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ABSTRACT A thin Fe,TiOs layer was produced on hematite
either by evaporating a TiCl, solution on FeOOH or by a simple

Fe,TiOg

HF-assisted Ti treatment of FeOOH, both followed by annealing. The

prepared Fe,Ti0s-hematite heterostructure showed a significant

enhancement in photocurrent density compared to that of the

pristine hematite. For example, the sample after HF-assisted Ti

treatment exhibited a significantly enhanced photocurrent of 2.0

mA/cm” at 1.23 V vs RHE. Moreover, the performance of the Fe,Ti0s-
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hematite heterostructure can be further improved by coupling with Co-Pi catalysts, achieving a higher photocurrent of 2.6 mA/cm? at 1.23 V vs RHE.

Synchrotron-based soft X-ray absorption spectroscopy analyses clearly revealed the existence of an Fe,Ti0s structure on hematite forming a heterojunction,

which reduced the photogenerated hole accumulation and then improved the performance.
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ematite is a good photocatalyst for
Hsolar water oxidation because of
its favorable optical band gap (2.1—
2.2 eV), low cost, abundance, and chemical
stability in an oxidative environment.'”>
However, its practical performance for solar
water oxidation is still poor due to various
factors such as improper band edge posi-
tion, low conductivity, poor oxygen evolu-
tion reaction kinetics, and short hole dif-
fusion length (2—4 nm).58
Many efforts have been taken to improve
the performance of hematite photoelec-
trodes." "' Among them a benchmark per-
formance with a photocurrent value of
3.3 mA/cm? at 1.23 V vs a reversible hydro-
gen electrode (RHE) and a plateau photo-
current of 3.75 mA/cm? was achieved
by the cauliflower-type hematite nano-
structure prepared by atmospheric pres-
sure chemical vapor deposition (APCVD)
with an IrO, catalyst.> However, the IrO,/
hematite photoanodes showed instability
on short time scales, and an effective co-
balt phosphate (Co-Pi) catalyst was devel-
oped to overcome this problem with a
decreased photocurrent of 2.8 mA/cm?
at 1.23 V vs RHE. Recently many other
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methods such as the hydrothermal meth-
od,?" colloidal nanocrystal deposition,'®
and ultrathin films of hematite on a 3D
nanophotonic structure were developed
to prepare highly efficient hematite photo-
anodes with photocurrents of 2.7—3.05
mA/cm? at 1.23 V vs RHE.""2' Ti-based
treatments have also been widely used
and shown to be very effective methods
to improve the performance of hematite
photoanodes.’?”'® Ti-based coating on
hematite was shown to effectively enhance
the performance with an obvious cathodic
shift of the onset potential and increased
photocurrent.'”® Ti-doping in hematite
via various approaches such as atomic
layer deposition (ALD),'® the deposition—
annealing process,’”” or sol-flame syn-
thesis,'® has also been widely used to im-
prove the performance of hematite with
increased photocurrent and reduced onset
potential.'> Numerous mechanisms have
been proposed to explain the effect of Ti-
based treatments. Among them Ti substi-
tution of Fe in hematite (the formation of
FeTiO; with Fe®") with improved donor
density has been widely reported.®'>"”
However, Zandi et al. showed that the
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Figure 1. (a—c) SEM images of the Ti-treated hematite nanostructures with different treatment time: 0 s (pristine), 2, and 20's,
respectively. (d—f) HRTEM images of the corresponding samples in a—c.

improved photoactivity of Ti incorporation in hematite
could not be simply attributed to the enhanced
conductivity.”® Meanwhile no Fe?" signal could be
found in various Ti-treated hematite nanostructures.'?
Understanding the detailed mechanism of Ti-based
treatment is still an open question.'*'3

