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This work describes hematite films prepared by a spin-coating deposition solution (SCDS) method that is a
sol-gel method derived technique. Hematite films were prepared at two heat treatment temperatures (500 °C
and 800 °C) and the influence of thermal treatment on the photoelectrochemical performance was studied. In
addition, since the SCDS method allows an optimal control of stoichiometry and impurity incorporation, hematite
films modified with Zn?* and Sn** were also prepared. The 800 °C-treated hematite films had a higher
wettability and roughness that enabled them to have a better photocatalytic response in comparison with that of

ﬁf,};vf,;dje' 500 °C-treated hematite films. Moreover, modified hematite films demonstrated to have a performance slightly
Nanostructure better than that of undoped hematite film as shown in linear sweep voltammetry and chronoamperometry results.
Thin film Although an improvement in the performance of hematite films was achieved by annealing at higher temperatures
Doping and incorporating Zn?* or Sn**, the general photocatalytic response of the films was poor. Two plausible

hypotheses were discussed related to the (i) dopant segregation at grain boundary, and (ii) poor contact
between the hematite and fluorine doped tin oxide layer (from the glass substrate), which was experimentally
confirmed by a cross-sectional analysis conducted using scanning electron microscopy (SEM). In fact, additional
experiments need to be done in order to improve the hematite deposition and make the SCDS a promise method

for industrial application.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Fossil fuels have been the most consumed energy by the world
during the last 40 years. Indeed, fossil fuels provided approximately
87% of global energy consumption in 2013 [1,2]. Using this kind of
energy will continue to provoke the emission of greenhouse gases
(e.g. CO,) that pollute and damage our environment [3]. Therefore,
optimizing the technology of clean and renewable energies is urgent
in order to diminish the use of fossil fuels, and, thus, it will permit the
preservation of our environment for the next generations.

Solar energy has attracted the researchers' interest because it is an
unlimited source that can supply the current and future global energy
demand [4]. Because solar energy is intermittent, one way to use solar
energy is by converting it into a fuel such as hydrogen. Indeed, the
solar hydrogen production is a promising technology for solar energy
harvesting because hydrogen can be generated from the splitting of
the molecule of water in photoelectrochemical cells. Thus, this strategy
makes use of an unlimited and clean source like the sun and water to
produce a high-energy fuel such as hydrogen [5,6].
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Alpha iron oxide or hematite is an excellent candidate for
photoanodes in photoelectrochemical cells. Hematite is an N-type
semiconductor, and, because of the position of its conduction and
valence bands, it is capable of performing only the water oxidation.
Moreover, the most attracting characteristics of the hematite are its
stability in neutral and basic solutions, abundance and band gap energy
(2.0-2.2 eV) which permits it to absorb approximately 40% of the incident
solar spectrum on earth. Nevertheless, the performance of hematite elec-
trodes for water oxidation is restricted by their poor charge transport
properties. Hematite has low conductivity and low charge-carrier
mobility (<1 cm? V= s™1). In addition, the photoexcited electron-hole
pairs have short life time (~107'2 s), which makes the hole diffusion
length to be also short (2-4 nm) [7,8]. Because the holes participate in
the water oxidation at the electrode-electrolyte interface, holes
with short diffusion lengths can easily recombine, and, thus, affecting
the efficiency of the surface chemical reaction [8].

The charge transport properties of hematite can be improved by
doping. Researchers demonstrated to increase the conductivity of
hematite by doping it with metal cations with 4% charge such as Ti
[9],Sn [10], Si[11], which improved the photocatalytic properties.
Doping with metal cations with 2 charges has also brought good
photoelectrochemical results. For instance, Jiri Frydrych and co-
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workers presented a method for the deposition of nanocrystalline
hematite photoelectrodes based on the spin-coating of a mixed solution
containing Sn(Il) and Fe(IIl) chlorides followed by thermal treatment.
The highest photocurrents achieved was 0.45 mA cm? at 1.43 V vs
RHE for Sn-doped hematite photoelectrodes (with Sn:Fe ratio at
20:100) [12]. Kumari et al. prepared hematite films doped with Zn
[13], and, the authors showed that, although Zn-modified film had
a lower charge carrier density, Zn decreased the onset photocurrent
potential, which resulted in a better photocurrent. Furthermore,
the modification of hematite films with divalent metal cation can
increase the carrier concentration (acting as donor), as demonstrated
by Liu et al. [14] who prepared Ni-modified films, and the results
confirmed that doping with nickel improved photocatalytic response
of hematite.

Our group has been working with hematite films prepared by spin-
coating deposition solution (SCDS), and three important investigations
were conducted until now. First, was studied the influence of film
thickness on the hematite performance, in which it was demonstrated
that photocurrent density increases with increasing the thickness of
the film [15]. Most importantly, it was proved that the thinnest film
had the poorest performance due to the stress induced between the
hematite and the substrate, which caused the creation of intermediate
levels trapping electrons close to the conduction band. Second, another
limitation on the hematite films was related to the contact between the
hematite and F-SnO, layer [16]. Cross-section STEM images of hematite
film showed that the hematite layer adhered to few regions of the
F-Sn0, layer, which severely reduced the electron density collection.
Third, the insertion of dopants on the photocatalytic response of hema-
tite was also studied [17]. It was showed that Si dopants segregated at
the grain boundaries, which caused the reduction in the grain size and
favored the hole-electron recombination. In addition, the best photo-
current density of modified hematite film to its higher degree of prefer-
ential orientation to the (110) plane. In this context, we extended our
investigations of the hematite film performance for the water oxidation
reaction.

