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ABSTRACT

Because of the socio-environmental and economic impacts of the use of fossil
fuels, the demand for the diversification of the energy matrix has increased.
Energy devices utilizing renewable energy such as solar cells stand out as a
possible solution to this problem. Therefore, in order to realize the practical
applications of solar cells, it is imperative to develop novel structural materials
and to optimize the properties of the existing ones. In this study, we prepared a
photoelectrode using hematite-decorated zinc oxide particles (ZnO/Fe,Os). The
field-emission scanning electron microscopy and Brunauer-Emmett-Teller
results confirmed that Fe,O; coated the surface of the ZnO particles and
improved their photoelectrochemical properties. The composite was found to be
a promising photoelectrode for solar cells.
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understand the negative impacts of these fuels. In
this context, solar energy [1-3] is a promising alter-

Introduction

With the increasing concerns on environmental
issues and the depletion of fossil fuels, the use of
fossil fuel-based energy is being increasingly deni-
grated by modern society in order to adopt a sus-
tainable lifestyle. The ease of dissemination of
information due to globalization and the environ-
mental awareness of people have made them
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native to fossil fuels because (1) it is environmentally
friendly, (2) it is an abundant and unlimited source of
energy, (3) different materials can be easily tailored to
convert photons directly into electricity, and (4) it
shows a wide range of applications [4, 5]. The use of
solar energy has increased; however, its use still
requires a high production cost because of the poor
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conversion efficiency of present day solar cells [6]. In
order to overcome these limitations, various materi-
als and methods have been developed to improve the
production, efficiency, eco-friendliness, and cost-ef-
fectiveness of solar cells.

Zinc oxide (ZnO) is a promising material for solar
cell applications. ZnO is a broadband semiconductor
with a band gap of 3.3 eV at 300 K and a large exciton
binding energy (60 meV) [7]. It crystallizes in the
hexagonal wurtzite phase [8, 9]. Zn is abundantly
available, and its oxide shows electronic mobility
seven orders of magnitude higher than that of TiO,
[10]. However, the power conversion efficiency of
ZnO-based dye-sensitized solar cells (DSSCs) is lower
than that of TiO,-based DSSCs because of the disso-
lution of ZnO and formation of dye-Zn”>" aggregates
in them and their lower injection efficiency [11].

On the other hand, hematite (Fe,O3;) has been
widely used as a photoanode material owing to its
exceptional properties such as the band gap energy of
2.1 eV, highest theoretical efficiency (12.9%), good
electrochemical stability, abundance, non-toxicity,
and cost-effectiveness [11, 12]. However, it shows a
short-excited state lifetime, small diffusion length,
and low electrical conductivity [13, 14]. Doping with
Ta [15], Ni [16], tC3Ny4 [17], and Cr [18] is an efficient
approach to improve the electrical conductivity of
Fe,O5 [18].

Dias et al. [19] evaluated the performance of
hematite electrodes for photoelectrochemical water
splitting. They adopted two strategies for the surface
modification of hematite: (1) annealing at a high
temperature (800 °C) and (2) coating with RuO, or
IrO,/RuQO,. The IrO,/RuO,-coated hematite pho-
toanode exhibited the best performance with a pho-
tocurrent density of ca. 1.52 mA cm 2 at 1.23 Vyyg,
which is 140% higher than that of pure hematite. It
exhibited a photocurrent of 0.34 mA cm ™2 at 0.60
Vrue, which is the highest value ever reported. This
photoelectrode showed a quite stable performance at
0.80 Vgryg for over 72 h. It showed a water oxidation
efficiency of more than 90% at potentials higher than
1.00 Vgug because of the rapid charge transfer and
reduced electron-hole recombination at its surface.

Ikram et al. [20] investigated the photoelectro-
chemical performance of ZnO quantum dot (QD)-
sensitized electrodeposited o-Fe,Oj thin films pre-
pared at various sensitization times. The ZnO QD
sensitization increased the photocurrent of the Fe,O3
thin films because of the efficient charge separation
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caused by ZnO QDs and the catalytic behavior of
ZnO.

