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Abstract

To enhance the efficiency of the oxygen evolution reaction of hematite (-Fe2O3), we 

engineered both the surface of the hematite nanorods and the FTO/hematite interface 

simultaneously with an optimal annealing condition. We demonstrated that the 

enhancement of the photo-electrochemical performance of the hematite film treated by 
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both methods was not just the summation of the improvements originating from each 

treatment but showed a significant cooperative effect. We clearly revealed that the 

strong electric field was effectively induced by the surface P doping with the 

concentration gradient profile, resulting in the band bending even at 0 V vs RHE. 

Furthermore, the dead layer was removed by the TiO2 underlayer, giving rise to Fermi 

level unpinning. We confirmed that the introduction of the TiO2 underlayer unpinning 

Fermi level enables to build on the strength of the intrinsic long-lived holes generated 

by P doping, which is the origin of the cooperative effect. 

Keywords: hematite, photo-electrochemical cell, water splitting, titanium dioxide, 

doping, phosphorus, time-resolved spectroscopy 

1. Introduction

In 2016, the member countries of United Nations (UN) set the Sustainable 

Development Goals (SDGs) and one of them was to ensure access to affordable, 

reliable, sustainable and modern energy for all. Because the amount of fossil fuels in 

our earth are limited and burning of fossil fuels inevitably causes serious environmental 

pollution, humanity cannot permanently use fossil fuels. Thus, as UN decided, finding 

Page 2 of 32Sustainable Energy & Fuels



Inaba et al,

3

the alternative energy sources for replacing fossil fuels is one of the urgent issues facing 

the human race today. 

There are many attempts for the development of new alternative energy sources 

and one of them is to use sunlight streaming toward earth for the production of 

hydrogen gas by splitting water. For example, H2 production via solar water splitting 

using photoelectrochemical (PEC) cells has been attracting a lot of attentions as an 

effective way to generate the clean energy source. This idea has been realized since 

Fujishima and Honda succeeded in demonstrating the light-induced water splitting with 

a TiO2 photo-anode and a Pt counter electrode for the first time.1

In order to achieve the effective water splitting using the PEC cell, multiple 

physical and chemical properties of the photo-electrode material must be taken into 

account such as strong visible-light absorption, appropriate conduction and valence 

band positions, efficient charge separation and transport/transfer kinetics.2-4 Apart from 

TiO2, several kinds of semiconductor materials have been developed to be utilized for 

the photo-electrode in the PEC cell5-14 and hematite (-Fe2O3) has been regarded as one 

of the best photo-anode materials because this material well satisfy the above mentioned 

conditions.15-17 However, it also has various limiting factors such as poor conductivity4, 

short hole diffusion length18, 19, strong recombination20-22 and slow oxygen-evolution 
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kinetics,23, 24 which must be improved for its implementation. In order to address these 

problems, several approaches (e.g. nanostructured architecture25-27, surface 

modification3, 28-30, and introduction of impurities31, 32 have been reported. Among these 

techniques, the doping, introduction of the impurities into the target material, has 

attracted many attentions as a powerful approach to overcome the above mentioned 

problems of hematite because it could potentially increase both carrier concentration 

and mobility, leading to the enhancement of the conductivity in the hematite film.33

In many cases, dopants were incorporated into the crystal lattice of hematite 

uniformly during the fabrication process of hematite, called bulk doping, such as 

hydrothermal growth, electro-deposition, chemical vapor deposition and atomic layer 

deposition,25, 34, 35 influencing mainly bulk states.36 Even though it has been reported 

that this method could improve the conductivity of the photo-excited charge carriers, the 

effect is not so significant because of the generation of the deep trap states in the bulk, 

inhibiting the charge diffusion. On the other hand, surface doping, such as a wet 

impregnation method in which the dopants are dispersed into the surface and/or new 

heterogeneous metal oxides phases are produced on the surface during calcination at 

high temperature,36-38 could form the depletion region generated by the impurities at the 

surface, resulting in the improvement of the charge mobility and the charge separation 
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efficiency.37 Moreover, Luo et al. demonstrated that this effect could become 

increasingly greater by increase in the concentration gradient effect of the impurities. 