Here we report the preparation of a new Fe,TiOs-
hematite heterostructure for solar water oxidation
either by evaporating a TiCl, solution on FeOOH or
by a HF-assisted Ti treatment of FeOOH, both fol-
lowed by annealing. The Fe,TiOs-hematite hetero-
structure shows significantly improved performance
compared to that of the pristine hematite. Especially,
the HF-assisted Ti treatment results in an ultrathin
Fe,TiOs layer on hematite, leading to a high photo-
current (2.0 mA cm™2 at 1.23 V vs RHE) that is 3 times
higher than that of the pristine hematite for solar
water oxidation. Moreover, the Fe,TiOs-hematite het-
erostructure can be well coupled with Co-Pi catalysts
toyield a higher photocurrent of 2.6 mA/cm?at 1.23V
vs RHE and a max photocurrent of 3.62 mA/cm? at
1.6 V vs RHE. The results are comparable to the high
performance reported recently,'”2' especially con-
sidering our facile method of HF-assisted Ti treatment
only by immersing FeOOH in Ti-dissolved HF solution.
The formation of Fe,TiOs is clearly identified by using
soft X-ray absorption spectroscopy (XAS), which forms
a heterojunction with hematite, reducing photo-
generated hole accumulation to improve the perfor-
mance. The facile synthesis of the new heterojunction
structure stands for an effective method to improve
the performance of hematite for solar water oxida-
tion. Moreover, the formation of an Fe,TiOs-hematite
heterostructure can be used to understand the en-
hanced performance of other Ti treatment processes
in hematite.
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RESULTS AND DISCUSSION

Two different Ti treatments of hematite were used in
this work, while the FeEOOH on FTO substrate was
prepared by a hydrothermal method."" One type of Ti
treatment was to evaporate a TiCl, solution on the sur-
face of FeOOH with subsequent annealing (labeled as
Ti-treated hematite; see the Supporting Information S1).
The other way was a HF-assisted Ti treatment by
immersing the FeOOH into a Ti-dissolved HF solution
with subsequent annealing (labeled as HF-Ti-treated
hematite; see the Supporting Information S2). The
Ti-treated hematite samples by TiCl, will be first dis-
cussed. TiCl, is a highly volatile metal halide, which
forms an opaque cloud of amorphous titanium dioxide
(TiO,) and hydrogen chloride (HCl) when exposed to
humid air. A detailed description of the preparation
process is shown in the Experimental Section. Scan-
ning electron microscopy (SEM) images of the pristine
and Ti-treated hematite nanostructures are shown in
the top panels of Figure 1. The pristine hematite (0 s) is
a thin film of vertical nanorods on the fluorine-doped
tin oxide (FTO) substrate similar to that in the
literature.”?® The Ti-treated sample with a short treat-
ing time (2 s) in Figure 1b has a similar morphology to
that of the pristine hematite. However, a longer treat-
ing time of 20 s obviously results in a coating layer on
hematite in Figure 1c. High-resolution transmission
electron microscopy (HRTEM) images of the corre-
sponding samples are shown in the bottom panels of
Figure 1. The pristine hematite shows a clear crystal
structure of hematite with little or no surface coating.
However, an obvious surface coating layer of about
2 and 7 nm on Ti-treated samples can be observed
in Figure 1e and f, respectively. The coating layers
show an amorphous structure and are expected to
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Figure 2. (a) J—V curves of the pristine (0 s) and Ti-treated hematite photoanodes with different treatment times (2, 5, 10,
and 20 s). (b) IPCE spectra of the pristine (0 s) and Ti-treated (2 s) hematite photoanodes. The IPCE data were measured at

1.23 V vs RHE.

be amorphous TiO, according to the property of a TiCl,
solution exposed to humid air. It is also clear that the
thickness of the coating layer increases with the treat-
ment time. In the Supporting Information S3 we show
the SEM and HRTEM images of the hematite samples
treated for 5 and 10 s, and the results strongly support
the temporal thickness evolution. By this facile method
we can control the shortest treating time of 2 s to
obtain a 2 nm thick layer. Elemental mapping and an
energy dispersive X-ray analysis (EDX) spectrum of
Ti-treated hematite (2 s) are also shown in the Support-
ing Information S4, where the results clearly reveal the
existence of Ti in the sample.

X-ray diffraction (XRD) data of the pristine and Ti-
treated hematite nanostructures are shown in the
Supporting Information S5. Data confirmed the exis-
tence of a typical hematite structure (JCPDS 33-0664).
No additional peak or peak shift can be observed,
although there is an obvious coating layer on hematite
for Ti-treated samples. It can be attributed to the
amorphous structure of the coating layer in agreement
with HRTEM results.”’

