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ABSTRACT: Iron(IIl) oxide photoelectrodes show promise in water
oxidation applications. In this study, micro-nano-structured hematite
films are synthesized, and Ti ions are doped to improve photoelectric
conversion efficiency. The photocurrent increases for enhanced
electrical conductivity. Further enhanced photocurrent is achieved
for Fe,0;:Ti/ZnFe,0, heterojunction electrodes. Cyclic voltammo-
grams combined with optical absorbance examinations demonstrate
that the conduction and valence band edges of ZnFe,O, shift from

S ,
t; 2] Fe,0,:Ti/ZnFe,0 mmFe, 0 :Ti

those of Ti doped Fe,Oj; to the negative direction, which facilitates the

efficient separation of electron—hole pairs at the Fe,0;:Ti/ZnFe,0, interface. These findings demonstrate that, by doping
hematite and by engineering the interface between the hematite and the electrolyte, charge separation can be effectively
promoted and photocurrent density can be dramatically increased.
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1. INTRODUCTION

Hematite has several advantages as a semiconducting material
for water oxidation:'™ it can utilize approximately 40% of
incident solar radiation for its optical band gap of ~2 eVt it is
stable under an alkaline condition;’ the position of its valence
band is suitable for oxygen evolution.” However, the water
oxidation activity of hematite is limited by several key factors,
such as relatively poor absorptivity,” short excited-state lifetime
(approximately 107" s),1 poor oxygen evolution reaction
kinetics,® short hole diffusion length (2—4 nm),”'* and low
electron mobility.*'" These factors lead to poor water oxidation
efficiency.

Many researchers have devoted their efforts to the rational
design of photoanodes at a micro-nano scale to address the
problem of short diffusion length of photogenerated holes,'*™**
which were believed to enhance the harvesting of photo-
generated holes due to their large surface area and feature size
comparable to the hole diffusion length. In addition, an effective
method for improving the conductivity of hematite could be
obtained by intentional doping. The enhanced electrical
conductivity can extend the lifetime of the charge carriers,
reduce the recombination of the electron—hole pairs, and
improve the power conversion efficiency. Ti doping has been
shown to increase the conductivity of hematite both
theoretically and experimentally.'>'® Oxygen plasma-assisted
molecular beam epitaxy,'” reactive ballistic deposition along
with glancing angle deposition,"> spin-coating,'® spray
pyrolysis,® atmospheric pressure chemical vapor deposition,’
and radio frequency magnetron sputtering'® were employed to
fabricate the Ti-doped hematite films. In this work, we prepared
micro-nano-structured hematite electrodes in an acid solution

- ACS Publications  © 2012 American Chemical Society

4428

using a simple hydrothermal method. TiCl, was used as a
precursor to introduce Ti ions into hematite. The as-
synthesized structures were composed of pine nut-like balls
assembled by nanosheets with thickness comparable to the hole
diffusion length.

Heterojunction structures have been fabricated to further
improve power conversion efficiency by enhancing the
separation of electron—hole pairs.”**">* Recently, some
materials have been applied to prepare heterojunction
structures together with hematite to enhance the photoelectric
conversion efficiency, such as cobalt phosphate,*' TiO,,** and
SrTiO;>* Compared to those materials, ZnFe,O, is stable in
weak acidic or alkaline conditions,** and the conduction and
valence band edge positions of ZnFe,O, are more negative than
those of a-Fe,05; therefore, Fe,05:Ti/ZnFe,0, heterojunction
structure can enhance the separation of electron—hole pairs
more effectively than a-Fe,O:Ti. In this paper, we report on
the synthesis, characterization, and water oxidation perform-
ance of a-Fe,O3:Ti and Fe,0;:Ti/ZnFe,0, heterojunction
photoanodes.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Pure a-Fe,0; and a-Fe,0;:Ti Photoanodes.
An aqueous solution (19 mL) containing 0.1 M FeCl;, 0.5 M NaNO;,
and 1 mL of ethanol was sealed in a S0 mL polytetrafluoroethylene
liner. The liner was put into a self-sealing autoclave and heated at 100
°C for 12 h. Fluorine-doped tin oxide (FTO)-coated glass was placed
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in the liner with the FTO side facing the wall of the liner. Instead of
pure ethanol, 1 mL of TiCl, ethanol solution was added into the
precursor solution to dope the Ti ions into the hematite. After the
reaction, the film formed on the FTO was thoroughly rinsed with
deionized water and annealed at 550 °C for 2 h in the atmosphere to
obtain the desired phase (a-Fe,O;). The notations for the samples
(volume ratio of TiCl, in ethanol solution) were PF (0%), TF-1
(0.5%), TF-2 (1%), and TF-3 (2%), respectively.