They reported that this method named gradient doping drastically improved the PEC 

performance by optimizing temperature and the duration of the annealing process with 

an aid of the enhanced charge separation resulting from widening the depletion 

region.39-40

In addition, in order to achieve the high PEC performance of hematite, the lattice 

mismatch between the tin oxide in fluorine-doped tin oxide (FTO) substrate and the 

hematite film, generating a “dead layer”, must be taken into account.41-44 It has been 

reported that the strong interactions between the hematite film and the FTO substrate 

produce intermediate defect states, acting as recombination centers and causing Fermi 

level pinning.44 In order to solve this problem, introducing an interlayer between the 

FTO substrate and the hematite film could be a proper way to remove the dead layer. 

Furthermore, the underlayer could play various roles in not only removing the dead 

layer but also providing the dopant source, which could be realized by controlling the 

annealing temperature. According to a former study reported by Luo Z et al., in the 

presence of the TiO2 underlayer, the photocurrent of a hematite film was improved, 

which was attributed to the alleviation of the lattice mismatch between hematite and the 
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FTO substrate when the hematite film was sintered at low temperature ( ~550 C).27 On 

the other hands, when it was calcined at higher temperature, the crystallinity of hematite 

was improved and the Ti4+ dopant was introduced from the TiO2 interlayer, which 

enhanced the conductivity of the hematite film.27 Several metal oxide underlayers such 

as ZrO2
45, Nb2O2

46, SiOx
46 and TiO2

46-48 have been explored and it was demonstrated 

that the PEC performance of hematite could be enhanced by introducing one of them 

into the FTO/hematite interface with aids of the above mentioned effects. 

Likewise, the effects of each treatment on the surface of hematite and the 

FTO/hematite interface have been well understood but the comprehensive influences 

arising from both treatments have not been investigated yet. Therefore, in this study, we 

engineered both the surface of the hematite nanorods with P doping and the 

FTO/hematite interface with the TiO2 underlayer using a simple and easy solution-based 

method with an optimal annealing condition, in which the TiO2 underlayer not only 

reduced the lattice mismatch but also provided the Ti dopant from the underlayer to the 

inside of the hematite nanorods. In addition, in order to effectively incorporate the 

dopants into the hematite nanorods and also expand the depletion layer, we employed a 

very short and high temperature annealing process, which is the gradient doping. 

Because of the cooperative effects of those treatments, the fabricated film showed a 
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drastic improvement of the PEC performance. Furthermore, in order to reveal the effect 

of each treatment on the photo-excited charge carrier kinetics, we employed a 

time-resolved spectroscopic technique and clearly demonstrated the role of each 

treatment in the physical and chemical properties of hematite by studying the charge 

carrier dynamics. 

2. Experimental

Scheme 1 Schematic diagram of the experimental procedure of (a) deposition of TiO2 underlayer 

and (b) hematite deposition and phosphorus incorporation and (c) cross-section schematic diagram 

of a single nanorod in Hem/P@FTO/TiO2

TiO2 interlayer synthesis

Titanium precursor solution, 0.15 M titanium diisopropoxide bis(acetylacetate) (75 
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wt% in isopropanol, Aldrich) in 1-butanol was deposited on the FTO substrate (~7 Ω/sq, 

SOLARONIX) by spin coating (1500 rpm for 30 sec) and then heated at 250 C for 30 

min47 as shown in Scheme 1(a).

Hematite synthesis

In this study, we fabricated hematite films, based on a solution derived method that 

was described in previous reports,13, 21, 49, 50 as shown in Scheme 1(b). Briefly, at first, 

FTO or TiO2/FTO were vertically aligned in solution consisting of 0.3 M iron (III) 

chloride hexahydrate (FeCl3, 99.9 %, Wako) and 2 M sodium nitrate (NaNO3, 99.9 %, 

Wako). The solution was acidified by 0.19 mL Hydrochloric acid (HCl, 20.0%, Wako) 

to prevent iron precipitation.51 Deposition reaction was carried out at 100 C for 2 h 

(Hydrothermal growth). After cooling down to room temperature, the samples were 

rinsed with deionized water. Color of the FTO substrate became yellow because of the 

formation of β-FeOOH on the FTO substrate. The samples were annealed at 500 C for 