This work describes the preparation of undoped and doped hematite
films by using SCDS method that is a sol-gel technique derived method
(also named polymerized complex method in the literature). The films
prepared by the SCDS were subjected to thermal treatments at 500
and 800 °C, and the influence of these thermal treatments on the
photocatalytic properties was studied. Furthermore, the influence
of two dopants with different charges (Sn** and Zn?*) on the hematite
film performance was also investigated.

2. Experimental details

Undoped and doped-hematite films were prepared by using
the spin-coating deposition solution (SCDS) as reported by Souza and
coworkers [17]. The solutions were prepared in absolute ethanol
(Absolute, 99.5%, Synth) instead of water. For the preparation of the
doped-hematite films, 0.5 mol% of the dopant precursors (Zn(NOs),
and SnCl,) was used in relation to the iron cation (FeCls.6H,0).

Hematite thin films were produced on glasses coated with fluorine-
doped tin oxide (FTO) by the spin coating technique. A set (three) of
films were thermally treated at 500 °C for 2 h, whereas the other three
films were subjected at 800 °C for 30 min, and the heating rate and
cooling rate were 3 °C/min and 1 °C/min, respectively. These tempera-
tures of thermal treatment were chosen based in a systematic investiga-
tion about the influence of the temperature and time of treatments to
obtain high-purity hematite phases, recently reported by our group [18].

The identification of the crystal structure of the films was carried out
by X-ray diffraction (D8 Discover, Bruker-ASX) with a CuKa X-radiation
source set at 0.5° relative to the film surface. Raman spectra were
obtained with a micro-Raman spectrograph (Renishaw, model in-Via)
using a 514 nm laser and an 1800 lines/mm grating equipped with an
optical microscope (Leica). All Raman spectra were carried out with 5

accumulations and 10 s of collecting time. Scanning electron microscopy
(SEM, FEI Inspect F50) was carried out for studying the morphological
features of the films.

The film roughness was assessed by atomic force microscope (AFM,
SPM 5500, Agilent) in non-contact mode. A commercial drop shape
analysis system (Attension Optical Tensiometer, Theta Lite, KSV/
CAM101) was used to measure the static contact angles formed
between a sessile water drop and films surface at room temperature.
Contact angles were measured during the first 60 s, and the final contact
angle was recorded (reported as the average of the left and right
angles).

By using a potentiostat/galvanostat (pAutolab III) coupled with FRA
(impedance spectroscopy module), linear sweep voltammetry,
chronoamperometry and electrochemical impedance spectroscopy
(EIS) were performed in a three-electrode electrochemical cell contain-
ing NaOH solution (1 M, pH = 13.6 at 25 °C). A saturated Ag/AgCl
electrode, a platinum electrode and the prepared films were used as
the reference electrode, counter electrode and the working electrode,
respectively. The prepared films were illuminated through the glass
side for the measurements of the photocurrents by using an AM 1.5G
simulated sunlight (100 mW/cm?). For the EIS measurements, it was
applied 10 mV as the perturbation amplitude.

3. Results

The X-ray diffraction patterns of the undoped hematite films are
displayed in Fig. 1. The diffraction peaks were indexed comparing
with the XRD pattern of the standard hematite powder (JCPDS card
No. 33-0664). Undoped 500 °C and 800 °C-treated films had a XRD pat-
tern typical of the hematite phase (Fig. 1a). In addition, it was identified
the diffraction peaks related to the fluorine-doped tin oxide (FTO) layer
presented in the commercial glass substrate by using the JCPDS card No.
41-1445 (SnO,, cassiterite phase). Additional diffraction peaks due to
the formation of other phases were not found. In Fig. 1b and c are
shown the XRD patterns of the films modified with Sn** and Zn?*
which also corresponded to that of hematite phase. Even though it is
possible the formation of SnO, due to segregation of the Sn** dopant,
we have ascribed the diffraction peaks of the SnO, cassiterite to the
FTO layer because all the films were prepared onto FTO substrates.
Moreover, the presence of other phase was not identified.

On the other hand, it is worth to mention that the diffraction peaks
of the 800 °C-treated films were sharper and more intense than those
of 500 °C-treated films. This implies that the films prepared at higher
temperatures could lead to higher grain size than those 500 °C-hematite
treated films.

In order to investigate the incorporation of dopants into the hema-
tite structure, the unit cell parameters and volumes were calculated
by using the X-ray diffraction data and the free software named CellCal
[19] (Table 1). The calculated parameters were close to those of the
standard hematite powder, which confirmed that the films crystallized
in the hematite phase. Moreover, the lattice parameters and unit cell
volumes of the doped-hematite films were similar to those of undoped
hematite films. Usually, a change in the volume or unit cell dimen-
sions is expected when Zn?™ and Sn** ions substitute Fe>* ion
(hexacoordinated Fe* ™, high spin) because of the different ionic
radii: 0.74, 0.69 and 0.645 A, respectively [20]. Therefore, these re-
sults suggested that the dopants were not incorporated into the he-
matite structure by replacing Fe>* ion. On the other hand, Zn?*
and Sn** can be incorporated into some interstitial sites of the
hematite structure. In the hematite structure, oxygen ions form a
hexagonal close packing in which Fe** ions occupy two-thirds of
the octahedral interstices. Therefore, octahedral and tetrahedral
interstices are available and can be occupied by dopants. Indeed,
based on structural refinement results, it was proposed that Sn*™
could occupy the empty octahedral interstices of hematite [21,22].
Moreover, since Zn?* has a comparable size as that of the Sn*™,
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Fig. 1. XRD patterns of hematite films prepared by the SCDS method at two different
temperatures: (a) undoped films, (b) Sn-doped hematite films and (c) Zn-doped
hematite films. Asterisks indicate the diffraction peaks of the F-SnO, layer.

