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Broader context

A p/n-photoelectrochemical (PEC) cell based on two-step excitation has
attracted much attention as a potential means for realizing articial
photosynthesis with the solar-to-fuel conversion efficiency reaching 10%.
In order to archive high efficiency, a photocathode with positive onset
La5Ti2CuS5O7 doped with Sc in Ti sites generates photocathodic

current at +0.88 V vs. RHE in photoelectrochemical water splitting and

shows eight times higher photocurrent than undoped La5Ti2CuS5O7.

The particle transfer method enabling good electrical contact and p-

type doping increasing the majority carrier concentration contributes

to the enhanced photoelectrochemical activity.

potential for photocurrent is needed. La5Ti2CuS5O7 is a semiconducting
material applicable to PEC water splitting, although the characters and
the potential of the material as photoelectrodes were not revealed
sufficiently because of the lack of suitable fabrication methods of
La5Ti2CuS5O7 photoelectrodes. In this study, we used the particle transfer
method to fabricate photoelectrodes of well-crystalline La5Ti2CuS5O7

particles. The resultant La5Ti2CuS5O7 photocathodes generated eight
times higher photocathodic current than those with lower crystallinity
prepared by pulsed laser deposition. The photocurrent of a La5Ti2CuS5O7

photocathode was further boosted by p-type doping. Particularly, doping
La5Ti2CuS5O7 with 1% Sc in Ti sites resulted in the photocurrent onset
potential of +0.88 V vs. RHE, which was one of the most positive potentials
among ever-existing single p-type semiconductor photocathodes. The
above remarkable properties revealed that particle transfer and p-type
doping render La5Ti2CuS5O7 one of the most promising photocathode
materials for a p/n-PEC cell. Boosting the photocathodic current of
La5Ti2CuS5O7 further contributes to efficient solar hydrogen production.
Photoelectrochemical (PEC) water splitting is an important
technology for realizing articial photosynthesis. Through
photoexcitation of semiconductor electrodes by solar photons,
H2 and O2 are produced from water at the surface of p-type and
n-type semiconductor electrodes, respectively. Many semi-
conductors can generate a high photocurrent attributable to
hydrogen or oxygen production when a sufficient external
voltage is applied. However, it is likely that no single semi-
conductor electrodes can accomplish unassisted PEC water
splitting at an appreciable rate under sunlight because of
misalignment of the band edges with respect to the H2 and O2

evolution potentials or otherwise large band gap energies.1–6

A p/n-PEC cell based on two-step excitation of an electrically
connected photocathode and photoanode has attracted much
attention as a solution to the problem, because this system can
generate sufficient photovoltage to drive the water splitting
reaction and is potentially suitable for large-scale applica-
tions.7–12 Althoughmany p/n-PEC cells have been reported,13–16 it
is still a challenging task todevelop ap/n-PECcell that can realize
the target solar-to-fuel conversion efficiency of 10% for practical
articial photosynthesis.17,18 The efficiency of a p/n-PEC cell is
greatly affected by the onset potentials of photocathodes and
g, School of Engineering, The University of

okyo, Japan. E-mail: domen@chemsys.t.

g, School of Engineering, The University of

7-8589 Chiba, Japan

(ESI) available: Experimental details,
activity of doped La5Ti2CuS5O7. See

hemistry 2014
photoanodes, because the maximum operation current density
is determined by the intersection of the current–potential curves
of the respective photoelectrodes.19–22 Concerning photocath-
odes, as the onset potential of the photocathodic current
becomes more positive, more efficient p/n-PEC cells can be
fabricated. Thus, p-type semiconductor photocathodes with
positive onset potentials need to be developed.

La5Ti2CuS5O7 is an oxysulphide p-type semiconductor that
exhibits photocatalytic activity for both water reduction and
oxidation under visible light irradiation in the presence of
sacricial reagents.23,24 In addition, La5Ti2CuS5O7 photo-
electrodes prepared by pulsed laser deposition (PLD) and
subsequent annealing under H2S ow generated a photo-
cathodic current. However, the photocathodic response was
rather weak, presumably because of the low crystallinity of the
La5Ti2CuS5O7 thin lm prepared by PLD. Rening the synthesis
conditions revealed that La5Ti2CuS5O7 with better crystallinity
Energy Environ. Sci., 2014, 7, 2239–2242 | 2239
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Fig. 1 XRD patterns for (a) the reference La5Ti2CuS5O7 (ICSD
#99612),23 (b) La5Ti2CuS5O7, (c) La5Ti2CuS5O7(S), and (d) 1% Sc-doped
La5Ti2CuS5O7(S). Triangles indicate impurity peaks weakened by add-
ing excess sulphur.
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View Article Online
had higher photocatalytic activity.25 It is natural to expect that
La5Ti2CuS5O7 with better crystallinity could exhibit higher PEC
activity for water splitting as a photocathode. Unfortunately,
methods to fabricate photoelectrodes of oxysulphide semi-
conductor particles had been lacking until very recently.