2 h and a ramp rate of 10 C/min to convert -FeOOH into hematite. The bare hematite 

film and the film including the TiO2 interlayer are denoted as Hem@FTO and 

Hem@FTO/TiO2, respectively. For the phosphorus incorporation, Hem@FTO and 

Hem@FTO/TiO2 were soaked in 0.2M Na3PO4 (Wako) solution for 10 min and the 
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films were dried in a furnace at 100 C for 1.5 h.39 (denoted as Hem/P@FTO and 

Hem/P@FTO/TiO2, respectively) Finally, the as-prepared samples (Hem@FTO, 

Hem@FTO/TiO2, Hem/P@FTO, Hem/P@FTO/TiO2) were calcined at 800 C for 5 

min to induce the introduction of the impurities as shown in Scheme 1(b) and (c), and 

then washed the surface with DI water.

Characterization

The nanostructure of a hematite single rod was examined by scanning electron 

microscopy (SEM, HITACHI, S-5500, 3 kV) and bright field scanning transmission 

electron microscopy (BF-STEM, HITACHI, S-5500, 10 kV). In order to observe the 

single rod, the hematite film deposited on the FTO substrate was scrapped out, and then 

dispersed in 2 ml acetone (Wako). This suspension was dropped on a collodion-coated 

copper grid and dried under vacuum. The surface morphologies of the hematite films 

were observed by scanning electron microscope (SEM, HITACHI, S-4300). X-ray 

diffraction (XRD) spectra of the hematite films were measured by X-ray diffractometer 

(Rigaku, MiniFlex 600). The element compositions in the as-prepared samples, derived 

from the binding energies of the electrons, were examined by X-ray photoelectron 

spectrometer (Kratos, AXIS-HSi). 
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PEC measurements

The current densities as a function of the applied bias voltage of the PEC cell 

consisting of the as-prepared hematite film (working electrode), a Pt counter electrode 

and a reference electrode (Ag/AgCl/Saturated KCl) were measured in KOH aqueous 

solution (pH 11.9). Linear sweep voltammetry (LSV) was performed using potentiostat 

analyzer (EC FRONTIER, ECstat-100) either in dark or under AM 1.5 G light (100 

mW/cm2) and the electrolyte solution was purged with Ar gas for 30 min before 

measuring LSV. All the applied potential values (vs Ag/AgCl), reported in this work, 

were converted into the corresponding values (vs RHE) using the Nernst equation,

ERHE = EAg/AgCl + 0.059pH + E0
Ag/AgCl

, where E0
Ag/AgCl is 0.198 at 25 C.

Time-resolved measurements

In order to investigate the photo-excited charge carrier kinetics, a heterodyne 

transient grating (HD-TG) technique which is one of the time-resolved spectroscopic 

techniques and sensitive to the dipole change at the solid/liquid interface was employed. 

21, 49, 50, 52-54 The second harmonic output of a Nd:YAG (YAG) laser (532 nm, 0.2−0.5 

mJ/pulse, 10 Hz, pulse width: 5 ns) and a semiconductor laser (638 nm) were used as 
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pump and probe lasers, respectively, to prevent the unintended simultaneous excitation 

from the TiO2 underlayer. The grating space used in the present work was 70 m. The 

target was excited by the pump irradiation, generating the transient grating on the 

sample, and the response was measured via the diffraction of the probe light. The signal 

was detected by a photodiode (Thorlabs, DET110, rise time: 14 ns) and amplified by a 

voltage amplifier (Femto, DHPVA). To eliminate the scattered pump light entering the 

detector, a filter for cutting 532 nm and a long pass filter (>550 nm) were also placed in 

front of the entrance of the detector. It was monitored and recorded by an oscilloscope 

(Agilent, DSO8104A, 4GSa/s). In order to measure the HD-TG responses under the bias 

voltage condition, we built a PEC cell consisting of three electrodes; the hematite film 

as a working electrode, a Pt counter electrode, and a reference electrode 

(Ag/AgCl/Saturated KCl). They were placed into a quartz cell (3/Q/40, Starna 

Scientific) filled with an electrolyte solution (KOH, pH = 11.9). A potentiostat 

(HA-151B, Hokuto Denko) was employed to apply a bias voltage. 

