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Abstract Uniform Ti-doped hematite thin films were

deposited on transparent fluorine-doped tin oxide FTO

coated glasses using a pulsed laser deposition method. An

influence of dopant concentration on the photoelectro-

chemical characteristics was examined under water split-

ting. Photocurrent measurements indicated that 3 mol% of

Ti atoms was optimal dopant concentration in hematite

films produced by this method. The maximum photocurrent

density of un-doped and 3 mol% Ti-doped Fe2O3 photo-

electrodes was 0.67 and 1.64 mA/cm2 at 1.23 V versus

RHE, respectively. The incorporation of Ti atoms into

hematite photoelectrodes was found to drastically enhance

the water splitting performance.

1 Introduction

Solar energy to fuel conversion through photoelectro-

chemical (PEC) water oxidation at semiconductors is a

promising approach to supply with clean and renewable

energy. Solar energy comprises the largest available pri-

mary energy source, whereas the water is a ubiquitous

source of hydrogen atoms [1]. The combination of water

and sunlight opens the possibility to produce renewable,

carbon-free and unlimited hydrogen fuel via PEC water

oxidation process.

Semiconductor photocathodes used for water splitting

cells should have a proper band gap energy (*2–2.2 eV),

strong visible light absorption, fast transport of the photo-

generated electrons and holes, low cost, etc. [2, 3]. Fur-

thermore, photocathodes need to supply sufficient cathodic

current to reduce protons to H2 and must be stable in

aqueous environments. Compare to other semiconductors,

hematite or a-Fe2O3 has a bandgap of *2.2 eV, which

allows utilization of nearly 40 % of the incident solar

radiation. Furthermore, a-Fe2O3 is naturally abundant,

cheap and has excellent photochemical corrosion in aque-

ous solutions. [4, 5]. However, hematite has a critical major

drawback, i.e., very poor electrical conductivity and very

high electron–hole recombination rate. Thus, most of the

hematite photoanodes have exhibited very low PEC per-

formance. To date, a large number of dopant ions have

been introduced into a-Fe2O3 matrix attempting to improve

performance including, Ti4?, Pt4?, Si4?, Zn2?, Mg2?, etc.

[4–8]. These dopants have been shown to play important

roles in improving the donor density, electrical conduc-

tivity, etc. However, the properties of any kind material can

be strongly influenced by the dopant concentration and

crystallinity [9, 10]. Therefore, the physical understanding

of the PEC performance and its dependence on activators

concentration is of fundamental importance.

In present study, we prepared Ti-doped hematite thin

films grown directly on FTO substrates by PLD method.

During the samples preparation, the targets were initially
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calcined at 1,000 �C (sufficiently higher than other known

methods) suggesting their very high crystallinity. The PEC

performances of these films were found to be strongly

dependent on the Ti concentration, the parameter, which

can be easily controlled during the fabrication.

2 Experimental part

2.1 Thin films deposition

All chemicals were purchased from Sigma-Aldrich Cor-

poration and were used without further purification. Fe2-

O3:xTi4? (where x = 0, 1, 3 and 5 mol%) powders were

firstly prepared by a co-precipitation method. Obtained

powders were pressed into pellets and calcined in air at

1,000 �C for 10 h. FTO glass (16–20 X cm-2) was used as

a substrate for thin films deposition. Before deposition, the

FTO glass was washed with acetone, ethanol and then

deionized water. PLD method (248 nm KrF excimer laser,

repetition rate of 10 Hz, energy density was 2 J/cm2) was

used to grow 100-nm-thick Ti-doped Fe2O3 thin films on

FTO substrates.

2.2 Characterization

The structures of the prepared films were examined by

XRD (Bruker D8 Discover) using Cu-Ka radiation

(k = 0.15405 nm) at a 2h scan range of 20–60o. The

morphology of the films was characterized by FESEM

(Hitachi S-4700). The PEC experiments were carried out in

three-electrode configuration under simulated AM 1.5

(100 mW cm-2) illumination in 1 M KOH solution (pH

13.6) using Ag/AgCl as the reference electrode and a

platinum foil as the counter electrode. The measured

voltage was converted into the potential versus RHE. IPCE

were measured using a 300 W xenon lamp (66905, Oriel

Instruments) coupled with a monochromator (74004, Oriel

Conerstone). Depth profiling analysis was performed on an

ESCALAB 220i XL surface analysis instrument at ultra-

high vacuum (P B 10-6 Torr). The depth profiling was

conducted using 2 kV low energy Ar? ions rastered over

1 9 1 mm area. The etching rate was controlled approxi-

mately at 20 nm/min. All measurements were performed at

a room temperature of 22 ± 1 �C.

3 Results and discussion

The XRD patterns of the un-doped and Ti-doped (1, 3 and

5 mol%) hematite films on the surface of FTO are shown in

Fig. 1. The pure FTO substrate was also used as a reference.