The particle transfer (PT) method can be used to fabricate
photoelectrodes from semiconductor powders. A contact layer
and a conductor layer of metals are deposited directly onto a
photocatalyst particle layer to improve the electrical contact
between the particles and metal layers.26,27 For example, a photo-
anode of LaTiO2N particles exhibited a photoanodic current 50
times higher than that obtained from a photoanode prepared on
uorine-doped tin oxide (FTO) by electrophoretic deposition at
+1.23 V vs. reversible hydrogen electrode (RHE). This novel fabri-
cationmethodcannot only provide a goodelectrical contact at the
interface between the conductive layer and photocatalyst parti-
cles, but also allow the application of highly crystalline semi-
conductor particles. In fact, PEC properties of copper gallium
selenide electrodes fabricated by the PT method were studied
recently.27Therefore,PTwill enable investigation into the intrinsic
PEC properties of high-crystallinity La5Ti2CuS5O7 powder.

In this study, the performance of La5Ti2CuS5O7 photo-
electrodes fabricated by the PT method was assessed. Further-
more, doping with aliovalent cations was investigated as a way
to improve the PEC activity. It was found that the addition of a
small amount of sulphur during the synthesis of La5Ti2CuS5O7

and the doping of Sc into Ti sites improved the photocathodic
response signicantly. The onset potential of the photocathodic
current was +0.88 V vs. RHE, one of the most positive potentials
ever obtained by a single p-type semiconductor photocathode,
including CIGS and GaInP.28,29

La5Ti2CuS5O7 was prepared by a solid-state reaction. For
metal-doped samples, the amount of TiO2 or La2O3 was reduced,
and the corresponding amounts of Ta2O5, Nb2O5, Sc2O3, Ga2O3,
or CaO were added. La5Ti2CuS5O7 samples prepared in the
presence of excess sulphur to avoid the generation of
sulphur defects are designated La5Ti2CuS5O7(S) in this work.
La5Ti2CuS5O7 photocathodes were fabricated by the PT method.
A 2 mm thick Au layer was deposited on the sample as a back
contact layer by vacuum evaporation, and a 1 nm thick Pt layer
was deposited as a catalyst by radio frequency magnetron
sputtering unless otherwise noted. Photocurrent measurements
were performed in a three-electrode conguration. A 0.1 M
aqueous Na2SO4 solution, whose pH was adjusted to 10 by
NaOH, a Pt wire, and a Ag/AgCl electrode in a saturated KCl
solution were used as electrolyte solution, counter electrode,
and reference electrode, respectively. A 300 W Xe lamp was used
as a light source. Photoelectrodes were irradiated through a
cutofflter (l > 420 nm). Other experimental details are provided
in the ESI.†

Fig. 1 shows X-ray diffraction (XRD) patterns of representa-
tive La5Ti2CuS5O7 powders. The sample prepared from a stoi-
chiometric mixture of the precursors exhibited diffraction
peaks attributable to La5Ti2CuS5O7 and unknown impurities, as
in a previous study.23 The impurities are presumably mixed
oxides of La–Ti–O. Upon the addition of excess sulphur into the
precursor mixture, some of the impurity peaks disappeared.
2240 | Energy Environ. Sci., 2014, 7, 2239–2242
Adding excess sulphur into the precursor increased the partial
pressure of sulphur during the heat treatment. Similar
approaches are taken for the synthesis of some oxides: tetra-
valent titanium ions could be reduced and oxygen vacancies
were formed during the annealing synthesis of a titanium-based
oxide semiconductor,30 although this process could be sup-
pressed by heating in an oxygen atmosphere.31 The major
diffraction peaks for all the La5Ti2CuS5O7(S) doped with 1% Sc,
Ga, Nb, Ta, and Ca (Fig. 1 and S1 in ESI†) were assigned to the
La5Ti2CuS5O7 phase. Scanning electron microscopy (SEM)
images (Fig. S2 in ESI†) revealed that all the samples exhibited
columnar particles and that doping with metal ions did not
affect the particle morphologies signicantly. UV-vis diffuse
reectance spectra (DRS) of the prepared samples (Fig. S3 in the
ESI†) showed that the absorption edge of the doped samples
were all close to 650 nm, which is comparable to that of
undoped La5Ti2CuS5O7(S). These results indicate that the
La5Ti2CuS5O7 phase was obtained as the main product in the
synthesis of the doped La5Ti2CuS5O7(S).