3. Results and discussion

Figure 1 shows the XRD patterns of all as-prepared samples. It was confirmed that 

the diffraction peaks labeled in Figure 1(a) correspond to the Bragg reflections from 
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the hematite (JCPDS 01-080-5413) and the SnO2 rutile phases (JCPDS 01-079-6887) by 

taking into account the peak shift induced by the FTO substrate, shown in Figure S1 in 

Supplementary Information (SI). No other peaks were observed, identifying the 

existence of a single-phase hematite layer on the FTO substrate. In addition, no shifts by 

introducing the impurities were observed as shown in Figure 1(b). It means that the 

dopants incorporated into the hematite film hardly influenced its crystal structure at all 

because of its small amount. 

ba

Figure 1 (a) X-ray diffraction patterns of Hem@FTO, Hem@FTO/TiO2, Hem/P@FTO, and 

Hem/P@FTO/TiO2, and (b) the magnified view in the vicinity of (110) and (104) peaks

The morphology of the hematite and the effect of the introduction of the impurities 
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on it were also examined by SEM (Figure 2 a-e). As can be seen in Figure 2a-d, each 

hematite film shows a nearly identical morphology, a nanorod shape, and it was more 

clearly identified by the EDX mapping as presented in Figure 2e and f. In the SEM 

images in Figure 2a-d, a remarkable difference was observed in Hem@FTO/TiO2 and 

Hem/P@FTO/TiO2, in which the hematite nanorods were more closely packed, 

compared to those in Hem@FTO and Hem/P@FTO, and it could be attributed to the 

different nucleation and growth mechanisms, resulting from the introduction of the TiO2 

underlayer.47, 48, 55 The thickness of the hematite layer (350±10 nm) was also measured 

by the cross-section SEM images shown in Figure S2 in SI. 

Figure 2 SEM top view of (a) Hem@FTO, (b) Hem@FTO/TiO2, (c) Hem/P@FTO, and (d) 

Hem/P@FTO/TiO2. (e) SEM image of a single hematite nanorod. (f) STEM image of a hematite 

nanorod shown in (e) and EDX mapping

In order to investigate light absorption properties of the as-prepared hematite films, 

UV-Vis absorption spectra were measured and presented in Figure S3 in SI. As shown 
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in the spectra, even though the absorption edge of all the hematite samples was 

observed at around 590 nm, it is noticeable that the treatments increased the absorption 

in the long wavelength range (600 nm), which could be attributed to the creation of the 

shallow impurity states in the treated hematite film.56 

The concentration profiles of the impurities in the single rod of Hem/P@FTO/TiO2 

were examined by a point scan of EDX and presented in Figure 3 and S4 in SI. As 

shown in Figure 3d, it was confirmed that the Ti element was incorporated into the 

hematite from the TiO2 underlayer, based on the higher concentration of Ti in the 

bottom than in the top. In addition, it was revealed that the P element was introduced 

into a hematite nanorod as shown in Figure 3d. Besides, it clearly shows the 

concentration gradient profile of P along the radial direction. These results support that 

the surface of hematite and the interface between the FTO substrate and the hematite 

film were successfully treated by each method. 

Further investigation for revealing the effect of the P doping on the surface of the 

hematite film was performed by XPS. The presence of P at the surface in Hem/P@FTO 

was confirmed, based on the P 2p peak in the XPS spectra (Figure S5a in SI). The 

binding energy of P 2p in Hem/P@FTO was 133.1 eV, of which value is higher than 

that of elemental phosphorus (130.1 eV)57 and similar to that of FePO4 (133.4 eV). On 
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the other hand, the Fe 2p peaks in the XPS spectra (Fe 2p3/2: 710.9 eV and Fe 2p1/2: 

724.4 eV) did not shift by introducing P at the surface (Figure S5b in SI). It means that 

no Fe-P bonds were created by the P doping on the surface in hematite, which enables 

the P elements to react with the lattice oxygen atoms, namely, locally reducing hematite. 

In addition, the O 1s peak in the spectra shows the decrease in the chemisorbed oxygen 

species (~532 eV) by the P doping on the surface in hematite (Figure S5c in SI), which 

supports the above result. 

