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Abstract

Multi-layered hematite (a-Fe203) films were prepared on fluorine-doped tin oxide (FTO) using
the dip coating method. The first three layers of the films were annealed at 500°C and fourth
layers at 500, 600, 700, 750 and 800°C respectively, and their photoelectrochemical (PEC)
performance was investigated. Films annealed at 750°C recorded the best performance,
producing 0.19 mA/cm? photocurrent at 1.23 V vs reversible hydrogen electrode (RHE); 5.3
times more than what was recorded for films sintered at 500°C, and the onset potential yielded
a cathodic shift of 300 mV. The enhanced performance was linked to improved crystallization,
absorption coefficient, lowered flat band potential, increased charge carrier density, decreased
charge transfer resistance at the solid/liquid interface and increased surface states capacitance
for films annealed at 750°C. The PEC performance of multi-layered a-Fe»Oz films could be
improved by annealing the last layers at elevated temperatures without damaging the
conducting substrates.

Keywords: hematite, multi-layered films, dip coating, annealing temperature,
photoelectrochemical performance

1 Introduction

Hematite, a thermodynamically stable phase of iron oxide has received significant attention in
recent years for its potential application in photocatalysis. It is environmentally friendly,
abundant and able to absorb considerable photons in the visible part of the electromagnetic
spectrum due to its bandgap ranging from 1.9-2.2 eV [1]. However, some of the main
challenges that is restricting hematite’s use for photocatalysis is its poor conductivity and low
absorption coefficient which requires films with thickness of 400-500 nm for sufficient light
absorption [1, 2]. Preparation of multi-layered coatings with individual layers sintered at high
temperatures had been shown to favour columnar grain growth, increasing crystal size, film
density and consequently electron mobility [3-6]. The improvement in electron mobility has
been associated to decreased scattering centres and reduction in the mean free path for electrons
as a result of large crystallites [3, 5], lowering the film resistivity, thus improving conductivity
according to equation 1:

1
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where p represent resistivity, ne is the number of electrons and ple is electron mobility [3].

The multi-layered approach has been employed for preparing hematite photoanodes for
photocatalysis [7-9]. Multi-layered hematite films consisting of four layers have been produced
for PEC application by sintering iron oxyhydroxide films at 500°C for 120 min [8, 10]. Zhang
et al, (2014), prepared five stacked layers of hematite films on FTO for PEC water splitting by
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annealing at 450°C for a period of 30 min for each layer [7]. In another study, Gonglaves et al,
[9] prepared hematite films for PEC water splitting by annealing magnetite on FTO at 820°C
for 20 min and repeating the procedure to obtain multi-layered films. The preparation of multi-
layered hematite films for photocatalytic applications have mostly been done at a fixed
annealing temperature for all the layers.

Annealing temperature serves a vital role in influencing the properties and photocatalytic
efficiency of hematite films irrespective of the preparation method [11]. Many leading
preparation approaches demands, as prerequisite post-deposition sintering temperature
between 400-550°C for the production of hematite films [12-16]. However, preparing hematite
films at elevated temperatures between 700-800°C for 15-30 min has been reported to improve
performance in PEC water splitting [11]. Heating the films at elevated temperatures for longer
periods can significantly increase the resistance of FTO and offset desired effects such as
increasing crystallization [17]. For multi-layered films, annealing of each layer at elevated
temperatures could lead to the deformation of the substrate. Preparation of stacked hematite
films at 400-550°C while annealing the last layer at elevated temperatures could improve their
properties for enhanced PEC performance without damaging the substrates.

In this work, we prepared four stacked layers of hematite films on FTO substrates by annealing
the first three layers at 500°C. Thereafter we investigated the impact of treating the last layers
at 500, 600, 700, 750 and 800°C on their PEC performance. The results revealed that hematite
films treated at 750°C had the best photocurrent and onset potential at 1.23 V vs RHE. The
enhanced performance was linked to improved crystallization and absorption coefficient,
lowered flat band potential, increased density of charge carriers, decreased resistance to charge
transfer at the solid/liquid interface and increased capacitance of the surface states for films
annealed at 750°C.

