. In
the present work, the charge separation characteristics of highly-
crystalline particulate La5Ti2CuS5O7 and SrNbO2N photoelectrodes
incorporating different back electrodes fabricated by the particle
transfer method were studied by SPS. Our results indicate the sig-
nificant effects of the semiconductor-back contact interface and
the semiconductor-cocatalyst interface on the spatial charge sepa-
ration and the PEC properties.
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2. Experimental

Sc-doped La5Ti2CuS5O7 was synthesized by a solid state reaction
in sealed evacuated tubes [2]. SrNbO2N was obtained by nitriding
Sr2Nb2O7 synthesized using a flux method [5]. Photoelectrodes
composed of Sc-doped La5Ti2CuS5O7 or SrNbO2N were fabricated
via a particle transfer method [12]. The photocatalyst powder
was suspended in 2-propanol and this suspension was dropped
onto a glass plate, then dried at room temperature. In the case of
the Sc-doped La5Ti2CuS5O7 powder, a Ti or Au (>2 lm) metal layer
was deposited by radio-frequency (RF) magnetron sputtering or
thermal evaporation, respectively. For the SrNbO2N powder, a layer
of either Nb or Au (300–400 nm in thickness) was deposited by RF
magnetron sputtering or thermal evaporation, respectively. A thick
Ti layer (>5 lm) was additionally deposited by RF magnetron sput-
tering to ensure the continuity and mechanical strength of the film.
The obtained films incorporating the photocatalyst powder were
transferred to a second glass plate using double-side tape and
ultrasonicated in water to remove particles that were not firmly
held by the metal film.

Current-potential curves were acquired using a three-electrode
configuration under intermittent illumination with simulated AM
1.5G sunlight (San’ei Denki, XES-40S2-CE). A Pt wire and an Ag/
AgCl electrode were used as the counter and reference electrodes,
respectively. The potential was swept at a scan rate of 10 mV s!1

with a potentiostat (HSV-110, Hokuto Denko). The potentials were
calculated using the equation E [VRHE] = E0 [VAg/AgCl] + 0.199
+ 0.0591 " pH. For La5Ti2CuS5O7 photoelectrodes with Au and Ti
electrodes, the electrolyte used was a 0.1 M aqueous sodium sul-
fate solution adjusted to a pH of 10 by NaOH addition [2,3]. In
the case of SrNbO2N photoanodes, the electrolyte was a 0.2 M
aqueous sodium phosphate solution adjusted to a pH of 13 by
NaOH addition. In some cases, a CoPi cocatalyst was deposited by
electrodeposition at 1.7 V vs. reversible hydrogen electrode (RHE)
for 200 s [13].

SPS data were acquired using a vibrating gold Kelvin probe
(Delta PHI Besocke) mounted in a vacuum chamber of our own
design (< 1" 10!4 mbar). Monochromatic light was provided from
a 150W Xe lamp filtered through a grating monochromator (Oriel
Cornerstone 130). Contact potential difference (CPD) spectra were
corrected for drift effects by subtracting a dark scan. In some
experiments, the samples were wetted with methanol and then
dried in an oven at 323 K prior to acquiring spectra.

3. Results and discussion

3.1. La5Ti2CuS5O7 photoelectrodes

Fig. S1 presents an XRD pattern and a diffuse reflectance spec-
trum for Sc-doped La5Ti2CuS5O7 powder and an SEM image of a
Sc-doped La5Ti2CuS5O7/Au electrode. The Sc-doped La5Ti2CuS5O7

had an absorption edge of 650 nm and was evidently composed
of columnar particles. As shown in Fig. 1A, positive and negative
CPD signals were observed when Au and Ti were employed as
the back electrodes, respectively. This indicates that holes
migrated from the Sc-doped La5Ti2CuS5O7 to the back contact
metal while electrons were accumulated on the surface for the
Sc-doped La5Ti2CuS5O7/Au electrode and vice versa for the Sc-
doped La5Ti2CuS5O7/Ti electrode (see Fig. S2). The strong depen-
dence on the substrate suggests that the photovoltage creation in
both cases is due to carrier separation at the semiconductor/back
electrode interface. This result is consistent with photoelectro-
chemical properties presented in Fig. 1B in which La5Ti2CuS5O7/
Au and La5Ti2CuS5O7/Ti electrodes functioned as photocathodes
and photoanodes, respectively. Our previous work also demon-

strates that charge separation at the solid/solid junction between
the La5Ti2CuS5O7 particles and the back electrode determines the
PEC properties [3]. The onset energy for the CPD signals was
1.6 eV for both Sc-doped La5Ti2CuS5O7/Au and Sc-doped La5Ti2-
CuS5O7/Ti electrodes. This value is less than the optical band gap
energy of 1.9 eV, presumably because of excitation involving sur-
face states of intermediate energy.