The XRD data for un-doped and Ti-doped hematite thin

films grown on FTO substrates show that all peaks (with the

exception of the FTO substrate peaks) can be indexed to the

rhombohedral phase of a-Fe2O3 (JCPDS No. 33-0664) with

no alien peaks of other phases. The intense peaks of the XRD

pattern indicate that the a-Fe2O3 films were well crystal-

lized. The calculated mean crystallite sizes of the prepared

thin films (based on the well-known Debye–Scherrer’s

equation) roughly were 57, 51, 44 and 41 nm for pure

a-Fe2O3, a-Fe2O3:1 % Ti4?, a-Fe2O3:3 % Ti4? and

a-Fe2O3:5 % Ti4? films, respectively. Thus, one can see that

the mean crystallite sizes decreased with Ti4? co-doping.

Figure 2 shows the comparison on morphology of un-doped

and Ti-doped hematite thin films deposited on FTO glasses.

It seems that doping with different Ti4? concentrations does

not significantly change the morphology (due to uniform

thin films deposition by PLD), and all samples have a nearly

similar rough surface. The as-deposited thin films were

about 100-nm-thick as it shown in the Fig. 2a (inset).

Figure 3 shows the photocurrent density-applied poten-

tial (J–V) scans for un-doped and Ti-doped hematite thin

films. In the dark conditions, the J–V responses for all sam-

ples are similar and show no evidence of enhanced PEC

activity due to the dopant. The un-doped hematite thin film

yields a relatively low photocurrent density of 0.67 mA/cm2

at 1.23 V versus RHE. However, this value represents one of

the highest photocurrents reported for bare hematite fabri-

cated under standard conditions [11]. This good performance

may originate from high crystallinity and interconnectivity

of hematite films due to the high temperature target anneal-

ing at 1,000 �C. The Ti-doped hematite thin films show a

much higher photocurrent than that of un-doped sample.

Among all the compositions, the 3 mol% Ti-doped sample

exhibits the highest relative PEC performance. For 3 mol%

Fig. 1 XRD patterns of un-doped and Ti-doped hematite thin films
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Ti-doped sample, the photocurrent density at 1.23 V versus

RHE drastically increases to 1.64 mA/cm2. Thus, the pho-

tocurrent of 3 mol% Ti-doped sample is 2.4 times larger than

that of the un-doped sample fabricated at the same

conditions.

The incident photocurrent conversion efficiencies

(IPCEs) for un-doped and Ti-doped hematite films were

measured at 1.23 V versus RHE as a function of incident

light wavelength, and the data are plotted in Fig. 4.

Ti-doped hematite film shows enhanced IPCE values

compared to the un-doped sample at all measured wave-

lengths, which are consistent with the J–V curves. The

highest IPCE measured for Ti-doped sample is about 62 %

(at a wavelength of 350 nm). The IPCE for both samples

are especially low in the long-wavelength range because

the quantum yield for converting photons with energies

close to the hematite band edge is low. The observed high

efficiency for Ti-doped sample can be attributed to higher

crystallinity and improved donor density by Ti doping.

The distribution of Ti as a function of depth within the

film was examined using the 3 mol% Ti-doped sample by

controlled Ar? ion etching. Figure 5 shows the XPS

etching profile obtained from the 3 mol% Ti-doped

hematite film. The etching time was varied from 0 to

Fig. 2 SEM images of un-doped and Ti-doped hematite thin films (scale-bar 100 nm): a 0 mol% Ti, b 1 mol% Ti, c 3 mol% Ti, and d 5 mol%

Ti. Inset of (a) is a cross-sectional view of 3 mol% Ti-doped hematite thin film (scale-bar 500 nm)

Fig. 3 J–V scans of for un-doped and Ti-doped hematite thin films

Ti-doped hematite thin films 1541

123



5 min. The atomic ratio of Ti4? was observed to be con-

stant (*2.8 %), indicating that the surface and bulk have

approximately the same Ti concentration.

Ti dopant in hematite may act in several ways. First, Ti

acts as an electron donor due to the substitution of Fe3? by

Ti4? in hematite lattice. The increased donor concentration

favors to improved conductivity and decreases the carrier

recombination. Second, the increased donor concentration

would increase the electric field across the space charge layer

resulting in higher charge separation efficiency. However, at

high concentrations, Ti4? would have defect scattering/

recombination properties and finally negate the increased

separation efficiency. The experimentally obtained optimum

3 mol% Ti4? doping level may balance these competing

effects and yield the best PEC performance.

4 Conclusion

In conclusion, Ti dopant was successfully introduced into

hematite films at different concentration level. The Ti-

doped hematite films show an improvement in efficiency

for PEC water splitting compared to un-doped sample. We

experimentally showed that the 3 mol% Ti-doped hematite

film exhibits the highest relative PEC performance. The

high photocurrent density and IPCE of 3 mol% Ti-doped

hematite film can be attributed to both the favorable

crystallinity and the Ti doping, which reduce the electron–

hole recombination and increase the donor density in

hematite films. Further work on understanding the effects

of other elements doping into hematite lattice on the

mechanism and PEC behavior is going on.
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