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Sn-doped hematite film was electrochemically deposited on 

the fluorine-doped tin oxide substrate as anode for 

photoelectrochemical water oxidation. The high photocurrent 

of ~2.8 mA·cm-2 at 1.24 V vs RHE and the conversion 10 

efficiency of 0.24 % are achieved.  
To satisfy the increasing global energy demand, 

photoelectrochemical water splitting has been considered to be 

one of the promising strategies to transform solar energy into 

fuels in the form of hydrogen.1 As the key part of the 15 

photoelectrochemical cell, numerous n-type semiconductor metal 

oxides such as TiO2,
2 WO3,

3 α-Fe2O3
4 and p-type semiconductor 

such as Cu2O,5 CuRhO2
6 have been developed to drive desired 

reactions. Given that a superior semiconductor electrode should 

be composed of inexpensive and abundant elements and should 20 

remain highly stable during photoelectrochemical reaction, 

hematite, an n-type semiconductor with a bandgap of 2.1 eV and 

the appropriate valence band position for O2 evolution is a 

promising photoanode material.7 However, hematite suffers from 

short hole diffusion length, slow water oxidation kinetics and low 25 

conductivity,8 one prospective solution to overcome these 

drawbacks are fabrication of nanostructured materials and 

impurity doping with Ti, Si and Sn et al.9  

    To date, Sn-doped hematite has been widely studies due to the 

relatively high chemical stability of Sn precursors (such as SnCl2 30 

and SnCl4) and thus easy operation during doping. Various 

techniques, including electrochemical deposition,10flame 

annealing,11coevaporating iron and tin in a reacative oxygen 

ambient,12 hydrothermal and high temperature annealing,13 have 

been used to fabricate hematite film with controllable Sn content. 35 

However, none of them demonstrate a photocurrent more than 1.9 

mA·cm-2 at 1.23 V vs RHE, although the photoelectrochemical 

performance of doped samples are indeed improved as compared 

with pristine hematite. Among these techniques, electrochemical 

deposition does not need costly manufacturing equipment and 40 

harsh condition for film growth.14 Most importantly, the film with 

desired thickness can be grown within short time, usually less 

than half hour. These features endow electrochemical deposition 

great advantages to prepare efficient electrode for the application 

in photoelectrochemical water splitting.15 45 

Here, we report the synthesis of hematite film on FTO 

substrate by facile electrochemical deposition method, followed 

by studying the influence of parameters such as Sn concentration, 

annealing temperature, time of deposition on the performance of 

samples. Under full light irradiation of AM 1.5 G, 100 mW·cm-2, 50 

the optimized sample exhibits an anode photocurrent as high as 

2.8 at 1.24 V vs RHE and 4.6 mA·cm-2 before the onset of the 

dark current, which corresponds to a total conversion efficiency 

of 0.24%.  We believe that the excellent photoresponse of the 

sample is due to the improved conductivity, charge transfer and 55 

water oxidation kinetics as a result of increased carrier density 

and surface modification with Co2+. 

 

Fig.1 FE-SEM images of hematite films on FTO: (a, b, c and d) samples 

annealed at 750 ºC , with 0%, 2%, 5% and 10% Sn doping, respectively, 60 

e) 5% Sn doped, before annealing, f) XRD patterns of the samples. Insert 

is the cross sectional view of the samples. 

    Electrochemcial deposition of hematite films were conducted 

using a standard three-electrode cell, with FTO as working 

electrode, Pt foil as counter electrode and SCE as reference. A 65 

solution contains 5 mM FeCl3·6H2O, 5 mM NaF, 0.1 M KCl, 1M 

H2O2 and x% SnCl2·H2O (where x is the molar ratio of Sn to Fe, 
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x% = 0, 2, 5, and 10) as deposition solution. Deposition was 

carried out at 50 ºC by applying 100 potential cycles between -

0.2 to 0.4 V vs SCE at a scan rate of 200 mV·s-1. The as-prepared 

films were rinsed with DI water and annealed at different 

temperature. The morphologies of the film deposited on the FTO 5 

substrate after Sn doping or annealing were checked by FE-SEM. 

As shown in Fig. 1a-e, all the samples show uniform and 

continuous film with no obvious aggregation on the surface. 