Figure 3 (a) Schematic illustration, (b) STEM image, (c) expanded STEM image and (d) Ti and 

P concentration profiles at each position in a single rod of Hem/P@FTO/TiO2

The PEC performances of all the as-prepared samples were evaluated by measuring 
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the current densities as a function of the applied bias voltage, I-V curves, and presented 

in Figure 4. The photocurrent densities at 1.23V (vs RHE) were 0.10 mA/cm2 

(Hem@FTO), 0.12 mA/cm2 (Hem@FTO/TiO2), 0.15 mA/cm2 (Hem/P@FTO), and 0.48 

mA/cm2 (Hem/P@FTO/TiO2), respectively. These results clearly show that the 

introduction of either P on the surface or the TiO2 underlayer just slightly enhanced the 

PEC performance of Hem@FTO, which was already reported in the previous study,48  

while the improvement was remarkable when both the surface and the interface were 

simultaneously treated. As can be seen in Figure 4, the photocurrent density of 

Hem/P@FTO/TiO2 was approximately five times higher than that of bare hematite, 

Hem@FTO. Interestingly, the enhancement of the photocurrent density, resulting from 

the treatments of both the surface and the interface, was not just the summation of the 

improvement originating from each treatment but obviously showed a significant 

cooperative effect of the two methods on the performance. The detail of this 

phenomenon will be discussed later. 

The dependence of the I-V curve of Hem/P@FTO/TiO2 on the annealing 

temperature and the duration of the second calcination process is shown in Figure S6 in 

SI. As can be seen in the figure, the photocurrent density of each Hem/P@FTO/TiO2 is 

obviously dependent on the second annealing condition. When the annealing condition 
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was 800 ºC/5 min (optimal condition), the current density at 1.23V (vs RHE) was higher 

than that of the hematite film, annealed at 750 ºC/10 min. Because of the high 

temperature of the optimal condition, the crystallinity of the hematite film was enhanced 

and the incorporations of the dopants from the TiO2 underlayer and P at the surface 

were activated.27 Besides, in this condition, P dopants were effectively introduced into 

the hematite film with the concentration gradient profile, leading to the generation of the 

strong electric field in the hematite film as mentioned above. On the other hand, longer 

or higher calcination temperature such as 800 ºC/10 min or 850 ºC/5 min resulted in the 

decrease in the current density due to the deformation of the hematite nanorod27 or less 

effective dopant concentration profile. These indicate that the optimal condition of the 

second calcination process could lead to the balanced crystallinity, morphology, and 

dopant concentration profile. 

In addition, we can expect that the electron transport efficiency in the TiO2 

underlayer could be improved by the Ti4+-Fe3+ exchanges, achieved by the second 

calcinations process, because it has been reported that the Ti4+ in the TiO2 underlayer 

could be substituted by Fe3+ at high temperature, meaning that Fe doped TiO2 could be 

generated in the underlayer, in accordance with former studies58-61 and its current 

density is higher than that of the bare film with an aid of the reduction of the electron 
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transfer resistance.61

We also checked whether the high temperature of the annealing process could 

influence the conductivity of the FTO glass by measuring the resistances of the FTO 

substrates before and after the calcination and confirmed that the increase in the 

resistances was negligible (from 17.5 Ω/cm to 21.0 Ω/cm), which was due to the short 

annealing duration. 

Figure 4 Photocurrent density-potential (I-V) curves of Hem@FTO (black), Hem/P@FTO (red), 

Hem@FTO/TiO2 (green), and Hem/P@FTO/TiO2 (blue)

In order to figure out the origin of the performance enhancement and the 

cooperative effect, realized by the treatments, we investigated the charge carrier kinetics 

of the as-prepared hematite films, ranging from microsecond to second, which is highly 

related to the water oxidation process, using the HD-TG method, one of the 

time-resolved spectroscopic techniques.21, 49, 50, 52-54 It has been reported that most 
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photo-generated charge carriers decay within a few hundred nanosecond after the 

excitation event due to the ultrafast charge carrier recombination.62 Thus, a transient 

absorption technique that is a conventional method to investigate the charge carrier 

dynamics shows potential weakness to study them in the slow timescale because, in this 

method, the absorption of the trapped charge carriers must be directly probed. In this 

respect, we selected the HD-TG technique which is sensitive to the dipole change at the 

solid/liquid interface21, 49, 50, 52-54 to investigate the small number of the long-lived 

charge carriers, surviving at the surface in the hematite film, under a relatively 

low-intensity excitation condition, comparable to the solar irradiation. The principle of 

the HD-TG method is described in S6 in SI and its schematic diagram is shown in 

Figure S7 in SI.