The current–potential (I–E) curves of La5Ti2CuS5O7 photo-
cathodes in aqueous solution under chopped illumination are
plotted in Fig. 2. The onset potential of the photocurrent, i.e.,
where the photocathodic current exceeded 2 mA cm�2, for the
La5Ti2CuS5O7 photocathode was +0.47 V vs. RHE, which was
comparable to our previous work,24 and the photocurrent at 0 V
vs. RHE was improved by about an order of magnitude. This
suggests that the La5Ti2CuS5O7 photocathodes prepared by the
PT method had a lower series resistance than those prepared by
the previously reported PLDmethod. The onset potential for the
photocathodic current in La5Ti2CuS5O7(S) was +0.80 V vs. RHE,
more positive by approximately 0.3 V, presumably because the
formation of impurity phases was suppressed by the addition of
excess sulphur into the precursor. The onset potential for the
1% Sc-doped La5Ti2CuS5O7(S) photocathode was even more
anodic: +0.88 V vs. RHE. In addition, the photocurrent density
for the 1% Sc-doped La5Ti2CuS5O7(S) photocathode was 0.80
mA cm�2 at 0 V vs. RHE, i.e., roughly eight times higher than
that for the undoped sample. Sc-doped La5Ti2CuS5O7(S)
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 I–E curves for (a) La5Ti2CuS5O7 and (b) undoped, (c) 1% Sc-
doped, (d) 1% Ga-doped, (e) 1% Ca-doped, (f) 1% Ta-doped, and (g) 1%
Nb-doped La5Ti2CuS5O7(S) photocathodes under chopped illumina-
tion. Pt was deposited by sputtering for H2 evolution. Electrolyte,
Na2SO4 aq (pH 10); light source, 300 W Xe lamp (l > 420 nm).

Fig. 3 XRD patterns for (a) undoped, (b) 1% Sc-doped, (c) 3% Sc-
doped, (d) 5% Sc-doped, and (e) 10% Sc-doped La5Ti2CuS5O7(S).
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photocathodes modied with Ni instead of Pt also exhibited
positive onset potential and the photocathodic current near the
onset potential was comparable (Fig. S4 in the ESI†). This is
encouraging in view of establishment of p/n-PEC cells, because
the photocathodic current at the positive potential is a critical
factor determining the overall efficiency. To determine the
durability of La5Ti2CuS5O7 photocathodes, the time course of
the photocurrent was measured at 0 V vs. RHE (Fig. S5 in the
ESI†). Sc-doped La5Ti2CuS5O7 showed a photocurrent eight
times higher than that for the undoped sample and maintained
the photocathodic current for 2 h. The incident photon-to-
current efficiency (IPCE) of the sample was 0.97% at 420 nm at
0 V vs. RHE and reached zero at 660 nm, as shown in Fig. S6 in
the ESI,† which corresponded well to the absorption onset of
the material. An enhanced PEC activity was also observed for
La5Ti2CuS5O7(S) doped with 1% Ga and 1% Ca (Fig. 2). In
contrast, Ta- and Nb-doped La5Ti2CuS5O7(S) showed lower PEC
activity. These results suggest that an increase in the majority
carrier concentration in La5Ti2CuS5O7 by p-type doping, i.e.,
doping with lower-valence cations, such as doping Sc3+ and Ga3+

into Ti4+ sites or doping Ca2+ into La3+ sites, improved the PEC
activity. Various p-type dopants are currently being investigated
to improve the PEC activity of La5Ti2CuS5O7.