Zn?* could occupy octahedral interstices. Nevertheless, it is also
possible that the cell parameters and cell volumes did not varied
much because of the low concentration of the dopants. In other
words, the X-ray diffraction technique was not sensitive enough to
detect a crystal distortion caused by low amount of dopants. For
instance, Uchiyama et al. [23] prepared tin-doped hematite films by
using higher concentration of tin (10 mol% and 25 mol%), and doping
was proved because the XRD peaks of the doped hematite films
shifted slightly. For this reason, a more sensitive technique should

be used in order to confirm whether or not hematite films were
doped with Zn?* e Sn* ™.

In addition to the cell parameters and volumes, the degree of
preferential orientation of the hematite crystallites was assessed by
using the Lotgering's equation [24]:

(1)

where P = >_I(h00)/>_I(hkl), I is the diffraction peak intensity and Py is
the same as P for the non-oriented sample (standard hematite powder).
The results showed that the (110) plane had the highest F value
(Table 2), which means that the hematite crystallites are preferentially
aligned parallel to the FTO conductive layer of the substrate. Further-
more, the (110) plane was not affected by insertion of dopant or
temperature of thermal treatments.

Because most of hematite crystallites had the (110) plane as prefer-
ential orientation, the basal plane (001) became oriented perpendicular
to FTO conductive layer of the substrate. The (001) plane of the hematite
crystallites may have a conductivity up to 4 order of magnitudes higher
than orthogonal planes to it [25]. Therefore, having the (001) plane
oriented perpendicular to the FTO layer could enhance the charge trans-
fer that, in turn, improves the efficiency of the water oxidation at the
solid-liquid interface. Thus, the SCDS method permitted to prepare
hematite films having the (001) plane perpendicular to the FTO, and,
therefore, favoring the catalytic response under illumination.

Another important information that was obtained from XRD data
was the hematite crystallite sizes. The crystallite sizes of hematite
films were estimated by using the Scherrer's equation [26]:

K\

- 3cos6 @)

where A is the X-ray wavelength (nm), K is a constant usually taken as
0.9 [27]; 6 is the diffraction angle (radians) and 3 is the diffraction peak
width at half maximum height. By using the diffraction peaks data of
(110), (104) and (300) planes, the Scherrer's equation was solved and
the estimated crystallite sizes are shown in Table 1. The 500 °C-treated
hematite films had a smaller crystallite size than that of 800 °C-treated
films estimated at (110) plane. Additionally, the results suggested that
the incorporation of Zn?>" and Sn*" during the synthesis process
seems does not affect the crystallite sizes of the 500 °C-treated hematite
films estimated at (110) and (104) planes (see Table 1). In contrast,
modified hematite films prepared at 800 °C had considerably smaller
crystallite sizes estimated at (110) plane and remained practically
constant at (104) plane in comparison with those of undoped film. In
addition, the Scherrer equation was used to determine the crystallite
size of all hematite film in (300) plane exhibiting a reduction of crystal-
lite size with incorporation of Zn?* and Sn** in both cases. In summary,
the introduction of Zn? ™ and Sn* " affect the crystallite size avoiding the
grain growth mechanism of hematite films. These results suggest that
the dopants are segregating in the hematite grain surface at (104)
planes for 500 and 800-treated hematite films causing a reduction of
crystallite size. In fact, this effect was reported in a previous investiga-
tion (using XPS technique) with introduction of Si as dopant in hematite
film produced by the same method [16]. The Si-doping hematite films
were found preferentially on the surface of hematite grains instead
bulk of hematite crystal [17,28]. This could also explain the worm-like
shape observed in SEM images (discussed later) for all hematite films
prepared by this method and the hematite crystal preferential orienta-
tion in (110) plane (see values of F on Table 1).

Raman spectroscopy was carried out since it allows examining the
vibrational modes of chemical bonds that may be influenced by the
incorporation of dopants.

In Fig. 2 are exhibited the Raman spectra of all hematite films
prepared by SCDS method. Hematite belongs to the point group Dsg,



Table 1

D.A. Bellido-Aguilar et al. / Thin Solid Films 604 (2016) 28-39 31

Lattice parameters, cell volume, orientation degree and crystallite size for undoped and modified hematite films obtained from XDR analysis. Lattice parameters and cell volume of hema-

tite standard powder were included as reference.

Sample a(A) c(A) V (A3) Highest F ((110) Crystallite size (104) Crystallite size (110)  Crystallite size (300)
plane) (nm) (nm) (nm)