Incorporation of Sn element into the lattice of hematite does not 

induce significant changes in the surface morphology except for 10 

the heavily doped sample with 10% Sn, in which the feature size 

of the particulate shape increase slightly as can be seen from Fig. 

1d.  The thickness of 800-875 nm for all the samples are observed 

after verifying by the cross sectional view of SEM images. 

Judging from Fig. 1c and e, a little shrink of about 70 nm in film 15 

thickness occurs after being annealed at 750 ºC for 30 min.  

The crystal structure and the possible phase change of sample 

during thermal annealing were examined by X-ray diffraction. As 

illustrated in Fig. 1f, the as-prepared samples are amorphous 

phase, with no clear diffraction peaks of the hematite. It 20 

crystallizes into hexagonal hematite structure after annealing at 

750 ºC, as confirmed by appearance of diffraction peaks of (012), 

(104), (110) (113), (024) and (300). The doped samples show no 

observable shifts of all characteristic diffraction peaks compared 

to pristine hematite film, suggesting the main crystal structure is 25 

preserved during doping. Raman spectra have been shown in Fig. 

S1 to characterize the composition of hematite films. Five of 

seven possible optical modes (2Ag+5Eg) for hematite are 

observed with correspondence: Ag, 226 and 500 cm-1, and Eg, 

292, 410 and 610 cm-1.16 An extra peak appeared at 656 cm-1 can 30 

be assigned to the presence of magnetite (Fe3O4), which has been 

found in those hematite films prepared by electrochemical 

deposition.17 No obvious peaks are observed for unannealed 

samples except for the weak signals arising from FTO substrate. 

This is probably due to the low crystallinity of the as-prepared 35 

samples, as evidenced by the XRD data.  In order to investigate 

the state of Sn in the samples, XPS measurements were 

conducted. From XPS data shown in Fig S2, it is found that Sn 

element exists in the samples of 5% Sn as-prepared, 5% Sn-750 

ºC and 0% Sn-750 ºC. This result clearly shows that: 1) the 40 

electrochemical deposition method is effective to incorporate Sn 

element into hematite film; 2) the state of Sn element in all the 

samples tested is four plus; 3) high temperature annealing can 

induce Sn diffusion from FTO substrate into hematite film. 

The UV-vis spectra, photoluminescence spectra and Time-45 

Correlated Single Photon Counting were measured to 

characterize the hematite films. The band gap is estimated to be 

2.16, 2.16 and 2.15 eV from UV-vis spectra in Fig. S3 for 

samples of 5% Sn-750 ºC, 0% Sn-750 ºC and 5% Sn-as prepared, 

respectively. These values are comparable with those reported 50 

hematite.9 From photoluminescence spectra illustrated in Fig. S4, 

it can be seen that as-prepared sample exhibits higher 

photoluminescence than those being annealed at 750 ºC, 

indicating high carrier recombination rate of unannealed samples. 

Compared with 0% Sn-750 ºC sample, the weaker 55 

photoluminescence of 5% Sn-750 ºC sample implies lowered 

electro-hole recombination. Accordingly, the 5% Sn-750 ºC 

sample shows extended photoluminescence lift time of 1.2258 ns 

among the samples measured by the Time-Correlated Single 

Photon Counting, as shown in Fig. S5. 60 

 
Fig.2 a) Photocurrent response, b) conversion efficiency, c) long-term 

stability assay and d) IPCE of the samples measured at 1.2 V vs RHE. 