An energy band diagram for Sc-doped La5Ti2CuS5O7 and the
work functions for Ti (4.33 eV) and Au (5.4 eV) are presented in
Fig. 2A [14,15]. We previously reported that the valence band max-
imum for La5Ti2CuS5O7 was !5.7 V vs. vacuum [3]. Because nega-
tive and positive CPD signals were observed, the Fermi level of Sc-
doped La5Ti2CuS5O7 is considered to be between the work func-
tions of Ti and Au so that a depletion and accumulation layer can
be formed when Sc-doped La5Ti2CuS5O7 is in contact with Ti and
Au (Fig. 2B), respectively. Accordingly, the bands bend up or down,
as shown in the figure. In fact, the Fermi levels for undoped and Ga-
doped La5Ti2CuS5O7 were recently reported to be 0.95 and 0.6 V
more negative than the valence band maximum (!4.75 and
!5.1 V vs. vacuum), respectively [16]. It is reasonable to assume
that Sc-doped La5Ti2CuS5O7 has a similar Fermi level. In the case
of the La5Ti2CuS5O7/Ti electrode, downward band-bending

Fig. 1. (A) Surface photovoltage spectra and (B) current-potential curves for Sc-
doped La5Ti2CuS5O7 photoelectrodes with (a) Au and (b) Ti back electrodes. PEC
measurement were performed under intermittent simulated sunlight (AM 1.5G) in
an aqueous 0.1 M Na2SO4 solution adjusted to pH 10 with NaOH.

M. Kodera et al. / Chemical Physics Letters 683 (2017) 140–144 141



prevents the migration of holes from the La5Ti2CuS5O7 to the Ti
layer, while promoting migration of electrons to the Ti layer. In
contrast, the La5Ti2CuS5O7/Au electrode rectifies the flow of pho-
toexcited carriers in the opposite manner because of the upward
band-bending. Unlike a typical particulate oxynitride and oxysul-
fide semiconductor, La5Ti2CuS5O7 exhibits long carrier lifetimes
and diffusion lengths up to the micrometer range [17–19]. Excited
holes and electrons can therefore migrate over the span of the Sc-
doped La5Ti2CuS5O7 particles and consequently may be trapped at
surface states. As a result, electrons and holes are spatially sepa-
rated, and definite negative and positive CPD signals are experi-
mentally observed for La5Ti2CuS5O7/Ti and La5Ti2CuS5O7/Au
electrodes, respectively. Thus, SPS has been shown to clearly differ-
entiate the PEC properties of Sc-doped La5Ti2CuS5O7 working as
both a photoanode and a photocathode depending on the back
electrode material.

3.2. SrNbO2N photoanodes

An XRD pattern and a diffuse reflectance spectrum obtained
from the synthesized SrNbO2N powder and SEM images of SrNbO2-
N/Nb electrodes are shown in Fig. S3. From these data, it is evident
that well-crystallized SrNbO2N particles without impurity phases
were synthesized. The secondary particles of SrNbO2N were sev-
eral micrometers in size and composed of bundles of columnar
grains. The band gap energy for SrNbO2N was estimated to be
1.85 eV from the diffuse reflectance spectrum, and this value is
consistent with previous reports [4,5]. The SEM images show that
several layers of these SrNbO2N secondary particles were embed-
ded into the metal layer.

Fig. 3 presents SPS results for SrNbO2N/Nb and SrNbO2N/Au
electrodes with and without the CoPi cocatalyst, along with the
corresponding current-potential curves acquired under chopped
simulated sunlight irradiation. Negative CPD signals were observed
for both SrNbO2N/Nb and SrNbO2N/Au electrodes, indicating that
electrons migrated from the SrNbO2N toward the back contact
metals while holes were accumulated on the surface (see
Fig. S2). This is consistent with the finding that the SrNbO2N elec-
trodes exhibited a photoanodic current in the electrochemical
experiments (Fig. 3C). The onset energy for the negative CPD signal
was 1.64 eV. This value is approximately 0.2 eV smaller than the
optical band gap energy and is attributable to the excitation of car-
riers in mid-gap states, such as impurity levels and surface states,
to the conduction band [20,21]. However, the magnitude of the