The photocurrent density-applied potential (J—V)
scans of the pristine and Ti-treated hematite photo-
anodes are shown in Figure 2a. It is clear that Ti
treatment exhibits an obvious positive effect on the
performance of the hematite photoanodes. Espe-
cially, the Ti-treated hematite with a treating time of
2 s shows a significant improvement of the photo-
current from 0.64 mA/cm? (pristine hematite) to 1.44
mA/cm? at 1.23 V vs RHE. As the treatment time
increases, the photocurrent decreases with increasing
thickness of the coating layer. When the treatment
time is 20 s, the photocurrent shows a very low value
of 0.48 mA/cm? at 1.23 V vs RHE, which is even lower
than that of the pristine sample. The onset potential of
the Ti-treated hematite with the treatment time of
20 s alsoincreases greatly. The results show that a thin
surface coating (such as 2 nm) enhances the perfor-
mance of hematite, but a thicker coating leads to a
worse performance. Unfortunately, by the present Ti
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treatment method it is limited to the shortest treating
time of about 2 s (corresponding to 2 nm in thickness),
although a thinner layer may possibly produce a
better performance.

The incident photon-to-current conversion effi-
ciency (IPCE) data of the pristine and Ti-treated (2 s)
hematite photoanodes are shown in Figure 2b (at
1.23 V vs RHE). The IPCE of the Ti-treated sample shows
an obvious enhancement compared to that of the
pristine hematite, which is consistent with the J—V
curves. The IPCE enhancement of the Ti-treated sample
can be observed in the whole detected range. Since
the IPCE data of TiO, are typically around zero at a
wavelength above 380 nm, the result suggests that the
enhanced photocurrent is not due to the photore-
sponse of TiO,."> The stability tests of the pristine
and Ti-treated (2 s) hematite photoanodes are also
shown in the Supporting Information S6. The photo-
current of the Ti-treated (2 s) hematite photoanode
keeps a stable value after 2 h. The totality of the results
shows that simple evaporation of a TiCl, solution on
the surface of FEOOH is an effective way to prepare
Ti-treated hematite for efficient solar water oxidation.

To prepare Ti-treated hematite with thinner coating
layer (less than 2 nm) for high performance, we devel-
oped a HF-assisted Ti treatment method. The detailed
description of the treatment is shown in the Experi-
mental Section, and the experimental setup is shown in
the Supporting Information S2. HF solution is mainly
used for the dissolution of Ti, which will adsorb on the
surface of FeOOH to form a Ti-based layer after anneal-
ing. The SEM image of HF-Ti-treated (30 s) hematite
nanostructures (shown in the Supporting Informa-
tion S7) is similar to that of the pristine hematite. An
HRTEM image and elemental mapping of the HF-Ti-
treated hematite (30 s) are also shown in Figure 3. No
obvious coating can be observed, but the elemental
mapping clearly reveals the existence of Ti, suggesting
it is an ultrathin layer. X-ray photoelectron spectro-
scopy (XPS) data in the Supporting Information S8 also
clearly confirm the existence of Ti. XRD data of the
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Figure 3. (Left) HRTEM image of HF-Ti-treated (30 s) hematite nanostructures. (Right) Dark-field image of TEM and the
corresponding TEM elemental mappings of HF-Ti-treated (30 s) hematite nanostructures (rectangle box marked area): O (red),

Ti (yellow), and Fe (green) distribution in the selected area.

HF-Ti-treated hematite nanostructures (Supporting In-
formation S9) show the hematite structure. Thus, the
HF-Ti-treated sample can be assigned as hematite
nanostructures with an ultrathin Ti-based layer.