2 Experimental
2.1  Precursor complex preparation

A solution-based procedure previously described [18] was adopted for preparing the precursor
solution. A mixture of 28 g of iron(11) nitrate nonahydrate (Fe(NOz)3.9H20) and 19 ml of oleic
acid was heated for 2.5 hrs at 110°C, yielding a red-brown mass. 80 ml of tetrahydrofuran was
then used to treat the mass obtained. An ultrasonic bath was used to sonicate the mixture for
15 min and centrifuged for 3 min at 5000 rpm. The supernatant was recovered and used for dip
coating of thin films on FTO substrates.

2.2  Dip coating process

FTO substrates cleaned using acetone, ethanol and distilled water and dried with nitrogen gas
were used for the preparation of hematite films. Deposition of the precursor solution on FTO
was done using a dip-coater at withdrawal velocity of 50 mm/min. Four stacked hematite film
layers were prepared on FTO, after drying at 70°C for 15 mins and annealing at 500°C for 2hr
(30 mins for each layer). Additional films were prepared under similar conditions except for
the fourth layers which were first heated to 500°C, and immediately raised to 600, 700, 750



and 800°C within 5 mins respectively, and annealed at those temperatures for 25 mins.
Annealing of the fourth layers at elevated temperatures for a limited time of 25 mins was
adopted to avoid the deformation of FTO substrates due to excessive heat. Fig. 1 shows a
diagram illustrating the film preparation procedure.
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Fig. 1. Schematic illustration of the experimental procedure.

FTO substrates used for the experiments were subjected to the same annealing conditions with
the samples prepared to study the impact that such treatments will have on their resistivity. The
substrates were first annealed for 1 hr 30 mins at 500°C, after which they were subjected to
heat treatment at 500, 600, 700, 750 and 800°C respectively, under the same conditions as the
prepared hematite films.

2.3 Characterization

X-ray diffraction (XRD) was employ to examine the structural properties of the films using
Bruker D2 PHASER-e diffractometer of Cu-Ka radiation at 0.15418 nm wavelength. Zeiss
Crossbeam 540 was to carry out field emission scanning electron microscopy (FE-SEM), to
investigate the surface morphology of the films. The Zeiss Crossbeam coupled to energy
dispersive X-ray Spectroscopy (EDS) was utilize to check the elements present in the films.
Ultraviolet-Visible (UV-Vis) spectroscopy measurements were done with CARY 100 BIO
UV-Vis spectrometer to investigate the optical behavior of films. The resistivity of the annealed
FTO substrates were studied using a Signatone linear four-point probe.



The PEC performance of the films was studied using VersaSTAT 3F potentiostat from
Princeton Applied Research, in a three-electrode electrochemical system with 1M NaOH
electrolyte (Ph=13.6). The a-Fe.O3 films on FTO, 2 x 2 c¢cm platinum meshed wire and
silver/silver chloride (Ag/AgCl) in 3M KCI were used as working, counter and reference
electrodes respectively. Approximately, 1.68 cm? of the a-Fe,O3 photoanode was immersed in
the electrolyte. The photocurrent of the films was obtained by carrying out linear sweep
voltammetry (LSV) measurements from -0.4 V to 0.7 VV vs Ag/AgCl at 0.05 V/s scan rate in
dark and under light illumination. The light source was a Newport Oriel® LCS — 1007 solar
simulator calibrated to 1 sun at 100 mW/cm? using a Newport 91150V reference cell, and the
illumination area of the photoanode was 0.49 cm?2. Mott-Schottky analysis were carried out in
dark conditions at a DC potential range of -1.2 to 0.2 V vs Ag/AgCI under a fixed frequency
of 1000 Hz and AC amplitude potential of 10 mV. Electrochemical impedance spectroscopy
(EIS) measurements of the hematite films were done under illumination at 0.23V vs Ag/AgCl,
between 10, 000 to 0.1 Hz frequency range at a potential amplitude of 10 mV. ZView software
from Scribner Associates was used to fit the EIS experimental data to an equivalent circuit
model. The potential in Ag/AgCI for all the PEC measurements were converted to RHE scale
using equation 2 [19],

Veng = Vagager + (0.059 X PH) + Vg agci )

where, Vg is potential in the RHE, ng/AgCl =0.1976 V at 25°C, and V5 /44c: represents
the potential vs Ag/AgCI reference used during the experiments.

