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Abstract ;

Ti-doped Fe;O; photoanode was obtained through metal-organic decomposition method. The

physical and photophysical properties of the hematite photoanode were investigated by X-ray diffraction

(XRD), UV-vis absorption spectroscopy, X-ray photoelectron spectroscopy (XPS) and scanning elec-

tron microscopy (SEM) and the photo-electrochemical performance was evaluated for the Ti-doped

Fe,O; pho

toanode. In terms of maximizing the photoelectrochemical performances of the Ti-doped Fe,0;

photoanodes, the doping concentration of titanium was optimized. The Ti-doped Fe,O; photoanode ex-

hibits imp

roved photoelectrochemical performance after the electrochemical surface pretreatment. The

photoelctrochemical response of hematite photoanode can be improved by both titanium doping and the

electrochemical surface pretreatment. Based on the analysis of the Mott-Schottky plots and electrochemi-

cal impedance spectra (EIS), a possible mechanism was proposed to explain the reason for the enhance-

ment of photocurrent.
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1 Introduction

Semiconductor photoelectrochemical (PEC)
or photocatalytic water splitting for hydrogen fuel
production is a promising, clean and renewable
strategy to solve environmental and energy issues
through storing solar energy in the form of chemi-

cal bonds™*

. However, the low quantum effi-
ciency for a photoelectrode poses a great challenge
to water splitting by photocatalysis technique .
Some metal oxide materials with narrower band
gaps have been studied intensively as photoan-
odes, such as WO,, BiVO, and Fe,O,, due to
their visible light response, low cost and fairly

571 Specifically, among the known

good stability
transition metal oxide semiconductors, hematite
(a-Fe; O3) has gained significant attraction due to
the desired property of favorable band position
and a narrow band gap of 2. 0~2. 2 eV, together
with low cost, natural abundance, electrochemi-
cal stability and non-toxicity, however, due to a
number of drawbacks and disadvantages such as
slow charge carrier mobility, poor conductivity
and fast electron-hole recombination rate, for o
Fe,O; photoelectrodes, the reported water split-
ting efficiencies are much lower than the theoreti-
cal maximum efficiency™. Thus, in current re-
search, there is a strong motivation to improve its
electronic transport properties in this material by
reducing the electron-hole recombination.

Doping with ions is one desirable approach to
reduce the electron-hole recombination for the im-
proved conduction by impurities through introdu-
cing charge compensation with parent ions®’.
Dopants were in general found to significantly al-
ter the physical and electronic properties of hema-
tite, thus, it is now common for substitutional
doping of a-Fe; O, and both isovalent and heterov-
alent atoms have been used such as Ti""", Sn",
W and Zn'™ to reduce the electron-hole re-
combination rate and improve the PEC perform-
ance. Therefore, doping with Ti can improve the
carrier concentration and the separation of photo-

L[10]

generated carriers-'*, and through optimizing the

doping concentration, the photoelectrochemical
performances of «Fe,O; photoelectrodes doped
with Ti may be improved.

A suitable synthesis technique which should
be cheap, simple and easy to dope is also crucial
for photoelectrode materials to realize the high
PEC performance with the application in a large
scale. Up to now, various synthesis techniques
have been used to prepare hematite photoelectro-

des, such as pulsed laser deposition (PLD)M*,

a-
tomic layer deposition (ALD)™™, chemical vapor
deposition (CVD) techniques™'® , spray-pyrolysis
deposition (SPD) method™™, sol-gel route™®,

electrodeposition®”?,

hydrothermal method!*,
metal-organic decomposition method", (ultra-
sonic spray pyrolysis) USP*! and etc. Among the
synthesis techniques, metal-organic decomposi-
tion method which eases doping and good crystal-
linity is a facile method to prepare hematite pho-
toelectrodes with high photoelectrochemical per-
formance.