The performances of HF-Ti-treated hematite photo-
anodes are shown in Figure 4. In Figure 4a the HF-Ti-
treated samples exhibit significantly improved photo-
current. Especially, HF-Ti-treated hematite with a treat-
ment time of 30 s shows a good photocurrent of 2.0
mA/cm? at 1.23 V vs RHE, which is more than 3 times
that of the pristine hematite (also much higher than
the performance of the TiCl,-treated sample). More-
over, the performance of the HF-Ti-treated (30 s)
hematite photoanode can be further improved by
coupling Co-Pi catalysts, which achieves a high photo-
current of 2.6 mA/cm? at 1.23 V vs RHE and a max
photocurrent of 3.62 mA/cm? at 1.6 V vs RHE. The
results are comparable to the high performance of
hematite reported recently.*'*=2" In recent years the
benchmark performance was achieved by the cauli-
flower-type hematite nanostructure prepared by the
APCVD method with an IrO, catalyst, which showed a
photocurrent of 3.3 mA/cm? at 1.23 V vs RHE and a
plateau photocurrent of 3.75 mA/cm?2> However, the
performance was instable using an IrO, catalyst.*”
Co-Pi catalysts were also used on the APCVD-grown
hematite to get a stable performance with a photo-
current of 2.8 mA/cm? at 1.23 V vs RHE.* Recently the
colloidal nanocrystal deposition process coupled with
Sn-doping was used to prepare highly efficient hema-
tite photoanodes with an excellent photocurrent of
2.7 mA/cm? at 1.23 V vs RHE."® A 3D nanophotonic
structure was also developed as the substrate of ultra-
thin films of hematite to largely improve the light
absorption, which showed a high photocurrent of
3.05 mA/cm? at 1.23 V vs RHE?' Compared to the
APCVD method, the colloidal nanocrystal deposition
process, or a 3D nanophotonic structure, our simple
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Figure 4. (a) J—V curves of the pristine hematite photo-
anode, HF-Ti-treated hematite photoanodes with different
treatment times (10 s, 30 s, 1 min, 5 min, and 8 min), and a
Co-Pi-decorated HF-Ti-treated (30 s) hematite photoanode
(Co-Pi-30 s). (b) IPCE spectra of the pristine and HF-Ti-
treated (30 s) hematite photoanodes. The IPCE data were
measured at 1.23 V vs RHE.

hydrothermal method and facile Ti treatment by im-
mersing the FeOOH in Ti-dissolved HF solution show
great advantages in preparing efficient hematite
photoanodes with comparable performance. The IPCE
data of HF-Ti-treated (30 s) hematite photoanodes are
shown in Figure 4b (at 1.23 V vs RHE), exhibiting an
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obvious enhancement compared to that of the pristine
hematite, in agreement with the J—V curves.

To reveal the mechanism for enhanced performance
by Ti treatment, Mott—Schottky plots of the pristine
and Ti-treated (TiCls-treated, 2 s) hematite photoa-
nodes are shown in the Supporting Information S10.
The slopes are used to estimate carrier densities.?>**
For the pristine hematite, the carrier density is calcu-
lated to be 3.55 x 10%° cm ™3, while the value is 4.76 x
10%° cm ™3 for Ti-treated (2 s) hematite. There is no big
difference between the samples before and after Ti
treatment, indicating that the significantly improved
photocurrent after Ti treatment is not mainly from
increased conductivity.'*'>

XPS and XAS experiments were performed to ex-
plore the electronic structure and chemical state of
hematite nanostructures before and after Ti treatment.
In the Supporting Information S11 we show the XPS
survey scan of pristine and Ti-treated (2 s) hematite. Itis
clear that after the Ti treatment there is an obvious Ti
signal in the sample. The Ti 2p XPS spectrum of
Ti-treated hematite shows a similar energy position
to that of TiO,, indicating Ti in Ti-treated hematite has
an oxidation state of Ti*".'7%*