One might suspect that doping of Sc3+ into Ti4+ would cause
oxidation of Cu+ in La5Ti2CuS5O7 to Cu2+ to maintain the charge
balance of the material and deteriorate the semiconducting
properties arising from Cu+. Thus, changes in the valence states
of La5Ti2CuS5O7 doped at various levels of Sc were determined
by Cu-K edge X-ray absorption near edge structure (XANES)
This journal is © The Royal Society of Chemistry 2014
spectra. As shown in Fig. S7 in the ESI,† the X-ray absorption
edge did not shi signicantly with the Sc doping level, which
suggested that the valence state of Cu+ was maintained in Sc-
doped La5Ti2CuS5O7. Another concern would be the segregation
of Sc species from the La5Ti2CuS5O7 phase, that is, unsuccessful
Sc doping. However, the XRD peaks clearly shied toward
smaller diffraction angles with increasing Sc doping
level (Fig. 3), conrming that Sc was incorporated into the
La5Ti2CuS5O7 structure. The above ndings suggest that the
semiconducting properties of p-type La5Ti2CuS5O7 were
enhanced by doping it with Sc.

The PEC performance of La5Ti2CuS5O7(S) photocathodes
doped with Sc or Ga at different doping levels is listed in Table 1.
The PEC activity of La5Ti2CuS5O7(S) was improved by p-type
doping. The photocurrent increased dramatically with
increasing Sc doping level, reaching its maximum at 1%, and
tended to decline gradually beyond 1%. Fig. 3 and Table 1 show
that the full width at half maximum (FWHM) of the (501) and
(304) diffraction peaks increasedwith increasing Sc doping level.
Thus, the lower PEC performance at high doping levels may be
due to the lower crystallinity of Sc-doped La5Ti2CuS5O7(S). In
addition, the ionic radius of Sc3+ (88.5 pm) is 19% larger than
that of Ti4+ in the six-coordination state. As the doping level of Sc
into theTi sites increased, so did the likelihood that part of the Sc
species would be segregated. Nonstoichiometric cation compo-
sitions could enhance undesirable charge recombination and
reduce the PEC activity of Sc-doped La5Ti2CuS5O7.

None of the doped La5Ti2CuS5O7 exhibited a higher H2

evolution rate than the undoped sample in the photocatalytic
H2 evolution reaction, unlike in the case of PEC H2 evolution
(Fig. S8 in the ESI†). The opposite trend may be observed
because an external voltage can be applied to the photocathodes
so that photogenerated holes and electrons are forced to
migrate to the back contact and the surface of the La5Ti2CuS5O7

photoelectrodes, respectively, but not in the case of suspended
La5Ti2CuS5O7 particles. Additionally, in the photocatalytic
reaction, both holes and electrons have to migrate to the
surface. These factors would change the effects of element
Energy Environ. Sci., 2014, 7, 2239–2242 | 2241
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Table 1 Photoelectrochemical activity of doped La5Ti2CuS5O7(S)
photocathodes modified with Pt under visible light irradiation

Dopant
Doping
rate/%

Onset
potential/
V vs. RHEa

Photo-current at
0 V vs. RHE/
mA cm�2

FWHM
of (501)
diffraction

FWHM
of (304)
diffraction

None 0 0.80 0.11 0.118 0.108
Sc 0.1 0.88 0.62 0.120 0.109

1 0.89 0.80 0.133 0.115
3 0.86 0.66 0.142 0.139
5 0.86 0.52 0.154 0.145

10 0.72 0.59 0.297 0.346
Ga 1 0.89 0.74 0.143 0.129

3 0.83 0.44 0.150 0.154

a Potential at which photocurrent exceeded 2 mA cm�2.
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substitution on the PEC and photocatalytic activity of
La5Ti2CuS5O7.

Conclusions

In conclusion, La5Ti2CuS5O7 photocathodes fabricated by the
PT method showed photocathodic currents ten times higher
than those prepared by the PLD method at 0 V vs. RHE. The
addition of sulphur to the precursor improved the photo-
cathodic response because the formation of impurities was
partly suppressed. p-Type doping further boosted the PEC
activity of the La5Ti2CuS5O7 photocathode because of an
increase in the majority carrier concentration of La5Ti2CuS5O7.
In particular, doping 1% Sc into Ti sites resulted in an eight-fold
enhancement in the photocathodic current, while maintaining
the stability. The La5Ti2CuS5O7 photocathode is expected to be
suitable for p/n-PEC cells because the onset potential of its
photocathodic current is signicantly more positive than those
of other photocathodes, even without elaborate surface modi-
cation with n-type layers such as ZnO and CdS to form heter-
ojunctions. Boosting the photocathodic current of
La5Ti2CuS5O7 further will contribute to the establishment of
efficient p/n-PEC cells for solar water splitting.
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