A number of approaches have also been a-
dopted and shown to improve the photoelectro-
chemical performance, such as nanostructuring?*
and surface modification"*". Recently, the surface
pretreatment by electrochemical cyclic voltamme-
try (CV) is expected as a universal way to in-
crease the photoelectrochemical performances of
the photoelectrode, which has been reported to
remove the surface recombination centert?: 2,
However, through the electrochemical surface
pretreatment, the reports regarding the improve-
ment of the photocurrent of Ti-doped hematite
photoanodes prepared by metal-organic decompo-
sition method are rare. In the present study, Ti-
doped hematite photoanode was prepared via met-
al-organic decomposition method. The doping con-
centration was optimized in terms of maximizing
the photoelectrochemical performances of the
hematite photoanodes. The Ti-doped hematite
photoanode by the electrochemical surface pre-
treatment exhibits improved photoelectrochemical
performance and the possible mechanism was also

discussed.
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2 Experimental

2.1 Materials

The starting materials utilized are Fe(NO;),
* 9H, O, tetrabutyl titanate, acetylacetone and
ethanol (analysis purity grade, Sinopharm Chem-
ical Reagent Co. Ltd. ).
2.2 Synthesis of Ti-doped Fe,O; photoanode

Hematite photoelectrodes were fabricated by
metal-organic decomposition method. Fe(NO;),
9H, O in acetylacetone (0.1 mol « L) was used
as precursor solution. 70 ‘C of the precursor solu-
tion was dropped onto fluorine-doped tin oxide
(FTO) substrates (2 cm X1 cm). The solutions
were dried in air, after which half of the coating
was cleaned by ethanol to expose the conductive
FTO substrate for subsequent testing. The pre-
pared samples were then calcined at 700 °C for 15
minutes to form hematite films. To prepare for ti-
tanium doped hematite thin film photoelectrodes,
we added different amount of tetrabutyl titanate
in acetylacetone (0. 04 mol « L") solution into
the Fe (NO; ), ¢ 9H, O acetylacetone solution to
produce different doping concentrations.
2.3 Characterization

Crystallinity of the products was identified
by X-ray diffraction (XRD, Shimadzu 6000 X-ray
diffractometer) with Cu Kq radiation (A=0. 154
nm) and a scan rate of 10 ° » min '. The light ab-
sorption was obtained by measuring the transmit-
tance using Ultraviolet visible (UV-vis) spectro-
photometer with an integrating sphere (L.ambda
750S, Perkin-Elmer) and the absorption spectra
were obtained using the Kubelka-Munk method.
The morphologies of the hematite films were ob-
served using field emission scanning electron mi-
croscopy (FESEM, JEOL JSM-7600F) with an e-
lectron accelerating voltage of 5 kV. The chemical
state of Fe was investigated by X-ray photoelec-
tron spectroscopy (XPS, Omicron EA125). The
binding energy was calibrated by Cls (284. 6
eV).
2.4 Photoelectrochemical (PEC) measurements

Photoelectrochemical measurements were

performed using a threeelectrode configuration
(PCI4/300™ potentiostat with PHE200™ soft-
ware, Gamry Electronic Instruments, Inc.) in a
standard three-electrode configuration coupled
with the sample films as the working electrode,
an Ag/AgCl electrode as the reference electrode
and a high purity Pt foil as the counter electrode.
The photocurrents of water oxidation were meas-
ured in 1 M KOH aqueous solution with a scan
rate of 30 mV « s '. The electrochemical pretreat-
ment was carried out as follows before the photo-
electrochemical properties of the samples were
measured™’. The as-prepared sample was scanned
by cyclic voltammetry for 30 cycles in 1 M KOH
in the dark. The cyclic voltammetry scans were

' and

performed at the scan speed of 20 mV « s~
with threshold reduction potential (—1.1 V). A
solar simulator ( HAL-320, Asahi Spectra Co. .
Ltd. ) with power intensity of 100 mW « cm *
was used as light source for photoelectrochemical
measurement. The samples were illuminated from
the front side (electrolyte/semiconductor inter-
face). The mask-off irradiated area was 0. 28 cm?.