2.2. Preparation of Fe,05:Ti/ZnFe,0, Heterojunction Photo-
anodes. a-Fe,05:Ti/ZnFe,0, heterojunction electrodes were pre-
pared by dropping 20 uL ethanol solutions of 0.2 M Zn(NOs;), onto
the a-Fe,0;:Ti electrodes (TF-3; the area of the Ti-doped hematite is
approximately 2 cm X 1.4 cm).** The resulting samples were annealed
at 550 °C for 10 h in the atmosphere. These electrodes were then
soaked in 1 M NaOH solution at room temperature for 12 h to
remove the remaining ZnO on the surface of the electrodes. These
samples were denoted as ZFO-1 (Zn(NOs), treated once), ZFO-2
(Zn(NO,), treated twice), and ZFO-3 (Zn(NOs;), treated thrice),
respectively.

2.3. Characterizations. The characterization experiments were
conducted at room temperature. The crystalline phase of the samples
was identified by X-ray diffraction (XRD) using a Philips X'Pert Pro
MPD with Cu Ka (1 = 1.5406 A) radiation. The morphology of the
samples was determined by field emission scanning electron
microscopy (FESEM; FEI Sirion-200) coupled with energy dispersive
X-ray analysis (EDX). The crystal structure of the samples was
determined by high-resolution transmission electron microscopy
(HRTEM; JEOL JEM-2010, 200 KV). Optical absorption measure-
ments were performed using a UV—visible absorption spectrometer
(Shimadzu UV 3600). X-ray photoelectron spectra (XPS) were
recorded using an electron spectrometer fitted with an Al Ko source
(Thermo ESCALAB 250, soft X-ray source at 1486.6 eV).

Electrochemical impedance spectroscopy, cyclic voltammetry (CV),
and photocurrent measurements were conducted using an electro-
chemical workstation (Zahner IM6ex) in a three-electrode electro-
chemical system with 1 M NaOH electrolyte (back-side illumination).
Platinum foil was used as the counter electrode. The measured
potential vs. Ag/AgCl (sat. KCl) reference electrode was converted to
the reversible hydrogen electrode (RHE) scale according to the
following Nernst equation:

Epup = Exg/agar + 0.059 pH + Ej;g /AgCl

where Epyp is the converted potential vs. RHE, E{g/p,c; = 0.1976 V at
25 °C, and Ejy/nqq is the experimentally measured potential against
the Ag/AgCl (sat. KCl) reference electrode.

3. RESULTS AND DISCUSSION

3.1. Ti-Doped a-Fe,0; Electrodes. 3.1.1. Morphology,
Phase, and Structure Characterizations. The hydrothermal
growth of a-Fe,0; nanostructured films at 100 °C is due to the
precigitation of Fe** ions in a weak acid solution (pH ~ 1.25—
1.5)> followed by annealing at 550 °C. Figure 1 shows the
XRD patterns of pure and Ti-doped a-Fe,O; electrodes. All
four spectra could be assigned to a-Fe,O;. After subtracting the
diffraction peaks originating from the FTO substrate, the
absence of FeOOH diffraction peaks indicates the complete
conversion of FeOOH to a-Fe,O;. The influence of the
introduction of Ti-dopant on the interplanar spacing of
hematite was determined by adopting a much slower scanning
speed. The XRD patterns are shown in Figure S1, Supporting
Information. With the increased amount of TiCl, precursor, the
interplanar spacings of the (104) and (110) lattice planes
decrease, as shown in Table S1, Supporting Information. These
findings are in agreement with previously reported results,*' "¢
considering that the ionic radii for six-coordinate Fe** and Ti**
are 0.65 and 0.61 A, respectively.”*”’
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Figure 1. X-ray diffraction patterns of (a) PF, (b) TF-1, (c) TF-2, and
(d) TE-3.