Further characterization of the compositions in Ti-
treated hematite by XAS is shown in Figure 5. Figure 5a
and b show the O K-edge and Ti L-edge XAS spectra of
the pristine and Ti-treated samples, respectively. XAS
stands for the excitation of electrons from a core level
to local and partial empty states, which is an effec-
tive tool to probe the electronic states of complex
materials.’? In Figure 5a the O K-edge spectrum of the
pristine sample exhibits three separated prepeaks
(A1—A3) and two main peaks (B1 and B2). The pre-
peaks A1 and A2 can be attributed to typical hematite
features related to transitions to antibonding O 2p
states hybridized with Fe 3d states.?>?° The main peaks
B1 and B2 can be assigned to oxygen 2p states
hybridized with Fe 4s and 4p states.”> An additional
peak A3 is also observed, which might be attributed to
carbon contaminations.?” The spectrum of the Ti-trea-
ted hematite shows similar features to those of pristine
hematite. However, the peak intensities are different
from those of pristine hematite due to the Ti-based
coating layer. To clarify the electronic structure of the
coating layer, we show in Figure 5a the magnified
difference spectrum (Ti-treated hematite subtracting
pristine hematite, with the spectrum of Ti-treated
hematite normalized to make sure the difference
spectrum has no negative value) and compare it with
some reference spectra. It is clear that the difference
spectrum shows a similar spectral shape to that of
rutile and anatase TiO, with two prepeaks (C1 and C2)
and four peaks labeled D1—D4 at higher energies.?®?°
Although the difference spectrum looks similar to that
of rutile and anatase TiO,, it is not the same as any of
them. It has a stronger D3 than D4, which is similar to
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Figure 5. (a) O K-edge XAS spectra of the pristine and Ti-
treated (2 s) hematite nanostructures compared with the
spectra of rutile TiO,, anatase TiO,, and Fe,TiOs. The differ-
ence spectrum between the pristine and Ti-treated hema-
tite is also shown. (b) Ti L-edge XAS spectra of Ti-treated
(2 and 40 s) hematite nanostructures compared with the
spectra of rutile TiO,, anatase TiO,, and Fe,TiOs. (c) Ti
L-edge XAS spectrum of HF-Ti-treated (30 s) hematite
nanostructures compared with the spectrum of Fe,TiOs.

that of rutile TiO,, while the intense peak D1 shows a
similar shape to that of anatase TiO,. The intense D1
peak could also be from Fe,TiOs5 (shown as a reference
spectrum). However, because of the strong influence
from underneath hematite at the O K-edge, it is hard to
identify the composition of the Ti-based coating layer
only by the difference spectrum.

The Ti L-edge XAS signal comes only from the coat-
ing layer of the sample and can be used to exactly
identify the composition. The Ti L-edge spectra of
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Figure 6. (a) lllustration of the compositions in Ti-treated hematite. (b) Band structure of Fe,TiOs and hematite.

Ti-treated hematite and some reference samples are
shown in Figure 5b. The reference spectra of rutile and
anatase TiO, show clear main peaks A—D. The assign-
ment of the peaks can be found in the literature.?®%°
Briefly, peaks A and B (B1 and B2) can be attributed to Ti
Ls-edge features, while peaks C and D (D1 and D2) can
be attributed to Ti L-edge features.”®?° For both Ti L,
and L; edges, the crystal field splitting of the 3d band
will produce t,4 (peaks A and C) and eq4 (peaks B and D)
subbands.?®?° It is also worthy to know that for both
rutile and anatase TiO, the eg-related peaks (B and D)
will further split into two peaks, as shown in Figure 5b,
labeled B1, B2, D1, and D2.2%° The splitting of peak D
into D1 and D2 is not well resolved because of the
lifetime-related broadening of the L, edge.”® The Ti-
treated (2 s) hematite sample shows a similar spectral
shape to that of rutile or anatase TiO,. However, the
doublet peaks B1 and B2 disappear in the Ti-treated
(2 s) sample, while a single peak located at the center
between B1 and B2 can be observed, suggesting that
the Ti-based coating layer (2 s) on hematite is neither
rutile nor anatase TiO,. Interestingly, the spectrum of
the Ti-treated (2 s) hematite is almost identical to that
of Fe,TiOs (with only peak A having different intensity);
especially a single peak B appears at the center be-
tween peaks B1 and B2. The resemblance of the two
spectra suggests the coating to be an Fe,TiOs struc-
ture. The results are in good agreement with the
literature for similar compounds such as ALTiOs.3° In
recent reports, amorphous TiO, was also suggested to
be the effective component for solar water oxidation in
Ti-treated hematite.''> Although amorphous TiO,
also has a single peak B without the doublet structure
of B1 and B2 according to previous XAS results, the
energy position of peak B for amorphous TiO, is at a
lower position near peak B1,2%2° which is significantly
different from our result (2 s) with a peak B located at
the center between peaks B1 and B2. The data strongly
suggest that a coating layer of Fe,TiOs structure on
hematite was produced.