Electrochemical impedance  spectroscopy
(EIS) measurements were carried out under AM
1. 5G solar simulator illumination (Oriel 92251A-
1000) in 1 M KOH electrolyte at the applied po-
tential of 0 V ws. Ag/AgCl using an AUTOLAB
Potentiostat-Galvanostat  ( AUTOLAB  PG-
STAT302 N). The Mott-Schottky plots were also
carried out using an AUTOLAB Potentiostat-Gal-
vanostat (AUTOLAB PGSTAT302 N) at a fixed

frequency of 1 kHz in 1 M KOH solution.

3 Results and discussion

The XRD patterns of the pure Fe, O; and Ti-
doped Fe, O, films are shown in Fig. 1. From Fig.
la, it shows that all peaks in the Fe, O, samples
agree well with the characteristic pattern of o
Fe, O, structure (PDF # 33-0664). The crystal
structure of the films after doped with Ti was also
determined by XRD, as shown in Fig. 1b. From
Fig. 1b, the XRD pattern characteristic of TiO,

was not observed in Ti-doped Fe, O, film, and no



1086 Wl K FF/CE ARFF RO % 55 &

noticeable peaks belonging to other phases ap-
peared except the ones for the FTO (SnQO,) sub-
strate, suggesting that titanium was probably in-
corporated with Fe,O;. The intense peaks of the
XRD patterns indicate that the a-Fe, O; products
were well-crystallized. Moreover, the doping of
Ti doesn’ t change the crystal structure. This
demonstrates that Ti-doped hematite thin films
can be successfully synthesized by the metal-or-

ganic decomposition method.

SnO2 41-1445

i | | 1
. 0 ° ¢ o a

5 * . i

g\ * * 0 0

. Fe O 33-0664

| i | |. | .

20 30 40 50 60
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Fig.1 XRD patterns of pure Fe,O; film (a) and
2% Ti-doped Fe,O; film (b) calcined at
700 °C for 15 min

The light absorptions of the pure Fe,O, and
Ti-doped Fe, O, films samples were measured u-
sing UV-vis absorption spectroscopy, which are
shown in Fig. 2. It is observed that all the Fe,O;
films possess good absorption to visible light. For
hematite, the visible light absorption is due to the
Fe*t 3d-3d spin forbidden transition excita-
tion"®™, The pure Fe,O, film exhibits a broad ab-
sorption and Ti-doped Fe,O; film exhibits a little
higher absorption intensity compared with pure
Fe,O;. Furthermore, the absorption edge of the
Ti-doped Fe,O; obviously shifts to a longer wave-
length, which indicates that the band gap is nar-
rowed by introducing Ti atoms. The absorption
edges of the pure Fe,O; and Ti-doped Fe;O; sam-
ple occur at ca. 589 and 597 nm, and the optical
band gaps of the samples are evaluated to be a-
bout 2. 10 and 2. 07 eV respectively. The reduc-
tion in the bandgap width from 2. 10 to 2. 07 eV
can be attributed to the incorporation of Ti and

such similar phenomenon has also been reported

281 Doping

in other Ti-doped hematite materials
Ti may introduce additional more positive energy
levels than the conduction band of Fe,O;, which
facilitates electrons to be excited from valence

band to conduction band™*"-.

Absorbance (a.u.)

300 350 400 450 500 550 600 650

Wavelength (nm)

Fig. 2 The UV-vis absorption spectra of the pure
Fe, O;(a) and Ti-doped Fe, O; (b)

