
Digest Journal of Nanomaterials and Biostructures           Vol. 15, No. 3, July - September 2020, p. 699 - 706 

 

 

PHOTOELECTROCHEMICAL WATER OXIDATION ON HEMATITE FILMS 

IN NEUTRAL AND ALKALINE ELECTROLYTES 

 

E. VASILE
a
, M. SIMA

b,
, A. SIMA

c 
a
University “Politehnica”of Bucharest, Faculty of Applied Chemistry and 

Material Science, Department of Oxide Materials and Nanomaterials, No. 1-7 Gh. 

Polizu Street, 011061 Bucharest, Romania 
b
National Institute of Materials Physics, 405A Atomistilor Street, 077125 

Magurele, Romania 
c
National Institute for Lasers, Plasma and Radiation Physics, 409 Atomistilor 

Street, P.O. Box MG-36 077125 Magurele, Romania 

  
Nanostructured hematite prepared via anodic deposition has been studied as photoanode in 

neutral and alkaline electrolytes. The morphology of the nanostructures was characterized 

by SEM, XRD analysis was performed to verify the phase of the films, absorption 

coefficient and band gap were determined from spectrophotometric measurements and the 

atomic concentration of Sn in hematite film was estimated from XPS measurements. EIS 

measurements and photocurrent responses showed the different behavior of hematite 

photoanode in alkaline and neutral electrolytes. The alkaline medium favors the 

chemisorption of the water molecules on hematite photoanode, contributing to the 

diminishing of the charge transfer resistance.    
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1. Introduction                                   

 
Conversion of solar energy into chemicals fuel through photocatalysis has gained a special 

interest [1-4] as a green and sustainable process for solving energy crisis and environmental 

pollution. Photoelectrochemical (PEC) and photocatalytic water splitting using semiconductors to 

generate hydrogen fuel is a part of this promising strategy. The water oxidation is the rate-limiting 

step of overall water splitting process due to the high activation barriers of oxygen generation. The 

most important properties of an efficient photocatalyst in oxygen generation [5-9] include a narrow 

band gap, a fast hole migration, a large surface area, a valence band maximum energy level more 

positive than the oxidation potential of water.   

Hematite (-Fe2O3) is a n-type semiconductor with a valence band edge position suitable 

for water oxidation and an optical bandgap of 2.1-2.2 eV [10-14]. It is stable in neutral and 

alkaline electrolytes. However, it is necessary to apply an external bias to generate hydrogen at 

counter electrode because its conduction band position is unfavorable for water reduction process 

[15, 16]. Like other semiconductors, hematite also has a short lifetime of minor carriers [12] and 

the kinetics for the transfer of holes at photoanode/electrolyte interface is slow [14]. The 

performance of state-of-art hematite photoanodes has been improved both by shifting of the onset 

potential towards more cathodic potentials and enhancing of photocurrent density [17]. The onset 

potential was shifted cathodically by two different paths: modification of photoanode surface with 

a co-catalyst, mainly cobalt-phosphate [18-21] to accelerate oxygen evolution reaction kinetics and 

depositing under or overlayers [22-26] of other semiconductors which lead to creating of homo or 

heterojonctions. The increasing of photocurrent density is typically achieved by material doping 

[27-31] and/or nanostructuring [14, 32-37].  
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In the present study, the photoelectrochemical performance of simple and Sn doped porous 

hematite films was evaluated both in neutral and alkaline electrolytes in order to improve the water 

oxidation kinetics and the charge transfer process at photoanode/electrolyte interface. 

 
2. Experimental 
 

2.1. Samples preparation 

Simple or nanostructured hematite films were prepared on FTO (F:SnO2) substrate by an 

electrochemical method. FTO glasses (Solaronix, 7 ohm/square) were cleaned with detergent, 

water and acetone and sonicated with 2-propanole in an ultrasonic bath for 10 min.  Thin films of 

hematite precursor (iron oxyhydroxide-FeOOH) were prepared on FTO substrate by 

electrodeposition in a conventional three-electrode cell that also contains a platinum foil as an 

auxiliary electrode and an Ag/AgCl electrode in saturated KCl as a reference electrode. The 

electrochemical process was performed potentiostatically at 1.2 V in a solution prepared by 

dissolving 0.1 M of FeSO4 in the distilled water, using an Autolab PGSTAT 30 potentiostat. The 

hematite precursor was annealed at 525
0
C resulting hematite film. In order to remove all hydroxyls 

from hematite it was necessary annealing over 800
0
C. Nanostructured hematite film was prepared 

on FTO-hematite thin film substrate. A layer of agarose gel on substrate surface was used as 

template for electrodeposition of hematite precursor [38]. A 1% (w/v) solution of agarose powder 

was heated in distilled water in a microwave oven and the clear solution was cast on a substrate 

plate. The agarose solution forms a film on the substrate after three hours and a half at room 

temperature in a sealed container. Into the pores of the agarose gel is electrodeposited a 

nanostructured layer of FeOOH. The agarose template was removed by immersing the sample for 

one hour in water heated to 85
0
C and the obtained porous film was annealed.  