CPD signal was weak and barely observable when it was compared
with a metal electrode as a control, suggesting low efficiencies of
charge separation at the SrNbO2N/metal interface. After loading
with the CoPi cocatalyst, the intensity of the negative CPD signals
was significantly enhanced. The CPD signal was also increased fol-
lowing treatment with methanol acting as a hole trapping reagent,
as shown in Fig. S4. These results indicate that the CoPi cocatalyst
had the ability to extract holes from SrNbO2N and thereby promote
charge separation at the SrNbO2N/CoPi interface in addition to
reducing the kinetic overpotential for the oxygen evolution reac-
tion. As can be seen from Fig. 3C, the photocurrent densities for
the unmodified SrNbO2N photoelectrodes were all lower than
0.1 mA cm!2 at 1.2 V vs. RHE regardless of the metal (Nb or Au)
at the back contact. However, the photocurrent was increased by
loading CoPi. The increment in the photocurrent upon CoPi loading
was more significant for the SrNbO2N/Nb electrode than for the
SrNbO2N/Au electrode.

As shown in the energy diagrams (Fig. 4), the work functions for
Nb and Au are 4.3 and 5.4 eV, respectively [14,15]. In addition, the
Fermi level for SrNbO2N was determined to be !0.1 V vs. RHE by a
Mott-Schottky analysis (Fig. S5A). Therefore, we believe that an
ohmic contact was formed at the interface between the SrNbO2N
particles and the Nb back electrode and thus the energy barrier
for electron injection into Nb was very small. In contrast, the
SrNbO2N/Au electrodes form a Schottky junction that prevents
electron migration from SrNbO2N particles and the Au layer at
the interface. As a result, SrNbO2N/Nb outperformed SrNbO2N/Au
as a photoanode. This tendency is in accordance with particulate
and single-crystalline SrTiO3 photoanodes [22], where the use of
low work function metals as back electrodes produced more effi-
cient SrTiO3 photoanodes. Interestingly, the enhancement of the
CPD signal by CoPi modification was more pronounced for the
SrNbO2N/Au than for the SrNbO2N/Nb although the enhancement
of the photoanodic current was greater for the latter. The same ten-
dency was observed for the case of the methanol treatment
(Fig. S4). Therefore, the difference of these two photoanodes is
thought to stem from the interface of SrNbO2N particles and the
back electrode material. Presumably, a large density of interfacial
states causes trapping of electrons near the surface of SrNbO2N fac-
ing to the Au electrode. Although further investigations shall be
necessary to discuss the nature of such interfacial states and corre-
late the intensity of SPS signals with the photoelectrochemical
properties of SrNbO2N quantitatively, SPS hints important roles
of the back electrode material in charge separation and trapping

Fig. 2. (A) Energy diagram for Sc-doped La5Ti2CuS5O7 photoelectrodes with different back electrodes. The work functions for metals are from the literatures [14,15]. The
potentials were calculated using the equation E [VRHE] = !E0 [Vvacuum] ! 4.44 [V]. (B) Expected band diagram for Sc-doped La5Ti2CuS5O7/Ti and Sc-doped La5Ti2CuS5O7/Au
interfaces.
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processes owing to its ability to evaluate charge migration at the
SrNbO2N/back electrode and SrNbO2N/cocatalyst interfaces
separately.

4. Summary

The CPD signals for particulate semiconductor electrodes pre-
pared by particle transfer were shown to be affected by both the
semiconductor-back electrode interface and the semiconductor
surface. In the case of La5Ti2CuS5O7, the application of different
back electrode materials affected the charge separation and
thereby the PEC properties of the materials. In the case of SrNbO2N
electrodes, the negative CPD signals were enhanced upon loading
with a CoPi cocatalyst and treatment with methanol because holes
are trapped more efficiently on the surface. This effect is thought to
contribute in part to the higher photocurrent. The use of high work
function Au instead of Nb as the back electrode was found to
enhance the negative CPD signals. However, this did not increase
the photocurrent because of formation of a Schottky type contact.

SPS coupled with particle transfer technology allows to study
charge separation at the interfaces of semiconductor/back elec-
trode and semiconductor/cocatalyst separately in principle for
any material combinations, including those that would be unstable
in aqueous solution during photoelectrochemical measurements,
taking unideal factors characteristic of particulate semiconductors
such as surface trap states created during the sample preparation
processes into account. In reality, the presence of surface states
affects the properties of junction formed at solid/solid interfaces.
Therefore, this method experimentally evaluating charge separa-
tion is potentially a powerful means of identifying desirable back
electrode and cocatalyst materials as key components of particu-
late semiconductor photoelectrodes for more efficient PEC water
splitting.
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