Im et al. [21] used TiO,/Fe,O3 as a photoelectrode
material for DSSCs. The use of the TiO,/Fe;O3 pho-
toelectrodes improved the fill factor and efficiency of
the DSSCs by more than 16% and 300%, respectively.
This is because the conduction band of Fe,O5 inhib-
ited the trapping effect of the electrons in the con-
duction band of TiO,. This prevented the
recombination of the electrons in the TiO, conduction
band and the dye or electrolyte.

Considering all these aspects, in this study, we
prepared hematite-decorated ZnO (ZnO/Fe,O3)
particles and investigated their optical and electro-
chemical properties for a possible application as solar
cell photoelectrodes.

Methodology
Synthesis of ZnO particles

The ZnO particles were prepared using a microwave-
assisted hydrothermal method. Zinc nitrate
(0.03 mol L") was dissolved in 50 mL of deionized
water under constant stirring. To this solution, 50 mL
of 2.0 mol L™ KOH was added, which resulted in the
precipitation of particles. The resulting mixture was
transferred to a Teflon reactor (reaction cup) with a
volume of 110 mL. The reactor was then heated at
140 °C for 32 min in a modified microwave (MN-
546B) at a frequency and power of 2450 MHz and
1050 W, respectively. The microwave was controlled
by a CNT400SUP v1.6 program. The product so
obtained was washed with distilled water until a pH
value of 7 was achieved. Finally, it was dried in an
oven at 60 °C for 12 h.

Synthesis of Fe,O; nanospheres

Iron oxide (Fe;O3) nanospheres with a uniform size
and shape were synthesized via two steps:
hydrothermal synthesis of the precursor and the
subsequent calcination. Fe(NO3);-9H,O (2.0 mmol),
sodium citrate (4.0 mmol), and urea (5.0 mmol) were
sequentially dissolved in 30 mL of deionized water
under constant stirring. The clear yellow-green
solution so obtained was placed in a reactor at 160 °C
for 8 h. The solution was then cooled to room tem-
perature. The brown precipitate so obtained was
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washed with deionized water and isopropanol and
was then dried in an oven at 60 °C for 4 h. The pro-
duct was then heat-treated at 500 °C for 2 h to obtain
a red powder [22].

Preparation of ZnO and ZnO/Fe,0;
photoelectrodes

The ZnO film was prepared by adding 0.20 g of ZnO
to 1.0 mL of ethanol. This solution was sonicated for
30 min to obtain a ZnO dispersion. To this disper-
sion, 0.50 mL of deionized water was added and the
resulting mixture was ultrasonicated for 30 min.
Then, 80 pL of this mixture was dropped on a fluo-
rine-doped oxide (FTO) substrate and was left at
room temperature for 1 h for evaporating the solvent.
The substrate was then calcined (to bind the film) at
400 °C for 1 h at the heating rate of 0.5 °C min~' to
avoid the formation of cracks in the film [11]. The
process of preparation of the ZnO/Fe,O; film was
similar to that used for preparing the ZnO film. The
only difference was that in the case of the ZnO/Fe,O3
films, along with 0.20 g of ZnO, 20 pmol (1.57 wt %)
of Fe,O3 was also added to 1.0 mL of ethanol.

Characterization

The properties of the samples (ZnO, Fe,O; and
Zn0O/Fe,03) were investigated by X-ray diffraction
(XRD), field-emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM),
nitrogen adsorption-desorption isotherms, ultravio-
let—visible (UV-Vis) absorption spectroscopy,
photoluminescence (PL) spectroscopy, and photo-
electrochemical measurements.