Sn-doped photoanode was prepared by dipping the hematite sample in an ethanol-SnCl4 

solution (5 mM) for 1 min. After dipping process, hematite sample was sintered at high 

temperature (800
0
C for 10 min). The prepared samples are presented in the Table 1. 

 

2.2. Structural and optical characterization 

X-ray diffraction (XRD) analyses were performed on a Bruker D8 Advance type X-ray 

diffractometer, in focusing geometry, equipped with copper target X-ray tube and LynxEye one-

dimensional detector. The microstructures of deposits were imaged by field emission scanning 

electron microscopy (FESEM), using FEY Quanta Inspect scanning electron microscopes.  

The absorption spectra were recorded using UV-vis-NIR Carry 5000 spectrophotometer. 

X-ray photoelectron spectroscopy measurement was carried out on SPECS XPS spectrometer 

based on Phoibos 150  electron energy analyzer  with non-monochromatic X-rays emitted by an 

anti-cathode of Mg (1253.6 eV). The electron energy analyzer was operated in constant energy 

mode with pass energy of 20 eV giving an energy resolution of 0.9 eV (FWHM of the Ag 3d5/2 

line). The analysis chamber was maintained in ultra high vacuum conditions (~ 10
-9

 mbar). The C 

(1s) line (285 eV) corresponding to the C-C line bond had been used as reference Binding Energy 

(BE). The recorded XPS spectra were processed using Spectral Data Processor v 7.0 software. 

 

2.3. Photoelectrochemical measurements 

The photoelectrochemical measurements were carried out in 1 M NaOH (pH 13.6) and 0.5 

M Na2SO4 (pH 7) electrolytes with a three-electrode electrochemical system composed of the 

FTO/hematite nanostructure as the working electrode, Ag/AgCl/saturated KCl as reference 

electrode, and a Pt foil as the counter electrode. The experimentally measured potentials vs. 

Ag/AgCl were reported against the reversible hydrogen electrode (RHE): 

ERHE=EAg/AgCl+0.059pH+E
0
Ag/AgCl, with E

0
Ag/AgCl=0.1976 V at 25

0
C. The working surface area of 

the hematite photoanodes was 1 cm
2
. The photoanodes were illuminated from the front side (light 

falls on the semiconductor side) using AM1.5 solar simulator (L.O.T.-Oriel GmbH & Co.KG, 

Model LS0306 with a 300 W Xe-Arc lamp and an AM1.5-Global filter (LSZ189) with the 

specification: 1 sun at 18 cm working distance). The photocurrent-voltage (J-V) curves were 

measured in the dark and under illumination conditions with a scan rate of 20 mVs
-1

. These 

measurements were conducted using a potentiostat/galvanostat Autolab PGSTAT 30 (Eco 
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Chemie). The electrochemical impedance spectroscopy (EIS) spectra were collected in a frequency 

range of 100 kHz to 0.1 Hz with amplitude of 10 mV. The obtained curves were fitted using a 

Zview software. 

 
Table 1. The code of the hematite samples. 

 

Hematite 

sample 

Sample structure 

description 

Deposition 

time (s) 

Annealing step Thickness 

(nm) 

F1 FTO/hematite film 1000 525
0
C, 2h 75 

F2 FTO/hematite film/porous 

hematite  

2200 525
0
C, 2h; 800

0
C, 

10 min 

215 

F3 FTO-Sn doped hematite 2200 525
0
C, 2h; 800

0
C, 

10 min 

- 

 

3. Results and discussion 

 

3.1. Characterization of hematite films by XRD, SEM, UV-vis spectroscopy and XPS 

The hematite film annealed at 800
0
C (sample F2) exhibited typical diffraction peaks 

assigned to crystalline hematite (2=24.4
0
, 33.6

0
; 35.9

0
; 41.3

0
; 49.6

0
; 64.2

0
 for (012), (104), (110), 

(113), (024) and (300) planes, respectively; see Fig.1a). The diffractogram of the sample F2 shows 

high intensity peaks which indicate high crystallinity of hematite film annealed at 800
0
C.   