JCPDS-33-0664 5.036 13.7 301.9

a-Fe,0; (500 °C) 5.024 (+0.004) 13.767 (+£0.019) 300985 (+0.657) 0.45 173 22.1 16.0

a-Fe,05 + Sn** (500°C)  5.022 (£0.005) 13.797 (£0.060) 301.377 (£1.440) 035 182 23.1 12,9

a-Fe,05 + Zn* (500°C) 5.022 (+£0.005) 13.729 (+£0.056) 299.799 (+£1.334) 0.36 19.7 22.8 12.8

a-Fe,05 (800 °C) 5.030 (+£0.001) 13.723 (+0.005) 300.715 (+£0.171) 037 37.3 425 252

a-Fe,05 + Sn** (800°C) 5032 (+£0.001) 13.739 (+£0.010) 301.238 (£0279) 0.20 37.1 35.1 232

a-Fe,0; + Zn* (800°C) 5029 (+£0.001) 13.722 (£0.007) 300.509 (+£0.197) 0.37 395 36.8 17.9

and, theoretically, a pure and non-defective hematite monocrystal
should exhibit five E; modes and two A;; modes that are Raman active
[29]. Those seven characteristic vibrational modes were also found for
the polycrystalline undoped hematite films prepared at 500 °C and
800 °C (Fig. 2a), and they were labeled according to literature [29]. As
noted, the Raman bands of the 800 °C-treated undoped hematite film
were sharper and more intense (higher signal/noise ratio) than those
of the 500 °C-treated undoped film (Fig. 2a). Since less intense and
broad Raman bands are related to the crystallite or grain size [30,31],
the Raman spectra illustrated in Fig. 2a suggested that hematite crystal-
lites grow with increasing the temperatures of thermal treatment. In
fact here, the change in the intensity of the Raman bands can be attrib-
uted to the difference of crystallite size. According to the crystallite sizes
estimated from Scherrer's equation, the 500 °C-treated films exhibited
smaller crystallite sizes than those of 800 °C-treated hematite films.
Therefore, the 800 °C-treated undoped hematite film had a higher
intensity of the Raman bands because it was composed of larger grains.
The grain or crystallite size affecting the Raman intensity has been
reported in the literature [30,31].

Besides the characteristic vibrational modes of hematite, one
additional Raman band at about 660 cm~ ! was observed for the
polycrystalline undoped films (Fig. 2a). According to reports, this
band has been attributed to the presence of magnetite residues or
to the crystal disorder in hematite lattice [32-34]. Since the XRD
results did not show the presence of others iron oxide phases, we
believe that Raman band at ~660 cm ™! must be related to the crystal
disorder of hematite. It seems that this band at ~660 cm~! is more
pronounced for the 800 °C-treated undoped hematite film (Fig. 2a).
However, one should pay attention to the fact the whole Raman
spectrum (the seven typical vibrational modes of hematite) of the
500 °C-treated undoped hematite film (Fig. 2a) is indeed less defined
(decrease in signal/noise ratio) than the spectrum for the 800 °C-treated
undoped hematite film (Fig. 2a). The latter suggests the 800 °C-treated
hematite film has larger crystallite size than 500 °C-treated hematite
film, consistent with values estimated by X-ray diffraction data. Besides,
the loss of Raman band definition (decrease in signal/noise ratio) is also
observed in Fig. 2b and ¢ when the Raman spectra of the undoped
hematite films (800 °C and 500 °C) are compared with the Raman
spectra of the treated modified films (800 °C and 500 °C), which
clearly must be due to the presence of the dopant ions in these samples.
The latter may be related with substitutional solid solution, otherwise, a

Table 2
Photocurrent density, J, at 1.23 Vgyg obtained from linear sweep voltammetry
results for hematite electrodes.

Hematite films ] (pA/em?)
(1.23 Vvs RHE)
a-Fe,05 (500 °C) 17.7
a-Fe;03 + Sn** (500 °C) 348
a-Fe,05 + Zn?* (500 °C) 17.0
a-Fe,05 (800 °C) 15.8
«-Fe,05 + Sn*™ (800 °C) 246
a-Fe,05 + Zn?* (800 °C) 27.2

simple segregation of the ions (grain boundary) would not lead to the
significant spectral changes as we observed.

The morphological features of the films were studied from images
obtained by scanning electron microscopy (Fig. 3). The grain shape of
all the films was like worms and very similar to that of hematite films
prepared by Souza et al. [17]. Clearly, the grains of 800 °C-treated hema-
tite films (Fig. b, d, f) were higher than those of 500 °C-treated hematite
film (a, ¢, ). This was also proved by the measurements of the grain
lengths. In relation to the films 500 °C-treated hematite film, the mean
lengths of the grains for the undoped film, Sn-modified hematite film,
and Zn-modified hematite film were 182, 193, and 189 nm, respectively.
Concerning 800 °C-treated hematite film, the mean lengths of the grains
were 300, 265, and 255 nm for the undoped film, Sn-modified hematite
film and Zn-modified hematite, respectively. Therefore, the length of
the hematite grains increased with increasing the thermal treatment
temperature. In addition, the grains of the 800 °C-treated hematite
films were not only bigger because of their large lengths but also
because of the fact that they were thicker.

As shown in Table 1, the crystallite sizes estimated by Scherrer's
equation were quite different from the grain lengths measured from
SEM images. This indicated that the grains of the hematite films are
composed of various crystallites. In addition, it is worth to mention
that Scherrer's equation correctly predicted that 500 °C-treated
hematite film would have smaller grains in comparison with those of
800 °C-treated hematite film. Furthermore, SEM images of 800 °C-treat-
ed films showed that the grains of the modified films were smaller than
those of the undoped film, which was also suggested by the estimated
crystallite sizes from Scherrer's equation.

In addition for having bigger grains, 800 °C-treated hematite film
were porous and seemed to be rough, while 500 °C-treated hematite
film had a compact and smooth surface. An accurate analysis of the
surface roughness of hematite films was performed by atomic force
microscopy and is discussed later. Moreover, photoelectrodes with
high porosity are always preferred because more surface area is avail-
able for the water oxidation reaction. Therefore, it is expected that
800 °C-treated hematite film exhibit a better photocatalytic response
than that of 500 °C-treated hematite film.