In the Ti-treated process by TiCl,, TiO, can be formed
on FeOOH during the exposure process. However, a
further annealing process at a temperature higher than
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500 °C might introduce Fe,TiOs structure when TiO, is
reacted with hematite. The surface layer of Fe,TiOs will
form a heterojunction structure with hematite due to
favorable band structure.3' The illustration of the com-
positions in Ti-treated hematite is shown in Figure 6a.
The band structures of Fe,TiOs and hematite are also
shown in Figure 6b. The UV—vis spectrum in the
Supporting Information S12 has been used to esti-
mate the band gap of our Fe,TiO5 sample, which is
about 2.0 eV. Ultraviolet photoelectron spectroscopy
(UPS) in the Supporting Information S13 is used
to measure the top of the valence band (VB, about
—6.31 eV compared to the vacuum level). Thus, the
band structure of our Fe,TiO5 sample can be obtained
in Figure 6b (0 V vs RHE equals —4.5 V vs VAC), which is
in good agreement with the literature.®' Itis clear that
the top of the VB of Fe,TiOs is slightly higher than that
of hematite, which would favor the hole transporta-
tion from hematite to Fe,TiO5 and reduce photoex-
cited hole accumulation on the surface of hematite.
The performance can thus be improved by the het-
erostructure of Fe,TiOs and hematite3' A similar
effect was also reported for the Fe,TiOs—TiO, hetero-
structure, which improved the performance of TiO,
for solar water oxidation.®'

The formation of the Fe,TiOs-hematite heterostruc-
ture can also explain the thickness effect of the coat-
ing layer. As the treatment time increases, a thicker
coating layer would be produced on hematite, but the
increased part could not react with hematite to
produce further formation of Fe,TiOs. Formation of
the top layer of TiO, would not help the water
oxidation process; instead it might reduce photoab-
sorption, leading to decreased performance, as
shown in Figure 2a. We also show in Figure 5b the
Ti L-edge XAS spectrum of a Ti-treated hematite
sample after a longer treating time of 40 s. A different
peak B with doublet peaks B1 and B2 (B1 is higher
than B2, standing for the anatase TiO,) can be ob-
served, indicating that the top layer after long expo-
sure time of TiCl, is TiO,. Our HRTEM image in the
Supporting Information S14 also confirms the anatase
TiO, structure.
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The Ti L-edge spectrum of HF-Ti-treated (30 s)
hematite with an ultrathin Ti-based layer is also shown
in Figure 5¢c compared with the spectrum of Fe,TiOs.
Similar to TiCl,-treated hematite, HF-Ti-treated (30 s)
hematite also shows a single peak B located at the
center position between peaks B1 and B2, indicating
the formation of Fe,TiOs. Interestingly, the spectrum of
HF-Ti-treated (30 s) hematite is almost identical to that
of the reference Fe,TiOs. Note that the spectra of TiCl,-
treated hematite and Fe,TiOs show a slight difference
in the intensity of peak A, which can be attributed to
the existence of TiO, in the top layer. However, the
spectra of the HF-Ti-treated (30 s) sample and Fe,TiO5
are almost completely identical due to the ultrathin
layer. When the FeOOH sample on an FTO substrate
was immersed in the Ti-dissolved HF solution, Ti ions
adsorbed on the surface of FeOOH, and the etching of
FeOOH by HF may favor this process. The following
annealing process in air will produce amorphous TiO,,
which can react with hematite to form an ultrathin
layer of Fe,TiOs. Thus, the Fe,TiOs-hematite hetero-
structure can be formed to yield a good performance.
The Fe L-edge spectrum of HF-Ti-treated (30 s) hema-
tite is also shown in the Supporting Information S15
compared with the spectra of pristine and HF-treated
hematite samples. The spectrum of the Fe,TiOs re-
ference is also shown. There is almost no difference
between the samples before and after HF-assisted Ti
treatment within the experimental error, which can
be attributed to the main contribution from the
underneath hematite (the spectrum of pure Fe,TiOs
is also similar to that of hematite). The effect of HF
solution has also been investigated, and the J—V
scans of HF-treated (without Ti dissolution) hematite
photoanodes are shown in the Supporting Informa-
tion $16. HF treatment also improves the photocur-
rent of hematite, as shown in the J—V curves, which
might be attributed to a surface etching effect similar
to the HCl-treated hematite."® However, the best
performance of hematite after HF treatment is only
1.2 mA/cm? at 1.23 V vs RHE, which is far below that
after HF-Ti treatment, and thus the high performance
of the HF-Ti-treated sample should be mainly attrib-
uted to the formation of an Fe,TiOs-hematite hetero-
structure. The XPS results of HF-treated hematite
(shown in the Supporting Information S17) show
no F signal after annealing, suggesting that the
improved performance is not an effect of F-doping.
Pure Fe,TiO5 (without hematite) was also reported for
solar water oxidation, but its performance was low
(less than 0.5 mA/cm? at 1.23 V vs RHE).>2 Our results
reveal that the formation of the Fe,TiOs-hematite
heterostructure is effectively responsible for enhan-
cing solar water oxidation.