XPS measurements were performed to ana-
lyze the oxidation state of Ti in the Ti-doped
hematite films and the result is shown in Fig. 3.
From Fig. 3, it shows that the Ti-doped a-Fe, O;
film shows clear Ti 2p peaks at 458.2 eV (2p;),)
and 464.1 eV (2p,,,). These Ti 2p peaks of Ti in
the Ti-doped hematite films are consistent with Ti
in a fully oxidized Ti'" state®®, Thus, after a
high-temperature annealing process, it is expected

that fully oxidized Ti*" dopants exist in the hema-

tite films.
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Fig. 3 High resolution XPS of Ti for the Ti-doped
Fe, O; photoelectrode
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SEM image of the Ti-doped hematite film
prepared by metal-organic decomposition method
is shown in Fig. 4. The SEM image illustrates that
the surface structure of Ti-doped hematite is in a
compact film form. It is shown that the films ex-
hibit a planar structure and due to the film
shrinkage during calcinations, some cracks ap-
pear. Nevertheless, the film showed the strongly
adhesive property to the FTO substrate even after
scrapping action. For the surface morphology, no
changes were observed after electrochemical treat-

ment for Ti-doped hematite thin films.

Fig. 4 SEM image of the surface of Ti-
doped Fe, O film

Mott-Schottky plots of pristine and Ti-doped
hematite samples were obtained to investigate the
carrier density, which is shown in Fig. 5. From
Fig. 5, electrons are the majority carriers as indi-
cated by the positive Mott-Schottky slopes. The
carrier density can be estimated using the follow-
ing equation®" ;

No=(2/eee) [d(1/C) /dV ] (D
where ¢, is the electron charge (1. 60X10° " C), ¢
is the dielectric constant of hematite (80), g, is
the permittivity of vacuum (8. 85 X 10 % F
m '), Nyis the donor density and V is the poten-
tial applied at the electrode. From the electro-
chemical impedance measured at each potential in
the dark, capacitances were obtained. After the
doping of titanium, the slope of hematite decrea-
ses which indicates the enhancement of carrier
density. The corresponding carrier density is 3. 51
X 10" ecm™? for pristine hematite, while the calcu-

lated donor density of the Ti-doped hematite is 8.

82> 10* em™’. The increased carrier (electron)
density improves the conductivity which can facil-
itate the enhancement of charge separation effi-

ciencies of Ti-doped hematite.
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Fig. 5 Mott-Schottky plots of (a) pure and (b)
Ti-doped hematite at a fixed frequency of 1
kHz in 1 M KOH aqueous solution

To investigate the charge transfer process,
electrochemical impedance spectra (EIS) were re-
corded. EIS was performed under simulated solar
illumination for reflecting the real situation of the
charge transfer process of water oxidation. The
Nyquist plots under 1 Sun simulated solar illumi-
nation are shown in Fig. 6. In the EIS, two semi-
circles are observed which are similar to those re-

BY Tt has been re-

ported for hematite electrodes
ported that water is oxidized from surface trapped
holes which are first trapped by the surface states
while not directly from valence band holes™. A
model was also proposed to analyze the EIS and is
adopted in the current study. In the inset in Fig.
6., R, stands for the resistance of the surface
states trapping holes; R, stands for the total re-
sistance from the external circuit; and R, stands
for the surface charge transfer resistance in the e-
quivalent circuit. The fitting results showed that
the surface charge transfer resistance of pristine
hematite was 24. 40 kQ. For Ti-doped hematite,
the surface charge transfer resistance was 0. 89
kQ. Compared with that of pristine hematite, the
decreased surface charge transfer resistance of Ti-

doped hematite may be beneficial to improve the



1088 Wl K FROEARFF ) % 55 %

photoelectrochemical performance.

16

14 1
12 .
10
8

Z"(kQ)

