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photoanode for solar water splitting†
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Nanoparticle-assembled films of hexagonal YFeO3 with a wide-spectrum response were prepared by

electrophoretic deposition. Hexagonal YFeO3, with the band gap of 1.88 eV, was found to exhibit

photoelectrochemical water splitting.
Photoelectrochemical (PEC) water splitting is a promising
approach to capture and store the abundant solar energy in
hydrogen as a renewable and environmentally friendly fuel.1,2

Water oxidation is a limiting-step for the water splitting reaction.
The bottleneck of PEC water splitting is a lack of efficient and
stable photoanodes. Over the past few decades, iron-based oxide
semiconductors, specially hematite, have been intensively
studied for PEC water oxidation, due to the favourable band gap,
cheap price, and high stability toward long-term operation.3,4

However, a hematite photoanode was oen limited by its
intrinsic material properties, such as low charge carrier mobility,
short photoexcited charge carrier lifetime and slow oxygen
evolution reaction kinetics.5,6 Since theoretical solar-to-hydrogen
efficiency of photoanodes depends on their bandgap absorption
edges, it is meaningful to develop new iron-based oxide photo-
anodes with wide-spectrum response. However, there are very
limited reports about novel iron-based oxide photoanodes.7,8

Here, we have reported for the rst time that hexagonal
YFeO3 (h-YFeO3) with wide-spectrum response acts as a photo-
anode material for solar water splitting. Compared with
hematite and o-YFeO3 photoanodes, h-YFeO3 has smaller band
gap (approximately 1.85–1.9 eV), thus exhibiting higher theo-
retical solar-to-hydrogen efficiency (approximately 20%).

In this study, h-YFeO3 and o-YFeO3 nanoparticles were syn-
thetized via a facile sol–gel method (Experimental, in the ESI†).
Nanoparticle-assembled YFeO3 lms with a transparent
conductive substrate of F:SnO2 glass (uorine-doped tin oxide,
FTO) were fabricated by electrophoretic deposition, followed by
necking post treatment and air annealing in muffle furnace. A
brief schematic illustration of the photoelectrode preparation
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procedure is shown in Scheme S1 (details in ESI†).
Nanoparticle-assembled hematite photoanodes prepared in the
same method have no obvious advantage compared with h-
YFeO3, as shown in Fig. S1.† As-prepared h-YFeO3 nanoparticle-
assembled lms have a saturation water-splitting photocurrent
of approximately 0.08 mA cm�2 and a noticeable onset potential
of 0.95 V vs. RHE (reversible hydrogen electrode), which is
smaller than the onset potential of hematite.9

The hexagonal and orthorhombic phases of YFeO3 can be
controlled by different calcined temperatures. According to the
result of TG-DSC shown in Fig. S2,† there is an obvious exothermic
peak at the temperature of 410 �C to 450 �C, which indicates that
the combustion of organic matter releases large amounts of heat.
There is another peak at the temperature of 760 �C, which may be
described as the phase transition temperature of hexagonal to
orthorhombic. Aer annealing at 700 �C and 800 �C for 3 h in air,
h-YFeO3 and o-YFeO3 were obtained, respectively (Fig. S3, ESI†).
The XRD pattern of the as-prepared h-YFeO3 nanoparticles is
shown in Fig. 1(a). All the peaks are assigned to h-YFeO3 (JCPDS
card no. 48-0529), which suggests that no impurity phases are
observed and the pure phase h-YFeO3 sample is prepared. Aer
the h-YFeO3 nanoparticle-assembled lms were annealed at
650 �C for 1 hour and then 700 �C for 10 min, there is no impurity
phases (as shown in Fig. S4†), suggesting that there is no phase
transition during the annealing process.
Fig. 1 (a) XRD pattern of h-YFeO3 nanoparticles and (b) Tauc plot for
h-YFeO3 obtained from UV-vis absorption spectra.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of h-YFeO3 deposited on FTO glass (a) the top view
and (b) the cross-section view; (c) TEM image of h-YFeO3; (d) HRTEM
image of the square area of h-YFeO3 showing lattice fringes.
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UV-vis absorption spectra (Fig. S5 and S6, ESI†) of YFeO3 power
were measured by diffuse reectance spectroscopy by using the
Kubelka–Munk function. The absorption edges of h-YFeO3 and o-
YFeO3 are around 660 nm and 600 nm, respectively. For a semi-
conductor, the optical absorption behaviours depend on the types
of semiconductor. A photon of energy can produce an electron–
hole pair in a direct band gap semiconductor quite easily, because
the electron does not need to be given very much momentum.
However, an electron must undergo a signicant change in its
momentum for a photon of energy to produce an electron–hole
pair in an indirect band gap semiconductor. It requires such an
electron to interact not only with the photo to gain energy, but also
with a lattice vibration called a phonon in order to either gain or
lose momentum. The indirect process proceeds at a much slower
rate, as it requires three entities to intersect in order to proceed: an
electron, a photon and a phonon. Hence, the optical absorption
spectrum curve of the direct band gap semiconductor is steep.
However, the optical absorption spectrum curve of the indirect
band gap semiconductor is gentle. In conclusion, according to the
UV-vis absorption spectra of different phases composition, o-
YFeO3 shows a behaviour of indirect semiconductor, while h-
YFeO3 is a direct semiconductor. Hence, the characteristics of
semiconductor indicate the direct nature and narrowing of band
gap ensure the higher absorbance values and wider spectrum of
absorbance.10 Moreover, the transfer processes at the
semiconductor/electrolyte interface of two types of charge transfer
mechanisms of different types of semiconductors are also
showing that h-YFeO3 is a more suitable candidate.11 The Tauc
plot in Fig. 1(b), suggests its band gap is approximate to 1.88 eV, in
agreement with the reported value.12