As mentioned, the grains of the 800 °C-treated modified hematite
film were smaller than those of the corresponding undoped film
(Fig. 3 b, d, f). This indicated that the grain growths of the modified
films were slowed by some agents. Therefore, it may be possible that
to a certain degree the dopants Sn** and Zn? " segregated at the grain
boundaries, making the hematite grains grow slowly. Using the SCDS
method, Souza et al. [17] prepared hematite films modified with silicon
and also had a similar result to ours. According to the SEM images,
Si-modified hematite films were composed of smaller grains in compar-
ison with those of the undoped film. Indeed, the authors concluded that
silicon segregated at the grain boundaries of hematite based on XPS
results. Therefore, Sn** and Zn?* may have segregated at the grain
boundaries of the 800 °C-treated hematite films. This hypothesis is
also supported by the Raman results (Fig. 2c), in which the addition of
dopants decreased the intensity of all the Raman bands. That effect is
possible when dopants, being segregated at the grain boundaries,
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Fig. 2. Raman spectra: a) pure hematite films, b) films prepared at 500 °C, and c) films
prepared at 800 °C. Well-defined bands are indicated with asterisks.

scatter the laser before it interacts with the hematite matrix, and,
thus, low intense Raman band of hematite are recorded. Furthermore,
the reduction in the Raman band intensity is also caused due to the
smaller grains that formed into the modified hematite film in compari-
son with the grains of undoped film.

On the other hand, the thicknesses of the undoped films prepared at
500 °Cand 800 °C were measured (Fig. 3g, h). The 800 °C-treated hema-
tite film was thicker (an average of 285 nm) than the 500 °C-treated
hematite film (an average of 162 nm). These results were

understandable and well related to the grain sizes. The 800 °C-treated
film was thicker because it was composed of higher grains that made
the film to be more voluminous and porous. In contrast, the small grains
well packed of the 500 °C-treated film made it be thinner. Having an
adequate thickness is important for a photoelectrode in order to absorb
most of sunlight irradiated. For example, a hematite film of 400 nm
thickness can absorb approximately 95% of the sunlight intensity of a
550 nm wavelength [35]. However, the semiconductor not only has to
absorb most of the light intensity but also has to have a good charge
transport in order to avoid the charge recombination and improve the
water oxidation efficiency.

The electrochemical performances of the synthesized films were
evaluated both in the dark and under illumination by means of linear
sweep voltammetry (Fig. 4). In addition, the potential of the J-V curves
was reported against the reversible hydrogen electrode (RHE) by using
the following equation:

VrHE = Vagjagal + Vag/aga vs.sue +0.059 x pH (3)

where Vagagci vs.sue is the potential of the Ag/AgCl reference potential
(in saturated KCl) with respect to standard hydrogen potential (SHE).

The results showed that the oxygen evolution reaction (OER) took
place at hematite film surface both in the dark and under illumination.
Moreover, the thermal treatment temperature and doping influenced
on the onset potential for the OER. In darkness, the OER started at
approximately 1.5 Vryg in 500 °C-treated hematite films (Fig. 4 a,c,e)
while oxygen evolution started at higher potentials for 800 °C-treated
hematite film (Fig. 4 b,d,f). The influence of doping on the onset potential
for OER is evident in the results recorded under illumination. The Sn-
modified 500 °C and 800 °C-treated hematite film had a photocurrent
onset potential of ~0.65 Vryg and ~0.64 Vryg, respectively, while the
other films had a photocurrent onset potential of ~0.6 Vry.

The doping and temperature of thermal treatment influenced the
onset potential for the OER and the photocurrent density. The photocur-
rent density of all the hematite films at 1.23 Vyyg is summarized in
Table 2. Regarding the effect of doping, 800 °C-treated hematite film
and modified with Sn** and Zn?* exhibited a higher photocurrent
than that of the undoped hematite film. In relation to the 500 °C-treated
hematite film, only the Sn-modified hematite film had a higher photo-
current in comparison with that of the undoped film, while the incorpo-
ration of the Zn?* into the hematite film made the film have a lower
photocurrent. The effect of temperature was also evaluated. The results
indicated that, with exception of Zn-Fe,05, the heat treatment at higher
temperatures did not improve the catalytic response under illumination
of hematite films. These results were not expected because dopants [23,
36] and thermal treatments at higher temperatures [37,38] generally
enhance the performance of the hematite films.

In order to understand the linear sweep voltammetry results and
evaluate the stability of the films, the chronoamperometry of the hema-
tite films was recorded (Fig. 5). All the films had a spike of photocurrent
during the first minutes, which meant that the films were unstable at
the beginning of the measurements but then they held a photocurrent
practically constant. The stability of films was evaluated by calculating
the percent variation of the initial and final photocurrent density
(Fig. 5). Furthermore, the photocurrent densities in function of time
were also studied by considering the effect of temperature and doping
on the photocatalytic properties of hematite films. Different from the
linear sweep voltammetry results, chronoamperometry results proved
that thermal treatment at higher temperatures enhanced the stability
and photocurrent density. Moreover, in relation to effect of dopants,
chronoamperometry results also showed that doping improved the per-
formance of films with the exception of the Zn-modified 500 °C-treated
hematite film. These last results were similar to the linear sweep
voltammetry (Table 2) and confirmed that doping with Zn?* did not
enhance the photocatalytic response of the 500 °C-treated hematite
film.