    Photoelectrochemcial performance of the samples were 

investigated by linear sweep voltammograms under AM 1.5 G 65 

(100 mW·cm-2) illumination in 1.0 M NaOH.  Previous research 

reveals that high temperature annealing can induce Sn diffusion 

from FTO substrate to hematite film and high temperature 

annealing is also necessary to activate the Sn doped hematite 

prepared at low temperature. Both process can benefit to the 70 

successful doping and thus generate high photocurrent. Hence, a 

high annealing temperature of 750 ºC is employed to maxim the 

performance of the hematite in this work. As shown in Fig. 2a 

and Fig. S6, for 750 ºC annealed samples the photocurrent 

increase with the elevated Sn concentration in deposition solution 75 

from 0%, 2% to 5% (molar ratio of Sn to Fe). However, 

continuing increase Sn concentration to 10% results in a 

significant decrease of the photocurrent. A satisfactory 

photocurrent up to 2.5 mA·cm-2 at 1.24 V vs RHE and 4.6 

mA·cm-2 before the onset of the dark current are obtained for 5% 80 

Sn doped samples, corresponding to a total conversion efficiency 

of 0.22% (see Fig. 2b).  These values increased to 2.8 mA·cm-2 at 

1.24 V vs RHE, with a conversion efficiency of 0.24%, after 

being treated with an oxygen evolution catalysts Co2+. These 

photocurrent and conversion efficiency are fairly superior for 85 

hematite photoanode, but still lower than a IrO2 modified 

cauliflower-like hematite18 and a silicon/hematite heterojunction 

material.19 It is not uncommon that the improved performance for 

Co2+ modified sample was gained, due to accelerated water 

oxidation kinetic,20 which is known as one of the restraining 90 

factor for hematite to achieve high photocurrent.  

Fig. 2c shows long-term stability of 5% Sn doped sample 

before and after Co2+ modification. It can be seen that both 

samples exhibit decent stability and retain almost 100% of their 

photocurrent after 1h illumination at a bias of 1.24 V vs RHE. 95 

Additionally, It was found that the photocurrent of 5% Sn doped 

samples increase remarkably from 0.03 to 1.1 and finally to 2.5 

mA·cm-2 when annealed at 500, 650 and 750 ºC, respectively, 

reflecting the importance of annealing temperature. The higher 

photocurrent of 0% doped, 750 ºC annealed sample than the one 100 
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of 5% Sn doped, 650 ºC annealed implies the Sn diffusion from 

substrate to hematite occurs. Then, we checked the effects of 

deposition duration time on the photoresponse of the samples. 

The results illustrated in Fig. S7a indicate that the film with 10 

min. (100 potential cycle) deposition has the highest photocurrent 5 

of 2.5 mA·cm-2. The deposition time either shorter or longer than 

that leads to a greatly decrease of photocurrent. At last, it was 

found that ramp rate of annealing is also a critical factor 

determining the photoelectrochemical performance of the 

samples as shown in Fig. S7b. The heating rate of 10 ºC per 10 

minute is the best. The relatively high heating rate possesses the 

benefits of: 1) avoiding loss conductivity of FTO due to exposure 

at high temperature for long time; 2) achieving faster Sn diffusion 

and doping with a more even distribution before the 

transformation to highly crystalline hematite occurs. A higher 15 

heating rate of 15 ºC per minute, we assume, may cause 

insufficient Sn doping and consequently, leading to poor 

photoresponse. The IPCE values in Fig. 2d shows photocurrent 

cut off edge of about 600 nm, reflecting the band gap of 

approximately 2.1 eV for hematite, consistent with the results 20 

obtained from optical spectra. 

 

Fig.3 a) Mott-Schottky plots of the hematite films obtained in 1.0 M 

NaOH solution in the dark, b) Nyquist plots of the hematite films under 

an illumination of AM 1.5G light (50 mW·cm
-2

), in 1.0 M NaOH solution at 25 

a bias of 1.54 V vs RHE. Solid dots represent experimental data, and the 

line represents model values. 

    In order to understand the roles of the annealing temperature 

and molar ratio of Sn to Fe on the electronic properties of the 

hematite films, the Mott-Schottky method and Nyquist plots are 30 

used to determine the flat band potential (Efb) and carrier density. 

The flat band potential determined by Mott-Schottky method 

illustrated in Fig. 3a shows that the estimated Efb are 0.64, 0.60 

and 0.48 V vs RHE for 5%, 0% and 5% Sn doped samples 

annealed at 650, 750 and 750 ºC, respectively. These values are 35 

comparable to the Sn doped hematite nanowires reported by us 

previously.21 In theory, the flat band potential should be 

approximately equal to the onset potential. However, as shown in 

Fig. S8, the same onset potential of about 0.69 V for three 

samples are observed from chopped light IV curve, which are 40 

obviously not in accordance with its flat band potential estimated. 