The morphology and microscopic structure of the
nanoparticle-assembled h-YFeO3 lms were observed by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). As shown in Fig. 2(a), the surface of the
nanoparticle-assembled lm shows a porous structure with
a large number of internal spaces. The cross-sectional image
shows that the thickness of the nanoparticle-assembled lm is
about 1.8 mm and it has a porous structure accumulated by
small nanoparticles over the whole h-YFeO3 photoelectrode
(details can be seen in Fig. S7, ESI†). According to the molecular
formula of h-YFeO3, its stoichiometric ratio of Y and Fe is 1 : 1,
which is consistent with the result of energy dispersive spec-
trometer (EDS) measurement (Fig. S9, ESI†). The Ti appeared in
EDS-mapping image comes from the TiCl4 post treatment.
Fig. 2(c) presents the TEM image of h-YFeO3 and Fig. S8† gives
the distribution of particle sizes obtained aer annealing the
sol–gel precursor. Statistical analysis of the sample by SEM
(Fig. S7(a), ESI†) and TEM (Fig. S8, ESI†) suggested that a mean
particle size was identied to be 40 (�10) nm. The high-
resolution TEM image of Fig. 2(d) shows the particles with
continuous lattice fringes originating from the (1 0 1) plane with
a d-spacing of 0.286 nm, which clearly indicated the existence of
h-YFeO3. The porous nanoparticle-assembled lms could not
only increase the light absorption caused by interactions
between the porous structure and the exposed light, but also
provide more effective reactive sites for the reactions to take
This journal is © The Royal Society of Chemistry 2017
place and facilitate the electrolyte diffusion onto the surface of
the electrode,13 resulting in the enhancement of PEC properties.

To further analyse the properties of electronic structure of
the h-YFeO3, electrochemical impedance measurements were
carried out. The conducting type and at-band potential of h-
YFeO3 can be calculated using the Mott–Schottky equation2,14

1/C2 ¼ (2/e0330N)[(VFB � V) � kT/e0]

where e0 is the electron charge, 3 is the relative permittivity of h-
YFeO3, 30 is the permittivity of vacuum, N is the donor density, V
is the electrode potential, VFB is the at-band potential, T is the
temperature and k is Boltzmann's constant.