D.A. Bellido-Aguilar et al. / Thin Solid Films 604 (2016) 28-39 33

Fig. 3. SEM images of hematite films: (a) a-Fe,03 (500 °C), (b) a-Fe,03 (800 °C), (c) a-Fe,05 + Sn*™ (500 °C), (d) a-Fe,03 + Sn** (800 °C), (e) a-Fe,03 + Zn?* (500 °C) and
f) a-Fe,03 + Zn?* (800 °C). Cross-section images of the undoped films prepared at (g) 500 °C and (h) 800 °C.

On the other hand, electrochemical impedance spectroscopy was
carried out in dark ness since it permits to obtain the flat band potential
(Veg) and the density of charge carriers (Np) of semiconductor
electrodes through the Mott-Schottky equation. The Mott-Schottky
equation for an n-type semiconductor is [39]:

1 2 kT
e (QSSOND> (”FB‘?) @

where C is the capacitance of the depletion region, Np, is charge carrier
density, Vg is the flat band potential, V is the applied potential, & is

the electric permittivity of free space, ¢ is the semiconductor dielectric
constant (&gemarice = 80) [40], q is the electron charge, k is the
Boltzmann constant and T is the temperature. The Np and Vgg values
are obtained from the slope and y-axis intersection of the 1/C? versus
V plot, respectively.

The Mott-Schottky curves of the hematite films at 1 kHz are shown
in Fig. 6. Theoretically, the 1/C? versus V plot should be linear, but all the
curves in Fig. 6 seemed to be concave downward with the exception of
the curve of the Sn**-modified 500 °C-treated hematite films that had
two linear regions. A possible explanation of these two types of abnormal
Mott-Schottky graphs is found in the research of Leduc et al. [41] and
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Fig. 5. Chronoamperograms of undoped and modified hematite films at 1.23 Vgye
recorded under illumination. The percent variation of the photocurrent is given in red
brackets.

Horowitz [42] who worked with hematite films. According to the work of
Leduc et al., the plot being concave downward could be originated from
the existence of deep donor level. In addition, Horowitz concluded that
a Mott-Schottky plot having a break (which creates two linear regions)
is modeled well for a semiconductor having both a deep donor level
and a localized surface state. Even though a sole well-defined linear re-
gion was not found in the Mott-Schottky plots, estimations of the Np
and Vgg values were obtained from the linear region indicated with a
red line in Fig. 6, and they are displayed in Table 3.

The estimated Np values were reasonable and similar to those
reported in literature [38,43-45]. In relation to the 500 °C-treated
hematite film, results indicated that Sn** is acting as an acceptor since
it caused a reduction in the Np, while Zn?>* acted as donor increasing
the Np in relation to the undoped hematite film. In addition, the results
suggested that the Sn** was incorporated more efficiently into the hema-
tite structure than Zn?" was because Sn* ™ provoked a greater change in
the Np. For the 800 °C-treated hematite film, the incorporation of both
Sn*™ and Zn?* dopants increased the Np,

On the other hand, the estimated Vg values were ~0.20 Vyyg for
500 °C-treated hematite films and ~0.3 Vg for 800 °C-treated hematite
films. It is worth to mention that our results were different from those
reported in literature. For instance, a typical value of Vgg is about
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Fig. 6. Mott-Schottky plots recorded at 1 kHz of hematite films prepared at: (a) 500 °C and
(b) 800 °C.

0.5 Vrug [40,46] in which the photocurrent onset potential is around
0.8 Vgye. In addition, regarding films prepared at the same temperature,
it seemed that the incorporation of Zn?* did not practically influenced
on the Vg, whereas, the incorporation of Sn*™ affected drastically the
Vg in comparison with the Vg of the undoped film.

The pseudo-overpotentials of water oxidation (1,x) were also
calculated from the estimated flat band potentials (Table 3). Large
overpotentials were found for most of the films, but, interestingly,
the Sn-modified hematite film prepared at 500 °C had the lowest
overpotential. In general, these results confirmed that the influence
of Sn*™ on the onset potential for the OER is quite different with
that of the Zn?*.

One important parameter that also may affect the photocatalytic
properties of hematite films is the depletion layer width (W). The W
values for all the hematite films were calculated by using the following

Table 3
Electronic parameters estimated from Mott-Schottky curves.

equation:

- 2e& ((, , kT
W¢m<v va=g) >

where all the variables and constants have the same meanings as
those of constants in Eq. (4). In Table 3 is the depletion layer widths
of hematite films calculated at 1.23 Vryg. Results showed that slightly
higher W values were found for 800 °C-treated films in comparison
with those of 500 °C-treated films. It is well known that the separation
of the photogenerated charges is enhanced in depletion layers having
smaller widths because of the high electric field intensity. Therefore,
electric field intensity experienced by the hole-electron pairs was
slightly greater into the 500 °C-treated hematite film than that into
the 800 °C-treated hematite films. Nevertheless, since the perfor-
mances of 500 °C-treated hematite film were not good as those of
the 800 °C-treated hematite film, the depletion layer width did not
play an important role for the increasing the photocurrent.

In order to understand better the effect of doping and especially of
thermal treatment temperature on the performances of hematite
films, the contact angles of a water drop over the surface of hematite
films were measured. As shown in Fig. 7, the degree in which the
water drop spread over the film surface was influenced by the annealing
temperature and doping. The 800 °C-treated hematite film had lower
contact angles than those of the films prepared at 500 °C, meaning
that 800 °C-treated hematite films had a higher wettability.

In relation to films prepared at the same temperature, the addition of
Sn** and Zn?* into hematite films improved the wettability (reduced
the contact angles) when compared with the wettability of the undoped
hematite films. In addition, this description was in good agreement with
the average contact angles calculated from Fig. 7 (see Table 4).