The positive shifts of the onset potential may be attributed to the 

high recombination of photo-generated carriers and slow oxygen 

evolution kinetics at the surface of the hematite. Therefore, an 

oxygen evolution catalyst Co2+ is modified onto the surface of 45 

hematite. Given that hematite film prepared is nanostructured and 

part of the FTO may be exposed to the electrolyte, generally used 

electrochemical deposition would grow Co-Pi on the FTO 

substrate preferentially because of its high conductivity. In this 

case, unwanted dark current will increase due to the back flow of 50 

the electrons from the back contact. Hence, a dip coating method 

is employed through soaking samples in the Co(NO3)2 solution. 

The results shown in Fig. S8 reveal a clear negative shift of onset 

potential from 0.69 to 0.49 V for 750 ºC annealed sample with 

5% Sn doping after Co2+ modification. This value of onset 55 

potential is already very close to its flat band potential estimated 

from Mott-Schottky plots, implying effective contribution of Co2+ 

modification on improvement of oxygen evolution kinetics. The 

increased photocurrent observed in Fig. 1a confirms the 

hypothesis.  60 

    The positive slop of the Mott-Schottky plots indicates Sn-

doped hematites belong to n-type semiconductor, consistent with 

that observed in Ti and Si doped hematite. But differs from the 

Zn doped hematite,22 from which a unique p-type doping is seen. 

The electron density is calculated to be 3.88×1019, 7.86×1019 and 65 

1.95×1020 cm-3 for 5%, 0% and 5% Sn doped samples annealed at 

650, 750 and 750 ºC, respectively. The values are in the range of 

those found for Ni doped hematite23 but lower than Ti doped 

hematite.24 It is noted that photocurrent for those samples 

increase monotonically with their electron donor density. To 70 

clarify this, we think that four plus metal doping can lead to 

changes of oxygen stoichiometry in hematite lattice or formation 

of Fe2+ sites to balance charge,25 either of which can improve the 

conductivity of the sample. This hypothesis can also be 

concluded from the equation σ = ne0µ0. As a result of increased 75 

conductivity, two factors may contribute to the higher 

photocurrents seen at higher electron donor density: 1) lowered 

recombination rate and faster collection of the photo-generated 

electrons at the back contact; 2) decreased thickness of space 

charge layer with higher electric field drive force to effective 80 

separation and transport of electrons and holes.  

    Nyquist plots are measured to supply more evidences under 

illumination of AM 1.5G light, 50 mW·cm-2, with a bias of 1.54 

V vs RHE. The experimental data are fitted well by use an 

equivalent circuit Rs(CPE-Rp), where Rs is the ohmic 85 

contribution, CPE is the constant phase element that takes into 

account non-idealities in the capacitance of the Helmholtz layer, 

and Rp is the charge transfer resistance. In this model, the low 

frequency response is assigned to the charge transfer resistance. 

In contrast, the response at high frequency is relatively small, 90 

implying fast electronic process in the semiconductor. Therefore, 

the smaller the semicircle is, the faster the charge transfer rate of 
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photogenerated charge carriers. As shown in Fig. 3b, the smallest 

semicircle for 5% Sn doped, 750 ºC annealed sample is seen, 

consistent with its highest photocurrent among the samples 

discussed. This result provides direct evidence that the excellent 

performance of the samples are probably attributed to the 5 

elevated donor density by appropriate concentration of Sn doping 

and improved conductivity, resulting in efficient charge 

separation and transportation.  

Conclusions 

In summary, we have synthesized Sn-doped hematite film on 10 

FTO substrate using a facile electrochemical deposition method 

with short duration time of 10 min.  From optimization of 

parameters such as electrodeposition time, annealing temperature 

and procedure, concentration of Sn doping and surface 

modification with an oxygen evolving catalyst, the high anode 15 

photocurrent up to 2.8 at 1.24 V vs RHE and 4.6 mA·cm-2 before 

the onset of the dark current, corresponding to a total conversion 

efficiency of 0.24% are achieved. The excellent photoresponse of 

the samples, we believe, is due to the improved conductivity, 

charge transfer and water oxidation kinetics as a result of 20 

increased carrier density and surface modification with Co2+. 

Additionally, we find in this work that heating rate of annealing 

greatly influence the performance of the hematite grown on FTO, 

due to the balance between conductivity of substrate and the 

appropriate concentration of doping needed. The electrochemical 25 

deposition is proved to be an effective method to fabricate high 

performance Sn-doped hematite, it may also be working to 

prepare doped hematite with other elements or other materials 

with or without doping.  
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