One can demonstrate that h-YFeO3 is an n-type semi-
conductor, according to the slope of the linear region in its Mott–
Schottky plot as illustrated in Fig. 3(a). The at-band potential of
the h-YFeO3 was estimated to be 0.68 V vs. RHE. The PEC
performance of the nanoparticle-assembled photoanode lms
were tested in a three-electrode system using an electrochemical
analyzer (CHI-660D, Shanghai Chenhua, China) in 1 M NaOH
aqueous solution (pH¼ 13.6) under AM 1.5 G simulated sunlight
for illumination from back side (glass side) of FTO (100 mW
cm�2). Linear sweep voltammograms for the h-YFeO3 and o-
YFeO3 photoelectrodes under chopped light (Fig. S10, ESI†) show
that the h-YFeO3 electrode has a better photoresponse than that of
o-YFeO3 electrode. To explain the different PEC performances of
the two types of photoelectrodes, the SEM images of the elec-
trodes for different phases were compared. The results (Fig. S7,
ESI†) indicate that the particle size of o-YFeO3 is larger than that
of h-YFeO3 and it is more compact between particles of o-YFeO3,
which could account for its lower PEC performance. Besides, the
results of PEC performances are in good agreement with the
analysis of Fig. 1(b). As shown in Fig. 3(b), the photocurrent
density of h-YFeO3 is about 0.025 mA cm�2 at 1.23 V vs. RHE, and
the saturation photocurrent is approximately 0.08 mA cm�2.
RSC Adv., 2017, 7, 18418–18420 | 18419
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Fig. 3 (a) Mott–Schottky plot of the h-YFeO3 photoelectrode
prepared with a method of electrophoretic deposition obtained at
a frequency of 1 kHz and an amplitude of 5 mV under dark conditions.
(b) Current–potential curves of h-YFeO3 photoanodemeasured in 1 M
NaOH aqueous solution under AM 1.5 G illumination (100 mW cm�2).
(c) IPCE spectra of h-YFeO3 in the incident wavelength range from 350
to 589 nm at a potential of 1.6 V vs. RHE. (d) Particular sections of
current–potential under low bias.
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The IPCE spectra were measured with a Xe lamp as the light
source to evaluate the spectral response for water oxidation.
The monochromatic light was obtained by Xe lamp passed
through a monochromator from 350 nm to 589 nm. Chro-
noamperometry was operated at a constant potential (1.6 V vs.
RHE). Fig. 3(c) shows that the shape of the IPCE curve generally
follows the trend of the UV-vis absorption spectra of the elec-
trode (Fig. S5, ESI†) which means that the PEC water oxidation
is indeed derived from the light absorption. The visible photo-
current onset is located at 568 nm, and the maximum value of
IPCE increases to 0.95% with the decrease of wavelength.

As shown in Fig. 3(d), the photocurrents under chopped
illumination at low bias, suggest that there are obvious tran-
sient photocurrents. The transient photocurrent was also
measured at a potential of 1.6 V vs. RHE under AM 1.5 G illu-
mination (100 mW cm�2) (Fig. S11, ESI†). When the light is
turned on, photogenerated holes move to the electrode surface,
and ll surface states and/or react with water. Immediately,
slow photocurrent decay with time is observed. When the light
is switched off, electrons begin to recombine with holes stored
in surface states.14,15 It illustrates serious trapping and dis-
charging effects for the charge carriers. To further demonstrate
the possible reasons to enhance PEC performance of the
nanoparticle-assembled h-YFeO3 photoanode, 0.5 M H2O2 was
added into the electrolyte as a hole scavenges. We can observe
a cathodic shi of onset potential and an increase of photo-
current (Fig. S12, ESI†) because the photogenerated holes in the
h-YFeO3 transferred from the bulk to the surface more easily
and the electron/hole recombination was reduced.15–17

One of the vital factors for future practical applications of the
photoelectrodematerials is photochemical stability. Consequently,
18420 | RSC Adv., 2017, 7, 18418–18420
the stability of the nanoparticle-assembled h-YFeO3 electrode
was tested (Fig. S13, ESI†). A little decay in the photocurrent
density is observed, which conrms the stability of the h-YFeO3

electrode.
In conclusion, we have reported a new photoanode

material, h-YFeO3, for solar water splitting. It has shown
obvious PEC performance with a saturation photocurrent
about 0.08 mA cm�2 and a noticeable onset potential of
0.95 V vs. RHE. The h-YFeO3 is a promising photoanode
material for solar water splitting in the future, due to its
direct band gap and theoretical solar-to-hydrogen efficiency
of approximately 20%.
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