The HD-TG responses of the as-prepared samples were measured in an aqueous 

solution, depending on the bias voltage, ranging from 3 s to 1 s, and presented in 

Figure 5. It is very difficult to extract the exact time constants of each component 

because a sum of a large number of the exponential functions always generate a good 

fitting, distorting the results, called over-fitting. In order to overcome the difficulty to 

select an appropriate number of the exponential functions in the response consisting of 

multiple components arising from a variety of circumstances of the charge carriers, we 
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employed the maximum entropy method (MEM), enabling to yield a continuous 

distribution of lifetimes of discrete exponential responses by maximizing the data 

entropy using the noise amplitude as a prior information.63 According to the result of the 

MEM analysis, all the observed responses included two decay components under the 

bias condition, which is consistent with the former works21, 49, 62, 64 and the obtained 

time constants are listed in Table S1 in SI. The first decay component, appearing 

between 10-6 and 10-3 s, has been assigned to the recombination arising from the surface 

trapped holes ( = 120 ~ 340 μs). In addition, the second component appearing from 

around 10-3 s corresponds to the charge transfer from hematite to electrolyte, originating 

from the long-lived holes ( ~370 ms) and this assignment was clearly confirmed by the 

pioneer work conducted by Durrant and his co-workers.62, 64 In these reports, they found 

that the signal amplitude of this component is quantitatively correlated with the 

photocurrent amplitude, meaning that the amount of the photo-excited charge carriers 

generating this component is directly related to the water oxidation reaction. Thus, 

based on the results, they concluded that this component arose from the long-lived holes 

trapped at the surface in the hematite film and the decay could be assigned to the charge 

transfer from hematite to electrolyte.62, 64 Even though we cannot find the quantitative 

correlation between the signal intensity of the second component and the current density 
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shown in Figure 4 due to the differences of the wavelength and the type of light, we 

believe that the component we observed is same with what Durrant and his co-workers 

found and we can qualitatively discuss this in this study, based on the clear assignments 

in the former studies performed by ourselves.21, 49, 52

Figure 5 HD-TG responses of (a) Hem@FTO, (b) Hem@FTO/TiO2, (c) Hem/P@FTO, (d) 

Hem/P@FTO/TiO2 in aqueous solution, depending on the applied bias voltage, 0.00 V (black), 

1.20 V (blue), and 2.00 V (red). Insets show the expanded TG responses ranging from millisecond 

to second.

(vs RHE), colored black (0.42 V), purple (0.62 V), blue (0.82 V), dark yellow (1.01 V), and red 

(1.22 V).As can be seen in Figure 5b, the signal intensities of both components significantly 

increased as an increase in the applied bias voltage in Hem@FTO/TiO2, while 
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Hem@FTO and Hem/P@FTO exhibited the dependence on it very weakly (Figure 5a 

and c and S8 in SI). It means that the number of the photo-excited holes only in 

Hem@FTO/TiO2 significantly increased under the bias condition because the band in it 

was bent by applying the bias voltage. Thus, it is obvious that the strong band bending 

under the bias condition resulted from the existence of the TiO2 underlayer and it could 

be attributed to the removal of the dead layer by the underlayer, leading to Fermi level 

unpinning. With an aid of Fermi level unpinning realized by the TiO2 underlayer, the 

space charge layer was significantly varied under the bias condition and charge carriers 

were well separated, resulting in the enhancement of the PEC performance shown in 

Figure 4. In addition, it is possible that the dead layer effect in a hematite was more 

alleviated by the Ti dopants from the TiO2 underlayer as previously reported.65

In Figure 5c, as mentioned in the above paragraph, the signal intensities of both 

components in Hem/P@FTO depended on the applied bias voltage very weakly. 