3 Results and Discussion
3.1  Properties of films
3.1.1 Morphology and elemental composition

The surface morphologies of the films examined using FE-SEM are shown in Fig. 2(a-€). The
morphologies disclosed spherical nanostructures and the agglomeration of some particles into
larva-shaped structures. The surface of the films appeared to be more uniform with increasing
annealing temperature. The average particle diameter across the width of the nanostructures
was approximated using ImagelJ software. FE-SEM cross-sectional images revealed
approximate film thickness of about 776 + 50 nm for the films. Fig. 2(f) shows the cross-
sectional image for films sintered at 500°C. Fig. 2(g), (h) and (i) presents the histograms of
particle diameter distribution for films sintered at 500, 750 and 800°C respectively, showing
their estimated size and standard deviation (SD) values. The particle diameter was observed to
increase with temperature to a maximum estimated size of 53.7 nm for films annealed at 750°C,
which was 72.1% higher than those of films treated at 500°C. Grain size has been link to the
temperature of isothermal growth [20]. At higher temperatures, the atoms gain sufficient
diffusion activation energy and are able to migrate with more ease to the grain boundaries to
induce grain growth [21]. The observed grain size increase with temperature was due to
improved migration of oxygen and iron atoms to grain boundaries leading to their incorporation
into the lattice [20, 22]. Decreased in particle diameter was observed for the films sintered at
800°C compared to the ones treated at 750°C. This may be a result of deformation of FTO
substrate due to excessive heat which may have interrupted further grain growth [17].
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Fig. 2. SEM micrographs for films annealed at (a) 500°C, (b) 600, (c) 700°C, (d) 750°C and
(e) 800°C respectively; (f) shows the cross-sectional image for films annealed at 500°C; (g),

(h) and (i) shows the histograms of particle diameter distributions for films annealed at 500°C,
750°C and 800°C respectively.

The results of the EDS analysis carried out on the films to determine elemental composition
and the presence of possible impurities are shown in Fig. 3. The results indicated the presence
of iron (Fe), oxygen (O), tin (Sn) and silicon (Si). The Fe and O detected are the elemental
composition of hematite. The tin oxide (SnO2) in FTO is the source of Sn observed in our
analysis. The Si detected resulted from the elemental composition of glass in glass/FTO
substrates. A separate EDS investigation on glass/FTO substrate shown in Fig.3D indicated the

presence of high amount of Si at about 2.5 keV. This confirmed the source of Si in the EDS
analysis of our samples.
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Fig. 3. EDS analysis of hematite films annealed at A) 500°C, B) 750°C, and C) 800°C; D)
shows the analysis done on FTO.

3.1.2 Structural analysis

XRD was employed to study the structural properties of the hematite films. Fig. 4 presents the
diffraction pattern. The diffraction peaks at (104), (110), (012), (113), (024), (122) and (310)
planes corelate with those of rhombohedral crystal structure of hematite according to JCPDS
no. 33-0664.

The films sintered at 750°C yielded the highest preferential growth in the (110) plane compared
to other samples. For applications of hematite in photocatalysis, better conductivity and charge
separation occurs more in the (110) plane [11]. Equation 3 shows the Debye-Scherrer relation
employed to get the approximate crystal size of the films [23],

kA
b= B cosB (3)

where k is 0.9 representing the estimated value of the shape factor, A is 0.15418 nm representing
the wavelength of the X-ray radiation used, S represents the full width at half maximum
(FWHM) and 0 is the Bragg angle. Table 1 presents the crystal sizes of the samples. The crystal
size estimated for the films increases with annealing temperature up to 750°C. The maximum
crystal size obtained is 45.9 nm for the hematite films sintered at 750°C, which is 82.9% higher
than those of films annealed at 500°C with the least size. A slight drop in crystal size was
observed with further annealing at 800°C relative to films annealed at 750°C. Possible
deformation of FTO may have occurred at annealing temperature of 800°C which could
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increase its resistance, thereby limiting crystallization of the films [17]. Enhanced
crystallization can result in increased electron mobility in the films which is required for
improved performance when applied towards photocatalysis [3].
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Fig. 4. XRD spectra of films annealed at 500°C, 600, 700°C, 750°C and 800°C respectively.
The peaks labelled with * are those of FTO substrates.