6
44
2

0-

Fig. 6  Electrochemical impedance spectra (EIS) of
(a) pure and (b) Ti-doped hematite at an ap-
plied potential of 0 V ws. Ag/AgCl in 1 M
KOH electrolyte under simulated solar illumi-
nation. The inset is the equivalent circuit to
simulate the EIS according to Klahr et al. s
work? . R, represents the total resistance
from the external circuit; C, is the space
charge capacitance of the bulk; R, is the re-
sistance of the surface states trapping holes;
C, is the surface state capacitance; R, is the
charge transfer resistance of holes from the

surface states to solution.
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Fig. 7 Photocurrent curves of the Fe, O; sample by
2% Ti-doped: a. before surface pretreat-

ment; b. after surface pretreatment

The photocurrent curves of Ti-doped hema-
tite before and after surface pretreatment samples
are shown in Fig. 7. From Fig. 7, it is shown that
the sample after the pretreatment shows the obvi-
ous enhancement of photocurrent compared with
the Ti-doped hematite sample without electro-
chemical pretreatment. The electrochemical pre-
treatment make the photocurrent of Ti-doped

hematite sample at 0. 6 V wvs. Ag/AgCl twice more

than that of the sample without surface pretreat-
ment. It has been previously reported that a favor-
able photohole transfer and a significant decrease
of charge recombination can be induced by elec-
trochemical reduction pretreatment which is phys-
ically associated with the partial transformation of
hematitet*. From the above results, it is proven
that the electrochemical pretreatment is also a ef-
ficient method to improve the photocurrent of the
Ti-doped hematite sample prepared by metal-or-
ganic decomposition method.

The photocurrent of Ti-doped hematite photo-
electrodes may be improved through optimizing the
doping concentration of titanium. The pure hematite
sample and the samples doped with titanium prepared
by metal-organic decomposition method and after the
surface pretreatment are investigated. The photocur-
rent curves of the pure and Ti-doped hematite sam-
ples with different doping concentrations are shown in
Fig. 8. As shown in Fig. 8, the photocurrent of the
doped film shows a significant increase compared with
the pure hematite film. The improved photoelectro-
chemical performance may come from a reduction in
charge recombination by the enhanced electrical con-
ductivity, which would lengthen the lifetime of
charge carrierst®* . From Fig. 8, the result shows that
when the doping concentration is increased from 1%
to 2%, the photocurrent is obviously improved at po-
tential higher than 0. 1 V. The photocurrent of the
Ti-doped hematite increases to about 1. 2 times after
the doping concentration of titanium is increased from
1% to 2% at potential of 0.6 V. The pronounced en-
hancement in PEC performance is supposed to be at-
tributed to the increased donor density by Ti do-
ping™*!. Due to the competition between charge trans-
port and electron-hole recombination, the electron-
hole recombination is also likely to be reduced by the
enhanced electrical conductivity by Ti doping. "
Thus, the increase of the photocurrent may be con-
tributed to the increased donor density and the re-
duced electron-hole recombination induced by the do-
ping of titanium. While compared with that of those
samples with the Ti doping concentration of 1% or

2%, the photocurrent for the sample with the Ti do-
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ping concentration of 3% is lower. That indicates that
the increase of the recombination of photo-generated
carriers may be induced by higher doping concentra-
tion and thus the photocurrent is decreased. The low-
er performance of the doped photoanode with higher
Ti doping concentration may result from a lower hole

L5 fur-

current and lower charge-transfer efficiency
thermore, doping in higher concentration can decrease

the width of the depletion layer and thus enhance car-

rier recombination-**,

3.0
~ 2.5
mE a
2
< 2.0
E c
2 15
=}
]
Z 1.0+
=]
=
© 05-

0.0

-0.4 -0.2 0.0 0.2 0.4 0.6
Voltage vs. Ag/AgCl (V)

Fig. 8 Photocurrent curves of the Ti-doped Fe, O

samples with different doping concentra-
tions: a. 1% Ti; b. 2% Ti; c. 3% Ti; pure
Fe, O; sample under light irradiation (d)
and in dark (e)

4 Conclusions

In summary, Ti-doped hematite thin films
were deposited by metal-organic decomposition
method. 2% Ti-doped hematite sample after the
electrochemical surface pretreatment showed the
highest photoelectrochemical performance. Both
titanium doping and the electrochemical surface
pretreatment can improve the photoelctrochemical
response of the hematite thin films, which is at-
tributed to the increased donor density and the re-

duced electron-hole recombination.
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