Figure 2 shows the SEM images (top view) of pure and Ti-
doped a-Fe,O; electrodes. Figure 2a indicates that the PF

Figure 2. SEM images of pure and Ti-doped a-Fe,O; films. (a) PF,
(b) TE-1, (c) TE-2, and (d) TE-3.

electrode is covered by particles with diameters of approx-
imately 300 nm. The introduction of TiCl, results in the
transformation of the film to micro-nano structures comprising
pine nut-like balls. The micro-nano morphology was confirmed
by the enlarged SEM image (TF-3) shown in Figure 3a, where
nanosheets can be clearly observed. The HRTEM image and
the selected area electron diffraction (SAED) pattern of TF-3

Figure 3. (a) SEM image of TF-3. (b) TEM and (d) HRTEM images
of TF-3 scrapped from the substrate. (c) The electron diffraction
patterns of TE-3.
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further indicate that the as-prepared samples are a-Fe,O;
(Figure 3).

XPS analysis was performed on the samples to further
determine the amount of Ti and to confirm the incorporation
of Ti ions into hematite. XPS data showed that the Ti atomic
ratios of TF-1, TF-2, and TF-3 are 0.82%, 1.05%, and 2.20%,
respectively. The concentration of Ti ions of these Ti-doped
hematite increases with the amount of TiCl, added, a result
consistent with the XRD analysis.

XPS performed on TF-3 reveals that the Fe 2p spectrum,
shown in Figure 4a, possesses the typical 2p,,, and 2p;,, peaks
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Figure 4. XPS curves of (a) Fe 2p of PF (black line) and Fe 2p of TF-
3 (red line); (b) Ti 2p recorded from TF-3.

of Fe**.* The lack of observable Fe?* satellite peaks at 715 or
730 eV indicate the absence of Fe** on the electrode surface.
Figure 4b indicates that Ti is in the +4 state, as proven by the
2p,,, and 2p;,, peaks present in the Ti 2p spectrum at 458.1
and 463.8 eV, respectively. These values agree with the typical
2p binding energy of Ti** ions.”*** A comparison with the
reported result for TiO, (458.5 eV for 2p;/, binding
energy),””" a red shift of about 0.4 eV occurs, indicating the
different microenvironment of Ti** ions in Ti-doped a-Fe,O4
from that of pure TiO,.

3.1.2. Positions of the Conduction Band and the Valence
Band. Figure S shows the light absorption spectra of pure and
Ti-doped a-Fe,O; electrodes. Each spectrum shows features
typical of a-Fe,O; films with an absorption onset of
approximately 595 nm. The band gap was calculated as
approximately 2.05 eV (inset in Figure S). No shift of the
absorption onset of a-Fe,O; due to the Ti-dopant could be
observed.

The electrons transferring through the conduction band and
valence band are expected to present a cathodic and an anodic
peak, respectively, in the cyclic voltammogram curves.>"** For
our experiments measured in a three-electrode electrochemical
cell, cathodic peaks corresponding to the conduction band
position of a-Fe,O; electrode is the only observed peak. The
valence band position could be defined combined with the
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Figure 5. UV—vis absorption spectra of pure and Ti-doped a-Fe,0;

electrodes: (a) PF, (b) TF-1, (c) TE-2, and (d) TF-3. The inset shows
the band gap of pure and Ti-doped a-Fe,O; electrodes.

band gap value obtained from optical absorption analysis.
Although theoretical calculations indicate that the conduction
band of Ti-doped hematite would shift to a slightly positive
position,'® our results showed that the surface conduction band
(E,.) and valence band (E,,) positions of Ti-doped a-Fe,O; do
not shift compared with pure hematite (Figure 6). This result is
in agreement with the result reported by Wang et al.*®
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Figure 6. Cyclic voltammograms recorded on pure and Ti-doped a-
Fe,0; electrodes. (a) PF, (b) TF-1, (c) TF-2, and (d) TF-3.

3.1.3. Photocurrent and Mott—Schottky Plots. The
performance of Ti-doped a-Fe,O; films was investigated as a
function of the concentration of Ti-dopants. Figure 7 compares
the linear sweeps of pure and Ti-doped a-Fe,O; films. The
photocurrent densities of a-Fe,O; film increase with the
concentration of the Ti-dopants. The photocurrent reaches a
maximal value when the concentration of Ti-dopants in
hematite is 2.20%. TF-1, TF-2, and TF-3 have similar
morphologies; however, compared to TF-1, the photocurrent
onset potential of TF-2 and TF-3 decreases as the
concentration of Ti-dopants increases (Figure 7a). Therefore,
improvement of the photocurrent at a lower bias voltage could
be achieved. A similar trend was observed for Si- and Ti-doped
hematite.”** The impact of morphology on the photocurrent
was also studied. When the hydrothermal temperature was
increased to 150 °C with the other conditions the same to that
for TF-3, nanospheres were produced. Figure S2a, Supporting
Information, shows the SEM image of this sample, for which
the photocurrent decreased compared to TF-3 (Figure S2b,
Supporting Information), indicating that an appropriate
morphology was essential for harvesting the sunlight with a