In addition, the microstrain (e) and dislocation density (d) of the hematite films were estimated
using € = f/4tan@ and = 1/D? respectively [24], and the results are shown in Table 1.
Decrease in strain and dislocation density was observed with increasing annealing temperature
between 500-750°C. The dislocation density and microstrain for the films annealed at 750°C
were 70% and 45% less than the values obtained for samples prepared at 500°C respectively.
Reduction in microstrain and dislocation density with temperature is associated to decrease in
grain boundaries and defect levels resulting from improved crystallization of the films [25].
Increasing annealing temperature to 800°C did not result in further lowering of dislocation
density and microstrain.



Table 1. The results of XRD analysis for hematite films prepared under different annealing
conditions.

Sample Bragg FWHM Crystal Strain | Dislocation density
angle (20) | (degrees) | size (nm) | ex 102 | x 10 (Lin/m?
Annealed at 500°C | 35.781 0.333 25.1 4,51 15.91
Annealed at 600°C | 35995 0.247 33.8 3.34 8.75
Annealed at 700°C | 35.384 0.187 44.7 2.53 4.99
Annealed at 750°C | 35.659 0.182 45.9 2.46 4.75
Annealed at 800°C | 36.179 0.193 43.2 2.62 5.34

3.1.3 Optical properties

UV-Vis spectroscopy analysis was utilized to obtain information on the absorption,
transmittance and optical band gap of hematite films prepared under different annealing
conditions. Fig. 5 shows the transmittance spectra measured for all the films. The spectra
showed decrease in transmittance with annealing temperature up to 750°C, at wavelengths
below 550 nm. The increase in particle dimension of the nanostructures with annealing
temperature decreases the number of scattering centres and increases the attenuation coefficient
of light which led to the observed decrease in transmittance [26]. The inset in Fig. 5 shows
more clearly the transmittance behaviour of the films at wavelengths below 550 nm. The drop
in transmittance at wavelengths below 550°C nm was noticed for samples annealed at 800°C
relative to the ones sintered at 750°C. The films annealed at 800°C appeared to be more
reflective based on visual inspection which may have led to the decrease in transmittance
observed.
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Fig. 5. UV-Vis transmittance spectra of hematite films prepared under different annealing
conditions with an expanded view shown in the inset.

8



The absorption coefficient of the hematite films between wavelengths of 350-700 nm are
shown in Fig. 6. The absorption coefficient (o) was estimated using the equation
a = (2.304 x A)/d [27], where A represents the absorbance while d stands for the film
thickness approximated from FE-SEM cross-sectional images. The absorption coefficient for
the films increases with annealing temperature with the best values observed for films treated
at 750°C. The absorption coefficients of the films are in agreement with their transmittance
spectra shown in Fig. 5. Improved absorption coefficient can improve photon absorption and
photocatalytic performance of nanostructured films when applied towards water splitting.
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Fig. 6. Absorption coefficient spectra of hematite films prepared under different annealing
conditions

The TAUC relation shown in equation 4 was employed to estimate the optical band gap of the
films [28],

ahv = A(hv — Eg)n (4)

where h represent the Planck constant, v stands for the frequency of light, A represents an
arbitrary constant, E, denote the band gap and n is a constant which is equals 2 for allowed
indirect transitions and 1/2 for direct transitions. The indirect transitions have been linked to
the spin-forbidden Fe®* 3d to 3d excitation and the direct transitions are as a result of 0% 2p to
Fe3* 3d charge transfer [29]. The graph of (ahv)Y? against hv shown in Fig. 7a was plotted and
the linear portion of the curve was extrapolated to intersect the hyv-axis and the value obtained
represents the indirect band gap of the films. The direct band gap of the films was also obtained
in a similar way from the plot of (ahv)? against hv shown in Fig. 7b. The indirect band gap
estimated for the films reduces with annealing temperature and ranges from 1.93-2.00 eV. This
agrees well with the values of indirect band gap reported for hematite in literature [30, 31]. The
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estimated direct band gap of the films decreases with annealing temperature and ranges from
2.22-2.6 eV, similar to values that have been reported for hematite films [29, 32]. The band
gap decrease with annealing temperature will improve light absorption in the visible region
which could help in enhancing their performance during photocatalysis [33].
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Fig. 7. Tauc plots for a) indirect bandgaps and b) direct bandgaps of the hematite films.