Fig.1b shows SEM image of α-Fe2O3 film (F1) (Table 1) formed of small crystallites 

which derived from FeOOH film uniformly electrodeposited at 1.2 V for 1000s. Its thickness is of 

75 nm (Fig. 1d). Fig.1c shows the porous morphology of nanostructured hematite sample (denoted 

F2) supplementary annealed at 800
0
C and having a thickness of 215 nm. It consists of two layers, 

the porous layer being 140 nm thick (Fig. 1d). 

 

 
(a)    (b) 

 
 (c)     (d) 

 

Fig.1. XRD pattern of the sample F2 (a) and SEM images of the samples F1 (b) and F2 (c and d). 
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Fig.2 shows UV-vis absorption spectra of the hematite samples F1, F2 and F3. Undoped 

hematite samples (F1 and F2) exhibit three absorption bands in visible spectrum at around 380 nm, 

525 nm and 637 nm which are connected with a direct transition, an indirect transition and 

subband gap transitions, respectively. The direct transition corresponds to the O
2-

 2p Fe
3+

 3d 

charge transfer and indirect transition was identified as a spin-forbidden Fe
3+

 3d3d excitation 

[39].  

 

 
    (a)     (b) 

 

Fig. 2. (a) Tauc plots of the samples F1 and F2; inset: UV-VIS spectra of the samples F1, 

 F2 and F3; (b) XPS survey spectrum of the sample F3.  

 

 

It can be observed that porous hematite film annealed at 800
0
C shows an increased 

absorbance. The absorption band which corresponds to direct transition shows a red shift (at 393 

nm) for Sn-doped hematite sample probable due to a distortion of the Fe2O3 lattice. 

The optical bandgap energy (Eg) of the samples F1 and F2 was estimated using the 

following equation [40] and Tauc plot method [41]: 

 

(h)
n
=B(h-Eg)                                                                        (1) 

 

where  is the absorption coefficient, h is the photon energy, n equals 2 for a direct transition 

(direct band gap semiconductors) and B is a material-dependent constant. The absorption 

coefficient value was determined by following equation [42]:  

 

= (-1/d) ln (It/I0)=(A/log e)2.303A/d                                                 (2) 

 

where d is the sample thickness, I0 and It are the intensities of incident and transmitted light, 

respectively, A=log (I0/It) is the absorbance, obtained from the UV-vis absorption spectra. In order 

to obtain the band gap (h)
n
 was plotted as a function of photon energy (h). The linear portions 

of the curves were fitted using linear regression analysis. An extrapolation of the linear regions of 

the plots gives the value of the bandgap as the intercept to x-axis (where h=0). The direct band 

gaps of the hematite samples F1 and F2 resulted from Tauc plots (Fig.2a) are very close (around 

2.13 eV). 

The XPS analysis was performed to confirm the presence of Sn dopant atoms after doping 

of hematite nanostructure. The XPS survey spectrum in Fig.2b depicted that sample F3 is 

constituted of Fe, O and Sn elements. The atomic concentrations of Sn and Fe were estimated to be 

21.2% and 78.8%, respectively using Fe3p and Sn 3d5/2 peaks of XPS spectrum. 
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3.2. Photoelectrohemical characterization of hematite photoanodes 

The performance of the prepared hematite photoanodes was evaluated from the 

photocurrent-voltage curves and electrochemical impedance spectroscopy measurements under 

simulated solar illumination (100 mWcm
-2

) conditions.  

Comparing the photoelectrochemical responses of the samples F2 an F3 it can be observed 

that sample F3 shows the highest photocurrent density at 1.23V vs RHE both in alkaline (1.08 

mA/cm
2
) and neutral (31 A/cm

2
) solution (Fig.3a and c). For the both samples, the photocurrents 

measured in alkaline solution are much higher. This larger value of the photocurrent obtained in 

alkaline solution could be attributed to changes in the characteristics of the photoanode surface 

which accelerate water oxidation kinetics and reduce interfacial recombination [43]. On the other 

hand, doping of hematite with Sn
4+

 ion produces a greather increase of the photocurrent in alkaline 

solution.  

EIS data obtained under illumination conditions for the prepared photoanodes were 

interpreted with a model proposed by Klahr et al [43]. In this model the holes accumulate in 

surface states at the semiconductor/electrolyte interface. The process of water oxidation takes 

place mainly from these surface states. 