However, even at 0 V vs RHE, as can be seen in the inset of Figure 5c, the second 

component clearly appeared, which implies that the impurity of P on the surface could 

generate the depletion layer at the surface in the hematite film, leading to the increase in 

the number of the long-lived holes. Furthermore, it has been reported that the electric 

field could be remarkably enhanced by the gradient doping treatment owing to the 
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production of more than one band bending region.40 Thus, it is believed that the strong 

electric field was effectively induced by introducing P with the concentration gradient 

profile, resulting in the band bending even at 0 V vs RHE. However, the improvement 

of the PEC performance by introducing only P dopant was very small as can be seen in 

Figure 4. It means that it is necessary to add the external force that is the applied bias 

voltage to drive the oxygen evolution reaction using the long-lived holes, which was 

limited by Fermi level pinning resulting from the interface states in the dead layer in 

Hem/P@FTO.

In the case of Hem/P@FTO/TiO2 where both treatments were applied, as shown in 

Figure 5d, the signal intensities of both components significantly increased as an 

increase in the applied bias voltage. In addition, the second component could be found 

without the applied bias voltage, which was observed in Hem/P@FTO. It means that 

Hem/P@FTO/TiO2 has both advantages, unpinned Fermi level and the intrinsic 

depletion layer at the surface. As presented in the inset of the figure, the signal intensity 

of the second component arising from the long-lived holes was much larger than those 

in other cases, implying that the introduction of the TiO2 underlayer unpinning Fermi 

level enables to build on the strength of the intrinsic long-lived holes generated by P 

doping. Consequently, applying both treatments in the surface and the interface 
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drastically improved the PEC performance cooperatively as shown in Figure 4. 

The summary of the observed charge carrier kinetics in Hem/P@FTO/TiO2 in 

comparison with that in Hem@FTO is shown in Figure 6. In all cases, the 

Figure 6 Schematic illustrations of the photo-generated charge carriers dynamics in (a) 

Hem@FTO at 0.00 VRHE and (c) 2.00 VRHE (b) Hem/P@FTO/TiO2 at 0.00 VRHE and (d) 1.20 

VRHE  

(1) Recombination arising from the surface trapped holes, (2) hole transport from the bulk to the 

surface and (3) charge transfer kinetics of the long-lived holes

recombination arising from the trapped holes was observed of which time constant was 

120 ~ 340 μs (1). In Hem/P@FTO/TiO2 shown in Figure 6b, because P surface doping 

with the concentration gradient profile produced the strong electric field in the hematite 

film, this resulted in the band bending even at 0 V vs RHE, which varied the space 

charge layer, giving rise to the generation of the long-lived holes even at 0 V vs RHE 

(2). In addition, because the TiO2 underlayer removed the dead layer, the signal 

intensity in the response of Hem/P@FTO/TiO2 strongly depended on the bias voltage 

Page 24 of 32Sustainable Energy & Fuels



Inaba et al,

25

due to Fermi level unpinning, leading to the improvement of the charge separation 

efficiency under the bias condition. Then, the survived long-lived holes transferred to 

the electrolyte (3) resulted in the enhanced PEC performance with aids of the 

cooperative effects of the surface and interface treatments (Figure 6d).

On the other hands, in Hem@FTO, applying a high voltage was needed to generate 

the long-lived holes trapped at the surface states because Fermi level pinning resulting 

from the interface states in the dead layer obstructed the effective band bending. Thus, 

the intensity of the second component in the response of the bare hematite films under 

the bias condition was very weak and showed the voltage dependence very weakly 

(Figure 6c).

4. Conclusion

We successfully developed the hematite photo-anode possessing the tremendous 

advantages, unpinned Fermi level and the intrinsic depletion layer, resulting from the 

simultaneous treatments of the surface and the interface in the hematite film. In addition, 

we clearly revealed the role of each treatment in the physical and chemical properties of 

hematite and figured out the origin of the cooperative effect of these treatments on the 

performance by investigating the charge carrier dynamics using the time-resolved 
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spectroscopic technique. We believe that the simultaneous treatments in the surface and 

the interface, leading to the drastic improvement of the PEC performance, could be 

easily utilized in other nanostructured materials in the future and pave a road for 

developing new metal oxide photo-electrodes. 
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