3.1.4 Resistivity measurements

The resistivity of FTO substrates were obtained using the linear four-point probe after
annealing under the same conditions as the hematite films produced and the results are shown
in Fig. 8. There was no notable increase in the resistivity of the substrates annealed between
500-750°C. However, further annealing at 800°C led to a drastic increase in the resistivity of
the FTO substrates which was 7.7 times more than those of films sintered at 750°C. This
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suggest that the FTO substrates used while preparing hematite films at 800°C may have
suffered some deformation which could greatly affect film formation. The deformation of FTO
substrates during deposition of hematite films annealed at 800°C resulted in decreased film
crystallization relative to the ones treated at 750°C as earlier inferred in section 3.1.2.
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Fig. 8. Resistivity of FTO substrates after subjecting them to the same annealing conditions as
the hematite films prepared.

3.2  Photoelectrochemical (PEC) performance
3.2.1 Linear sweep voltammetry

Linear sweep voltammetry was performed in dark and under illumination to obtain the
photocurrent and onset potential of the films under 1 sun and the results are shown in Fig. 9.
Photocurrent of 3.5 x 102 mA/cm? at 1.23 vs RHE and onset potential of 1.0 V vs RHE was
observed for the films annealed at 500°C. Annealing of the last layer of the films at 600°C did
not result in increased PEC performance for both photocurrent and onset potential shift.
Increased photocurrent was recorded for films annealed at temperatures between 700-800°C.
The maximum photocurrent of 1.9 x 10 mA/cm? at 1.23 V vs RHE was obtained for films
annealed at 750°C which was over 5 times more than those of films sintered at 500°C, and the
onset potential yielded a cathodic shift of 300 mV. This enhanced performance could be
attributed to the high crystallization and absorption coefficients of films annealed at 750°C as
observed in XRD and UV-Vis analysis shown in Fig. 4 and Fig. 6 respectively. Improved
absorption coefficient will enhance the number of photons absorbed by the films (equation 4)
while high crystallization reduces grain boundaries and improve electron mobility [3], leading
to enhanced PEC performance. Annealing at 800°C did not result in further increase in
performance, instead, there was an approximate of 17% drop in photocurrent at 1.23 V vs RHE

11



relative to the maximum value obtained for films annealed at 750°C. The decrease in absorption
coefficient and the reduced crystal size for films annealed at 800°C may have contributed to
the drop in PEC performance. Also, the deformation of FTO substrate (Fig. 8), lead to increased
series resistance between FTO and a-Fe2O3 and this may have contributed to the decrease in
photocurrent observed for films annealed at 800°C.
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Fig. 9. Photocurrent densities of the hematite films prepared at different annealing conditions.
3.2.2 Mott-Schottky analysis

Mott-Schottky measurements were carried out to obtain the flat band potential (V) and donor
density (Np) values for the films. The Mott-Schottky plots obtained for the films are shown in
Fig. 10. The Mott-Schottky relation in equation 5 was utilized to estimate the donor densities
and flat band potentials of the hematite films,

1 2 KT

@ = ggerny U TV T ) ®)
where C represents the interfacial capacitance, A stands for the surface area of the electrode, €
is the dielectric constant given as 80 for hematite, €, stands for the permittivity of free space,
e represents the charge of an electron, V is the applied potential, K is the Boltzmann constant
and T represents the temperature [34].
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Fig. 10. Mott-Schottky plots of hematite films prepared under different annealing conditions.

The linear portions of the Mott-Schottky plots were fitted and the slope (S) of the plots was
used to obtain Np values for the samples according to the relation S = 2/€,EeA%N,,, extracted
from equation 5. The positive slope obtained were expected for hematite films being n-type
semiconductors [24]. The linear portion of the plots were extended to intercept the potential V.

along V axis where % = 0. This simplifies equation 5 to V. = Vg, + (KT /e) where the values

for Vg, can be obtained. The estimated values of Np and V,, for all the hematite films are given
in Table 2.

Table 2. Estimated values of flat band potential (V,,) and donor density (Np) of the hematite
films prepared at different annealing conditions.