It is known that various parameters, such as surface energy, surface
cleanliness and surface roughness, can affect the contact angles [47].
Because SEM images suggested that films prepared at higher tempera-
tures had higher roughness, it seemed that contact angles of the films
were mainly influenced by the surface roughness. In order to prove
this hypothesis, AFM images of the films were obtained (Fig. 8). Our
results showed confirmed that the surface of 500 °C-treated hematite
films was smooth whereas the surface of the 800 °C-treated hematite
film surface was significantly rough. Moreover, in order to evaluate
the roughness of the film surface quantitatively, the Rq value (RMS
roughness) was calculated. The Rq value is defined as the standard
deviation of height values [48]:

Z(Zi_zm)z

Ry =\ =" ©)

where Z; is a specific height value (obtained from AFM data), Z,,, is the
average of the all height values and N is the number of height values
recorded. The calculated R, values are displayed in Table 4. Results
were consistent with the roughness analysis based only on AFM
micrographs (Fig. 8) because the roughest films (800 °C) had the
highest Ry values while the smoothest films (500 °C) had the lowest
R, values. Therefore, these surface studies demonstrated that the affinity

Vg (V Vs Vipe)

Tox

W(nm) at 1.23 Vrye

Film Np (x10'° cm~—3)
a-Fe,03 (500 °C) 3.79
a-Fe,05 + Sn** (500 °C) 2.19
a-Fe,05 4 Zn?* (500 °C) 4.05
a-Fe,03 (800 °C) 1.00
a-Fe,03 + Sn** (800 °C) 2.04
a-Fe,05 4 Zn?* (800 °C) 2.98

0.19 0.43 15.4
0.60 0.05 15.6
0.20 0.40 14.8
0.30 0.28 283
0.23 0.41 20.6
033 0.25 16.1
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Fig. 7. Contact angle measurements: (a) a-Fe,05 (500 °C), (b) a-Fe,05 (800 °C), (c) a-Fe,05 + Sn** (500 °C), (d) a-Fe,053 + Sn** (800 °C), (e) a-Fe,05 + Zn?* (500 °C), and

(f) a-Fe,03 + Zn2*+ (800 °C).

of hematite films with water is influenced by the surface roughness. The
800 °C-treated hematite films had a higher wettability because they had
higher R, values than those of 500 °C-treated hematite films.

4. Discussion

As shown in Fig. 5, the thermal treatment temperature influenced on
the photocatalytic properties of hematite films: the 800 °C-treated
hematite films held higher photocurrent densities and were more stable
in comparison with those of the 500 °C-treated hematite films. This
difference in the photocatalytic properties of the films is caused by

Table 4

Average contact angles and Roughness values for hematite films.
Film Average contact angle Rq (nm)
a-Fe,05 (500 °C) 160.26 6.47
a-Fe,05 + Sn** (500 °C) 80.56 4.87
a-Fe,05 + Zn?* (500 °C) 67.95 5.76
a-Fe,05 (800 °C) 78.80 15.35
a-Fe,05 + Sn** (800 °C) 66.86 8.66
a-Fe,05 + Zn?* (800 °C) 53.92 11.64

degree of the wettability. The 800 °C-treated hematite film exhibited a
high wettability (lower contact angles) whereas 500 °C-treated
hematite film had a poor affinity with water (higher contact angles).
In addition, the wettability of the films was strongly influenced by
surface roughness, that is, films with high wettability had higher RMS
roughness. Evidently, the difference in the roughness of hematite films
was caused by thermal treatment temperature. Therefore, temperature
strongly influenced on the catalytic response of hematite films under
illumination.

The photoresponse of hematite films was affected not only by
thermal treatment temperature but also by doping. In relation with
500 °C-treated hematite film a different photocatalytic performance
depending on which dopant, Sn** or Zn?>*, was inserted. The 500 °C-
treated hematite film modified with Zn?* had a poor performance as
that of the undoped film, while the film modified with Sn*™ slightly
improved the photocurrent density. As demonstrated in EIS results,
both Zn?* and Sn* " were incorporated into hematite structure since
the Np values of the modified films were different to that of undoped
film. Moreover, the modified films had a better wettability in compari-
son with that of the undoped film. Therefore, it was expected that
both dopants would increase the photocurrent of hematite film. Since
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Fig. 8. AFM images taken in a 2 x 2 um? area: (a) a-Fe,05 (500 °C), (b) a-Fe,05 (800 °C), (c) a-Fe,05 + Sn** (500 °C), (d) a-Fe,05 + Sn** (800 °C), () a-Fe,03 + Zn?* (500 °C), and

(f) a-Fe,03 + Zn?* (800 °C).

only the modification of the hematite film with Sn*" caused an
improvement, we believe that Zn?* impurities were acting as recombi-
nation sites, resulting in a poor efficiency of surface chemical reactions.