The Fe,TiOs-hematite heterostructure can also
be applied to understand the enhanced performance
of other Ti-treated hematite nanostructures. For
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example, Yang et al. recently reported that an ultra-
thin TiO, layer ALD-grown on hematite led to in-
creased photocurrent and cathodic shift of the
onset potential,’> whereas Sivula et al. revealed that
ALD-grown TiO; had no positive effect on the perfor-
mance of hematite.® Their differences may be attrib-
uted to different conditions of postgrowth annealing
(no higher than 400 °C for Sivula et al. and 400—600 °C
for Yang et al.).'” Our results suggest a reasonable
explanation that the Fe,TiOs-hematite heterostruc-
ture introduced by annealing would improve the
performance by reducing photoexcited hole accumu-
lation. Further, the reported thickness dependence of
the performance was also in good agreement with
our results.”® The Fe,TiOs-hematite heterostructure
can be applied to understand the beneficial effects of
other Ti-treated processes such as “Ti-doping” in
hematite. A recent work studied the XAS data for
various Ti incorporation in hematite and their elec-
tronic structure for enhanced performance.' Com-
paring the Ti L-edge XAS data for various Ti-treated
hematites,’> we find many of them show a similar
Fe,TiOs structure to ours with a single peak B located
at the center between peaks B1 and B1. We thus
hypothesize that some of the Ti-treated (or doped)
hematite was actually Fe,TiOs in hematite, instead of
the typically accepted doping with Ti substitution of
Fe in hematite. Actually, the XAS data showed no
evidence for the existence of Fe?" for FeTiO; after
various Ti treatments.'? Although “Ti-doping” was
widely accepted for Ti-treated hematites and XPS
data revealed the existence of Ti,'*'” those results
nevertheless do not provide direct evidence for Ti
substitution of Fe in hematite. On the other hand, the
totality of our results offers a convincing mechanism
for the enhanced performance of Ti-treated hematite
due to the formation of the Fe,TiOs-hematite hetero-
structure. Our results may provide a new perspective
to understand the enhanced performance of Ti treat-
ment processes in hematite.

CONCLUSIONS

We prepared an Fe,TiOs-hematite heterostructure
for efficient solar water oxidation. The photocurrent
of a hematite photoanode with an ultrathin Fe,TiO5
layer shows significant improvement (2.0 mA/cm?
at 1.23 V vs RHE) compared to that of a pristine
hematite photoanode. It can be further improved
by coupling with Co-Pi catalysts to achieve a high
value of 2.6 mA/cm? at 1.23 V vs RHE. Synchrotron-
based soft X-ray absorption spectroscopy analyses
clearly revealed the existence of Fe,TiOs structure on
hematite forming a heterojunction, which reduced
the photogenerated hole accumulation and thus
improved the performance. Our results suggest that
the Fe,TiOs-hematite heterostructure is a very effec-
tive component for solar water oxidation. Moreover,
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the new Fe,TiOs-hematite heterostructure may pro-
vide an insight into understanding the enhanced

EXPERIMENTAL SECTION

Photoanode Preparation. A modified hydrothermal method
was used to prepare the pristine hematite photoanodes grown
on afluorine-doped SnO, (Nippon Sheet Glass, Japan, 14 ohm/sq)
glass substrate." Briefly, 1 M sodium nitrate (NaNOs, Sinopharm
Chemical Reagent Co,, Ltd.) and 50 uL of HCl (45.3—45.8 wt %)
were added into a 50 mL aqueous solution of 0.15 M ferric
chloride (FeCl3-6H,0, Sinopharm Chemical Reagent Co., Ltd.)
for the hydrothermal reaction, into which a washed FTO glass
(40 mm x 30 mm x 2 mm) was placed‘16 The reaction autoclave
was heated to 95 °Cfor 4 h. A uniform film of iron oxyhydroxides
(FeOOH) was then formed on the FTO substrate. The samples
were further sintered in air at 550 °C for 2 h and at 750 °C for an
additional 10 min. The final product was labeled as the pristine
hematite.