Sample Flat band potential (V¢,) /V | Np x 101 /cm3
Annealed at 500°C 0.333 8.6
Annealed at 600°C 0.324 8.7
Annealed at 700°C 0.195 94
Annealed at 750°C 0.133 10.3
Annealed at 800°C 0.172 1.4

The Vg, values of the films decreases with annealing temperature up to 750°C. The films
annealed at 750°C has a minimum V,, of 0.13 V vs RHE which was 0.2 V less than the value
obtained for films annealed at 500°C. The decrease in Vg, for films treated at 750°C can be
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linked to the improved onset potential observed. Further annealing of the films at 800°C
resulted in a slight increase of about 0.04 V in V¢, compared with those annealed at 750°C.
The Vf,, values in this study are similar to what was obtained for hematite films elsewhere [24].
A correlation was observed between the onset and flat band potential during photocurrent
measurements. The onset potential for the films decreases with reduction of Vg, leading to
improved PEC performance in terms of the potential required for oxygen evolution reaction
(OER). This observation agrees with a previous study that related a drop in V¢, with lowering
of onset potential [31, 35]. Another correlation between the crystal sizes of the films estimated
from XRD analysis and Vy;, values obtained was observed. Increase in the crystal size of the
films resulted in lowering of Vg, as seen in Fig. 11. This may be due to the reduction in the
density of grain boundaries with crystal size increase, thus lowering the resistance in the films,
leading to decrease of Vg, values [31].
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Fig. 11. Correlation between the crystal sizes estimated from XRD analysis and flat band
potentials (V) of the hematite films annealed at different annealing conditions.

The Np values estimated for the films are in the order of 10'° cm™ and compares closely with
what has been obtained in literature for hematite [36, 37]. The Np values increases with
annealing temperature to a maximum of 10.3 x 10 cm™ for films annealed at 750°C. We
attributed two possible causes for the observed increase in Np with temperature. First,
reduction in the density of grain boundaries with annealing temperature may have resulted in
improved conductivity of the films and could have led to the observed increase in Np [31].
Secondly, unintentional doping of hematite from Sn content of FTO through diffusion at
elevated annealing temperature has been reported [37, 38], which can also result in increased
Np values. Although we cannot rule out the possibility of unintentional Sn doping, however,
the magnitude of increase in the Np value was only by a maximum factor of 1.2. For this reason,
the increase in Np value recorded could largely be due to the lowering of grain boundary
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densities with temperature as a result of improve crystallization. The increase in Np value for
films annealed at 750°C contributed to the enhanced photocurrent that was observed for the
samples. A drop in Np was recorded for films annealed at 800°C and we attributed this to the
deformation of the FTO substrates, and increase in the resistance of films produced due to
possible aggregation of the hematite nanoparticles [38].

Electrochemical impedance spectroscopy (EIS) studies

EIS studies was done to investigate the impact of the modified annealing approach on charge
transport kinetics in the bulk and surface of the hematite photoanodes. The Nyquist plots of the
EIS study done under illumination are shown in Fig. 12 with the inset showing the equivalent
circuit used to fit the experimental data. The circuit element Rs denote the series resistance
linked to the FTO/hematite contact, the external wire connections and the electrolyte’s ionic
conductivity [39]. Rb denote the charge trapping resistance in the bulk of the films, constant
phase element 1 (CPE1) represents the bulk capacitance of the space charge region, Rct is the
resistance to charge transfer from the surface of the films to the conducting electrolyte and
CPE2 represents the capacitance of the surface states [40-42]. CPE elements were used to
represent the capacitance of the films since the semicircles obtained in the Nyquist plots for
the films appeared to be depressed, an indication of non-ideal capacitive behaviour [43]. The
values recorded for the circuit elements are shown in Table 3.
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Fig. 12. EIS Nyquist plots of hematite thin film prepared under different annealing conditions
with the inset showing the modelled circuit used in fitting the experimental data.
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Table 3. The estimated values recorded for equivalent circuit elements after fitting the
experimental data obtained from EIS analysis of hematite films.