high efficiency.
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Figure 7. (a) Photocurrent—voltage characteristics in 1 M NaOH
under AM 1.5 G illumination and in darkness: (al) PF, (a2) TF-1,
(a3) TF-2, and (a4) TE-3. (b) M-S Plots of pure and Ti-doped a-
Fe,0; electrodes: (b1) PF, (b2) TF-1, (b3) TF-2, and (b4) TF-3. The
inset in (b) is an enlarged portion of (b).

Mott—Schottky Plots (M-S plots) were employed to study
the electronic properties of pure and Ti-doped hematite
electrodes. The films were analyzed in the dark in 1 M NaOH.
M-S plots for the samples were recorded at 1000 Hz. As shown
in Figure 7b, nonlinear behavior was observed for pure and Ti-
doped hematite electrodes. The reason for the nonlinearity can
be attributed to the presence of deep levels or surface
states.>**> The slope in the quasi-linear regions of the M-S
plots near the flat-band potential (Eg) where the depletion
layer remains very thin was used to calculate the donor
concentrations of the films as 2.72 X 10'® cm™3, 1.48 x 10Y
cm™3,2.84 X 10 em ™3, and 9.71 X 10'° em ™ for the four films,
respectively (Table S2, Supporting Information). The flat-band
potential shifted toward negative direction with the increase of
the donor concentration, which can be interpreted as a
consequence of the modified donor concentration and the
related upward shift of the Fermi level caused by Ti doping.
Our experimental results indicate that the carrier density
increases with the concentration of the Ti-dopants. The
enhanced electrical conductivity can extend the lifetime of the
charge carriers, reduce the recombination of the electron—hole
pairs, and improve the water oxidation efficiency.'®

EIS analysis was adopted to further understand the role of
Ti-dopants played in water oxidation processes.*® The electrical
analog we used to fit the EIS data was shown in Figure S3a,
Supporting Information. The resistance accounting for surface
state trapping electrons from the conduction band and holes
from the valence band, acting as a recombination center, is
given by Riyping Surface states affect the charge transfer of
holes to the donor species in solution, which could be described
as a resistance R, The trap-state capacitance was denoted as
Ciap and the space charge capacitance (C.) and the series
connection of the Helmholtz capacitance (C,) have been
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lumped into Cy. Finally, R is the series resistance of the
cell* In our present work, a constant phase element (CPE)
was used to obtain a better fit, and the effective capacitance of a
CPE is calculated by the method suggested by Brug et al.*”>*
Nyquist plots and Bode plots for PF, TF-1, TF-2, and TF-3
electrodes measured at 1.3 V vs RHE under 1 sun illumination
are shown in Figure S3, Supporting Information, and the
equivalent circuit parameters obtained from fitting EIS data are
summarized in Table S3, Supporting Information. R; decreased
and C,y increased with the concentration of the Ti-dopants,
which coincides with the M-S plots showed in Figure 7b.
Compared to PF, Ry, and Ry, of Ti-doped hematite
decrease dramatically and C,,,, increases with the concentration
of the Ti-dopants. Because the water oxidation reaction
involves the participation of four holes, photogenerated holes
have to be stored in intermediate states.’** Increased Cirap
means more holes could be stored in the surface state. The
decrease of Ry, and Ryyppin, indicates that the photocurrent
enhancement of Ti-doped films is due to the facilitated charge
transfer of holes to the donor species in solution.

3.2. Fe,0; (Ti-Doped)/ZnFe,0, Heterojunction Elec-
trodes. 3.2.1. Morphology, Phase, and Positions of the
Conduction Band and the Valence Band. Figure 8a—c shows

=
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v Fe,0,
°FTO

30 40
Two theta (degree)

Figure 8. SEM images for Fe,O;:Ti/ZnFe,0, heterojunction films:
(a) ZFO-1, (b) ZFO-2, and (c) ZFO-3. (d) the XRD patterns of (d1)
ZFO-1, (d2) ZFO-2, and (d3) ZFO-3.

the SEM (top view) images of Fe,0;:Ti/ZnFe,0, electrodes
ZFO-1, ZFO-2, and ZFO-3. The nanosheets overgrow and the
film gets smoothened with increasing Zn(NO;), treatments.
Figure 8d demonstrates that the intensity of the diffraction
peaks originating from ZnFe,O, increases, whereas the
intensity of the diffraction peaks originating from a-Fe,O;
decreases with the Zn(NO;), treating times. This result
suggests that more Fe,O; transformed to ZnFe,O, EDX
analysis proved the same trend, as shown in Figure S4 and
Table S4, Supporting Information.