To prepare Ti-treated hematite by evaporating TiCl, (labeled
as Ti-treated hematite), 10 uL of titanium tetrachloride (TiCly,
Sinopharm Chemical Reagent Co., Ltd.) was placed on the
bottom of a watch glass, which was quickly covered by the
FeOOH sample on the FTO substrate (cut to 20 mm x 30 mm x
2 mm) for a covering time from 2 to 20 s. TiCl, is a highly volatile
metal halide, which forms an opaque cloud of titanium dioxide
(TiO,) and hydrogen chloride (HCl) when exposed to humid air.
After covering the TiCl,, a thin layer of TiO, is deposited on the
FeOOH. The sample was then sintered in air at 550 °C for 2 h and
at 750 °C for an additional 10 min to get Ti-treated hematite. The
experimental setup is shown in the Supporting Information S1.

For the HF-assisted Ti treatment, 50 mg of Ti foil (thickness of
25 um) was thoroughly dissolved in a hydrofluoric acid (HF)
aqueous solution (1 mL of HF solution (48 wt %) mixed with
49 mL of deionized water). The FeEOOH sample on the FTO
substrate (cut to 25 mm x 30 mm x 2 mm) was put into the
solution for various treatment times from 10 s to 8 min. The
sample was then sintered in air at 550 °C for 2 h and at 750 °C for
an additional 10 min to get the final product (labeled as HF-Ti-
treated hematite). The experimental setup is shown in the
Supporting Information S2. The final HF-Ti-treated (30 s) hema-
tite sample was also decorated with cobalt phosphate to further
improve the performance by photoassisted electrodeposition
in a three-electrode system (see ref 4).

Structural Characterization. A scanning electron microscope
(FEI Quanta 200F) was used for the SEM images. UV—vis spectra
were recorded on a Lambda 750 spectrophotometer. We used
an X-ray photoelectron spectrometer (XPS, Kratos AXIS
UltraDLD) and X-ray diffraction (XRD, PANalytical, Zmpyrean)
for the structure characterization. UPS spectra were measured
with a He 1 (21.22 eV) gas discharge lamp (a bias of 4 V has been
applied). X-ray absorption spectra were collected at the Beijing
Synchrotron Radiation Facility (BSRF), the Shanghai Synchro-
tron Radiation Facility (SSRF, 08U), and the Synchrotron Radia-
tion Research Center (SRRC) in Hsinchu (Taiwan). TEM images
were obtained with a FEI/Philips Techai 12 Bio-TWIN trans-
mission electron microscope, while HRTEM images and EDX
spectroscopy were obtained with a CM200 FEG transmission
electron microscope.

Photoelectrochemical Experimentals. The working area of hema-
tite photoanodes was about 0.1 cm? with the left part covered
by nonconductive hysol epoxy. An electrochemical workstation
(CHI 660D) was used for the PEC measurements. A Pt wire was
used as a counter electrode, and an Ag/AgCl electrode was used
as a reference. The pH value of the electrolyte (1 M NaOH) was
about 13.6. The measured voltage was converted into the
potential vs RHE. The scan rate of the potential was 50 mV s~
from 0.6 to 1.8 V vs RHE. The light source was a xenon high
brightness cold light source (XD-300) equipped with an AM 1.5
filter, and the light power density was 100 mW/cm?. A xenon
lamp (CEL-HXF300/CEL-HXBF300, 300W) coupled with a mono-
chromator (Omni-A3005) was used to measure the IPCE data.
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performance of other Ti-treated hematite nano-
structures.

The bias voltage for the Mott—Schottky plots was scanned from
—0.4 t0 0.1 V vs Ag/AgCl in the dark at a frequency of 1 kHz.
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