Sample Rs () | R1(kQ) [ CPE1 (uF) | R2kQ | CPE2 (nF)
Annealed at 500°C | 11.07 1.24 27.91 70.99 49.54
Annealed at 600°C | 11.27 2.17 21.11 183.28 58.312
Annealed at 700°C 16.22 1.10 16.81 3.50 105.30
Annealed at 750°C | 32.78 1.66 22.81 3.88 170.51
Annealed at 800°C | 68.57 1.55 70.19 3.15 45.24

The series resistance Rs associated with the FTO/hematite contact increases with the annealing
temperature of the samples. Films annealed at 800°C had the highest series resistance of 68.57
Q which was over 6 times more than the value obtained for films sintered at 500°C. This agrees
with the resistivity measurements discussed in section 3.1.4 which yielded the highest
resistance for FTO substrates annealed at 800°C. The charge trapping resistance Rb in the bulk
of the films was in the range of (1.10 - 2.17) kQ with films annealed at 600°C having the
highest value. Annealing of last layers of the films at elevated temperatures did not yield a
noticeable decrease in the bulk resistance Rb of the films. Also, the bulk capacitance in the
space charge region did not improve with annealing temperature except for films annealed at
800°C which shows a 2.5-fold increase relative to the ones annealed at 500°C. Low trapping
resistance and high capacitance values in the bulk of the films can help improve the transport
of photogenerated holes to the surface of the hematite photoanodes for oxidation water.

The electrochemical properties at the surface of the hematite films was noticeably influenced
by annealing the last layers of the films at elevated temperatures. The resistance to charge
transfer Rct, at the surface of the photoanodes was notably reduced for films annealed at
temperatures above 700°C, yielding values in the range of 3.15-3.88 kQ compared to the 70
kQ recorded for films annealed at 500°C. This implies that films annealed above 700°C are
more likely to inject holes from their valence bands into the electrolyte through surface states
instead of experiencing bulk recombination with electrons, thereby improving PEC
performance [40]. This is in line with the improve photocurrent recorded for films annealed
above 700°C as seen in Fig. 9. Films annealed at 600°C yielded a high Rct value of 183.28 kQ,
which is largely the reason behind the low photocurrent obtained for the film. The surface states
capacitance CPE2 increased for films annealed at 700°C and 750°C compared to the ones
sintered at 500°C. Increase in surface states capacitance indicates the ability of the photoanodes
to accumulate more charges at their surface which is crucial for water oxidation [42, 44]. The
films annealed at 750°C recorded the highest surface states capacitance which may be one of
the reasons why it recorded the best photocurrent at 1.23 V vs RHE. The photocurrent of films
annealed at 800°C was less than the value recorded for films annealed at 750°C despite having
a slightly lower Rct. This is because of the low surface states capacitance recorded for films
annealed at 800°C and its high series resistance Rs associated with the FTO/hematite contact
which will limit flow of electrons from the photoanode to the cathode through the back-contact
[45].

4 Conclusion

Multi-layered hematite thin films consisting of four layers were prepared on FTO substrates by
annealing the first three layers at 500°C and the impact of treating the last layers at 500, 600,
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700, 750 and 800°C on the PEC performance of the films was investigated. Films annealed at
700°C and above yielded improve PEC performance. The films annealed at 750°C yielded the
best performance with photocurrent of 0.19 mA/cm? at 1.23 V vs RHE which was 5.3 times
more than what was obtained for films annealed at 500°C, and the onset potential shifted
cathodically by 300 mV. Improved crystallization and the preferential growth in the (110) plane
for films annealed at 750°C as observed in XRD analysis contributed to the enhanced
performance. Improved absorption coefficients for films annealed at 750°C also allows for
more photon absorption which may have contributed to the enhanced performance observed.
Mott-Schottky analysis reveals additional reasons for the improved PEC performance observed
for films annealed at 750°C. The films recorded the least flat band potential of 0.13 VV vs RHE
which caused the cathodic shift in the onset potential observed. Also, the donor density for the
films sintered at 750°C improved by a maximum factor of 1.2 relative to those annealed at
500°C which also contributed in the enhanced photocurrent observed. EIS studies shows that
the reduced charge transfer resistance at the hematite/electrolyte interface couple with
increased capacitance of surface states contributes to the enhanced PEC performance recorded
for films annealed at 750°C. Further annealing the films at 800°C resulted in a drop in PEC
performance which is attributed to the deformation of FTO substrates and reduced capacitance
of the surface states relative to the ones treated at 750°C. This study reveals that the
performance of multi-layered hematite films could be enhanced by annealing the last layers at
elevated temperatures without any significant damage to the conducting substrates and
consequently improving the photocurrent.
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