Figure 9a shows the light absorbance of TF-3 and Fe,0;:Ti/
ZnFe,0, electrodes. The absorbance of Zn(NO;), treated
electrodes declines compared to the untreated sample, because
of the increased reflectance of the smoothened films. However,
the absorption onset of Zn(NOj), treated electrodes remains at
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Figure 9. (a) UV—vis spectra of (al) ZFO-1, (a2) ZFO-2, and (a3)
ZFO-3. (b) Cyclic voltammograms of (bl) ZFO-1, (b2) ZFO-2, and
(b3) ZFO-3. The inset in (a) shows the band positions of Ti-doped a-
Fe,0; and ZnFe,0, electrodes at pH 13.6.

the same position compared with TF-3, which is because the
band gap of ZnFe,0, is close to that of a-Fe,0,.*° The CV
examination on Zn(NO;), treated electrodes revealed that the
cathodic peaks corresponding to the conduction band positions
for ZnFe,O, electrodes is 210 mV higher than that
corresponding to a-Fe,O; in agreement with previously
reported results (Figure 9b).*> The surface conduction band
(E,.) and valence band (E,,) positions of both a-Fe,0; and
ZnFe,0, were estimated, as shown in the inset in Figure 9a,
where the conduction and valence band edge positions of
ZnFe,0, are ideally offset from those of a-Fe,Os. This offset
suggests that combining a-Fe,0; and ZnFe,O, will promote
the separation of electron—hole pairs generated in both a-
Fe,0; and ZnFe,0,.

The photocurrents of Fe,05:Ti/ZnFe,O, heterojunction
electrodes were measured with sweeping potential. Figure 10a
shows that the photocurrent of the ZFO-1 heterojunction
electrode is enhanced compared to that of the TF-3 electrode.
This enhancement originates from the gradual establishment of
the depletion layer in the heterojunction, as proven by CVs.
However, treating TF-3 with Zn(NO,), further leads to a
decrease of photocurrent, which might be due to the decrease
of the surface roughness as shown in Figure 8. Another possible
reason is that the increased thickness of ZnFe,O, leads to the
increase of the bulk recombination. Equivalent circuit
parameters obtained by fitting EIS data of ZFO-1, ZFO-2,
and ZFO-3 are shown in Table S3, Supporting Information.
ZFO-1 possess the minimal R, and Ryypping and the maximal
Cysp values, confirming our suggestion that the heterojunction
could enhance the separation of electron—hole pairs and
suppress the recombination. The photocurrent onset potential
of ZFO-1 shifts to negative direction compared to TEF-3;
however, with increased thickness of ZnFe,O,, the photo-
current onset potential moves toward the positive direction,
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Figure 10. (a) Photocurrent—voltage characteristics in 1 M NaOH
under AM 1.5 G illumination and in darkness at a scan rate of 25 mV/
s. (al) ZFO-1, (a2) ZFO-2, and (a3) ZFO-3. (b) M-S Plots of (bl)
ZFO-1, (b2) ZFO-2, and (b3) ZFO-3.

which is another piece of evidence of the increased surface
recombination after an optimum amount of ZnFe204.39

M-S plots for the Zn(NOj), treated films were also recorded
at 1000 Hz and shown in Figure 10b. The larger slope with the
Zn(NOs;), treatment compared to TF-3 sample indicates that
the carrier density of Fe,O; does not change toward a more
favorable direction after the treatment. Thus, the promoted
separation of electron—hole pairs generated in Ti-doped a-
Fe,O; and ZnFe,O, is the most possible reason for the
enhanced photocurrent.

4. CONCLUSIONS

Micro-nano-structured hematite films were synthesized via a
simple hydrothermal method. Ti-dopants enhanced the
electrical conductivity, facilitated the separation and transport
of electrons and holes, and led to the increase of the
photocurrent. Further enhanced electron—hole separation was
achieved by forming a Fe,0;:Ti/ZnFe,O, heterojunction
photoelectrode. The improvement of the electron—hole
separation by the heterojunction structure further improved
the photocurrent density. The design of this heterojunction
photoelectrode will have potential applications for producing
highly efficient water-splitting materials.
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