As mentioned above, the incorporation of Sn*#into the 500°-treated
hematite film slightly enhanced the photoelectrochemical performance
whereas the incorporation of Zn™?2 did not. Thus, it seems that most of
dopants were not efficiently incorporated and, therefore, they may
have segregated. By using the SCDS method, Souza et al. [17] reported
that a certain concentration of dopants segregated at the grain bound-
aries of silicon-modified hematite films. Most importantly, the authors
concluded that the segregation of silicon did not improve the catalytic
response of the films; rather, it promoted the recombination rate of
hole-electron pairs. That is why the performance of the Si (2.0%)-
modified hematite film was as poor as that of the undoped film,
whereas the Si(0.5%)-modified hematite film had the best perfor-
mance. However, segregation of dopants does not always worsen
the photocatalytic performance of hematite films because the
segregation caused the formation of unintentional composites that
can exhibit a better photocatalytic performance than that of the

single electrode. Shen et al. [49] demonstrated that the performance
for water splitting of hematite nanorod electrodes modified with a
thin layer of WO3; (composite) was better than that of undoped
film. Nevertheless, we believe that a certain concentration of
dopants segregated and acted as recombination sites because it
was not observed a great improvement on the catalytic response of
Sn and Zn-modified hematite films; otherwise, segregation would
have improved the performance for the OER under illumination.
Unlike the modified 500 °C-treated hematite film, both Sn** and
Zn?* dopants increased the generated photocurrent of 800 °C-treated
hematite films. This improvement was attributed to doping since the
incorporation of the dopants increased the Np value in comparison
with the Np of the undoped film. Moreover, we believed that the
increase in the Np was also caused by the unintentional doping of
Sn** ions from the F-SnO, layer. Many authors have reported that the
diffusion of the tin ions from the FTO layer is promoted at high temper-
atures as 800 °C [43,50], enhancing the photoelectrochemical perfor-
mance of the hematite electrodes. As shown in the ESI results, doping
with Sn** doubled the Np value, while the Zn-modified film had almost
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thermal treated at 800 °C in air.

threefold the Np value of the undoped film. A similar increase in the Np
was not found for 500 °C-treated hematite film.

In spite of the higher photocurrent densities of the modified
800 °C-treated hematite film, it is probable that dopants segregated
because they did not significantly improve the performance of
hematite films. This fact is evident in Fig. 6, which showed that the
relative increase in the photocurrent caused by the dopants (for
800 °C-treated hematite film) was very similar to that observed in
the Sn-modified 500 °C-treated hematite film. In addition, the dop-
ant segregation was also suggested by the SEM results since hematite
grains of the modified films did not grow as much as those of the
undoped film were. Dopant segregation may also be supported by
the Raman results that demonstrated that the dopants reduced the
intensity of Raman bands. That is, being segregated at the grain
boundaries, dopants decreased the intensity of the laser by scattering,
and, therefore, a less intense laser interacted with the hematite matrix,
resulting in low intense Raman bands of the hematite matrix. However,
further investigation must be conducted for a better understanding of
the Raman results. Moreover, the possible segregation of dopants was
also suggested by the contact angle results. As shown in Fig. 7, the
addition of dopants reduced the contact angles, and this increase in
the wettability is not caused by roughness since films had similar
roughness. Rather, this effect may be caused by the segregation of
dopants that improved the interaction of water with the film surface.

Despite the possible segregation of dopants, the performance of
hematite films prepared by the SCDS method was poor. A reasonable
explanation for this problem is the poor contact between hematite
and F-SnO,, layer as demonstrated in a previous report and illustrated
in the Scheme of Fig. 9a [16]. The authors prepared undoped and
Si-doped hematite films by using the polymerized complex method,
and the photoelectrochemical results showed that hematite films
generated low photocurrent densities. According to the STEM cross-
sectional images reported by Souza et al. [16], the hematite film displays
only few points of contact between FTO and hematite layer. In order to
confirm this hypothesis, in the present work, of poor hematite adher-
ence onto the FTO substrate the cross-sectional analysis were conducted
by using scanning electron microscopy (SEM). Indeed the cross-
sectional SEM images illustrated in Fig. 9b and c with different magnifi-
cation revealed only few points of contact between FTO and undoped
and Zn-modified hematite layer. As consequence of this result a
significant impact in the electronic properties can be expected such
as; poor transference of charge from hematite to the FTO layer for all

synthesized films. Moreover, this inhomogeneous hematite adherence
can directly affect the photoelectrochemical performance by increasing
the charge recombination rate due it low electron injection to the back-
contact (FTO layer).

In summary, the hematite films prepared in this work need to be im-
proved in order to obtain homogenous adherence between hematite
and FTO layer, which may enhance the performance of hematite elec-
trodes and make the SCDS method promise for commercial application.

5. Conclusions

Undoped and modified with Sn** and Zn? " hematite films were
synthesized by the SCDS method at two temperatures (500 °C and
800 °C). It was demonstrated that the thermal treatment influenced
on the photocatalytic performance of films. The 800 °C-treated
hematite film exhibited a better photocatalytic performance than
that of 500 °C-treated hematite film. The better performance of
800 °C-treated films was attributed to their higher roughness that
improved their wettability. In addition, based on the EIS results, a
smaller amount of Sn** and Zn?* can be incorporated into the
hematite structure, and it resulted in a slightly improvement in the
photoelectrochemical properties of the films (with exception of the
Zn-modified 500 °C-treated hematite film). Nevertheless, it seemed
that most of the dopants segregated at the surface of the grain
boundaries (confirmed by XRD data, which reduced the crystallite
size) since a great improvement was not achieved by doping.
Regardless of the dopant segregation, both undoped and modified
hematite films exhibited a low performance for the water oxidation
under illumination conditions. Indeed, the most plausible explanation
is that the thermal treatment favored a poor contact point (illustrated
in Fig. 9) of hematite film with FTO substrate due stress induced
between of them, which prevented some of the photogenerated elec-
trons from being harvested. In order to improve the hematite adherence
onto the FTO layer and make the SCDS a promise method for commer-
cial applications further experiments are underway in our laboratory.
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