 

 
(a)     (b) 

 
            (c)            (d) 

Fig. 3. J-V characteristics curves and EIS Nyquist plots at 1.23 V vs RHE obtained under simulated 

solar illumination of the samples F2 and F3 in alkaline (a and b) and neutral (c and d) solutions; 

inset: equivalent circuit for the simulation of photoelectrochemical mechanism in photoelectrodes. 

 

 
Table 2. The parameters of the photoanodes obtained from impedance spectroscopy analysis. 

 

 Alkaline electrolyte Neutral electrolyte 

Photoanode     

 

F2 F3 F2 F3 

R1 (Ωcm
2
) 27.1 24.1 29.2 32.7 

R2 (Ωcm
2
) 771.9 221.1 558.7 493 

R3 (Ωcm
2
) 412.3 77.6 22093 6288 

CPE1 (Fcm
-2

) 9.1x10
-6 

1.7x10
-5 

1.5x10
-5

 5.8x10
-5 

CPE2 (Fcm
-2

) 2.1x10
-4 

6.6x10
-4 

5.1x10
-5 

3.6x10
-5 
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Fig. 3b and d show the Nyquist representations of the impedance spectra of the hematite 

photoanodes F2 and F3. These impedance spectra reveal two series charge transfer phenomena: 

charge trapping at surface states (arc at higher frequencies) and charge transfer from surface states 

to the aqueous electrolyte (arc at lower frequencies). The equivalent circuit used to fit the 

impedance data is also showed in the Fig. 3d. In this model, R1 represents resistance associated 

with the electrolyte resistance and electric contacts of the electrode, CPE1 is capacity associated 

with charge accumulation in the bulk, R2 is resistance in charge trapping process at surface states, 

the capacity CPE2 is correlated with the number of active centers from the surface states and R3 

represents resistance in charge transfer process at photoanode-electrolyte interface. 

 

 
   (a)      (b) 

 

Fig. 4. The photoconversion efficiency versus applied potential profile for samples F2 and F3 

 in alkaline (a) and neutral (b) solutions. 

 

 

The oxygen evolution reaction involves four holes for each O2 molecule. Based on the 

hypothesis that the holes are trapped by Fe species often referred as surface states (Fe-OH and Fe-

O) from the hematite surface, it is observed (Table 2) that this process proceeds more easily in 

neutral medium (R2neutral<R2alkaline). However, the chemosorption of water molecules on these sites 

is obviously favored in an alkaline media (R3alkaline<<R3neutral). The presence of Sn
4+

 ions on the 

surface of the photoanode further activates the Fe species which reduces both R2 and R3 in both 

alkaline and neutral media. The obtained values of the CPE1 and CPE2 capacities are in 

accordance with the values of R2 and R3 resistances. 

The applied bias photon-to-current efficiencies (ABPE, ) of these photoanodes for PEC 

water splitting were estimated. ABPE characteristics have been derived from the LSV plots from 

Fig.3a and c using equation 3 [44]: 

 

%100*)
)23.1(*

(
incident

app

P

EI 
                                              (3) 

 

where I is photocurrent density (in mAcm
-2

) under simulated sunlight, Eapp the applied bias 

potential (V vs. RHE) and Pincident is intensity of illumination light (100 mWcm
-2

). The maximum 

efficiency values for F2 and F3 photoanodes in alkaline and neutral electrolytes are shown in 

Fig.4. It is observed that the value of maximum efficiency of Sn doped hematite (measured at 1.04 

V/RHE) in alkaline solution is 25 times higher than its value in neutral solution. The values of 

maximum efficiency of the undoped hematite photoanodes are small, even in alkaline solution.  
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4. Conclusions 

 
In summary, the photoelectrochemical properties of porous hematite based photoanodes 

have been studied both in alkaline and neutral electrolytes. The optical band gap of the hematite 

was 2.13 eV and the atomic concentrations of Sn and Fe in Sn doped hematite estimated from XPS 

measurements were 21.2% and 78.8%, respectively.  

The photoanodes showed higher photocurrents in alkaline solution than in neutral solution. 

This could be attributed to changes in the characteristics of the photoanode surface which 

accelerate water oxidation kinetics and reduce interfacial recombination in alkaline electrolyte. 

Although the holes trapping by Fe species from the hematite surface proceed more easily in neutral 

medium, the chemosorption of water molecules on these sites is obviously favored in an alkaline 

media. Sn
4+

 ions on the surface of the photoanode further activate the Fe species. As a result, the 

values of the electrical resistances in charge trapping process and in charge transfer process at Sn 

doped hematite photoanode became smaller. 
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