The XRD measurements were carried out using a
D/Max-2500PC diffractometer (Rigaku) with Cu-Ka
radiation (4 = 15406 A). The XRD patterns were
obtained over the 20 range of 10°-110° at a scan rate
of 0.02° min~'. The morphology of the samples was
examined using FE-SEM (DSM 940/Zeiss). Trans-
mission electron microscopy (TEM) images were
taken using a FEI Tecnai F20 (Netherlands) micro-
scope operating at 200 kV equipped with energy-
dispersive X-ray spectrometer (EDS). The nitrogen
adsorption—desorption isotherms of the samples were
obtained at 77 K using a volumetric adsorption ana-
lyzer (TRISTAR II 3020/Micrometrics Instrument
Corporation). Prior to their nitrogen adsorption—
desorption isotherm measurements, the samples
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were outgassed for 16 h at 573 K. The apparent sur-
face area of the samples was measured using the
Brunauer-Emmett-Teller (BET) equation [23, 24],
while their pore size distribution was calculated
using the Barrett-Joyner-Halenda (BJH) method with
the adsorption branch [24]. The PL measurements of
the samples were carried out in the UV-Vis region
[25] using a 350-nm Kr laser (Coherent Innova). The
output power was varied from 200 to 800 mW using
suitable filters and prisms to remove the beam-loa-
ded plasma. The width of the monochromator slot
was 200 nm (Thermal Jarrell-Ash Monospec 27
model). The signal was detected using a R446 pho-
tomultiplier (Hamamatsu)-coupled SR-530 lock-in
amplifier (SRS Products). All the measurements were
carried out at room temperature. The UV-Vis
absorption spectra of the samples were recorded in
the total diffuse reflectance mode (Cary 5G, Varian).
The photoelectrochemical measurements were car-
ried out in a quartz glass cell with the three-electrode
configuration. FTO/ZnO or FTO/ZnO/Fe,O; was
used as the working electrode, the reference electrode
was Ag/AgCl, and the counter electrode was Pt. The
electrolytic solution consisted of acetonitrile (JT
Baker), 10 mM of KI (Chemical Group), 1 mM of I,
(Merck), and 0.1 M LiClO, (Merck). All the electro-
chemical tests were carried out on a potentiostat
galvanostat (Autolab model 12/30302). The linear
voltammetry curves of the samples were obtained
over the potential range of 0.8-1.8 V at scan rate of
20 mV s~'. The tests were carried out in both the
presence and absence of light (light/dark) using a
solar simulator (Newport Sol3A Class AAA) with a
100-W xenon lamp. The stability of the samples (with
respect to the current density) was evaluated by
carrying out their chronoamperometry tests at a fixed
potential of 1.2 V (optimized from linear voltamme-
try experiments) for 400 s.

Results and discussion

The phases and crystallographic structures of all the
samples were examined using XRD. Figure 1 shows
the XRD patterns of pure ZnO, Fe,O;, and ZnO/
F€203.

The diffraction peaks of ZnO could be indexed to
JCPDS 36-1451 [26, 27], indicating that it showed a
hexagonal-type Wurtzite structure. In addition, the
presence of well-defined and fine crystalline peaks
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Figure 1 XRD patterns of ZnO, Fe,03, and ZnO/Fe,0;.

demonstrates the existence of a long-range structural
order and non-existence of secondary phases. The
Fe,O5; samples (Fig. 1) showed peaks characteristic of
nanostructured materials and a lower degree of
crystallinity. However, their peaks could be indexed
to a-Fe,O3 (ICSD #64599) and &-Fe,O5 (ICSD #415250)
[28, 29]. The ZnO/Fe,O5; sample with fine and well-
defined peaks showed a crystallographic profile
similar to that of pure ZnO. The peaks corresponding
to Fe,O3; were absent in this case, suggesting that
hematite was uniformly dispersed in the ZnO
particles.

Thermogravimetric (TG) analysis was carried out
to determine the decomposition temperatures of the
samples and to examine their phase transformations.
ATR-FTIR analysis was carried out to investigate the
possible interaction between the ZnO particles and
Fe;,O; nanoparticles. Figure 2a, b shows the TG
curves and ATR-FTIR spectra (over the
4000-480 cm ! range) of the ZnO, Fe,O3, and ZnO/
Fe,O5; samples, respectively.

The TG curve of pure ZnO showed (Fig. 2a) three
weight-loss stages. The first weight loss at 50-200 °C
was due to the desorption of water, low-molecular
weight solvents/gases, and other degradation prod-
ucts. In the second stage, i.e.,, at 200-500 °C, the
weight loss was caused by the decomposition of the
species adsorbed on the oxide surface. The third
weight-loss stage initiated at 513 °C and can be
attributed to the decomposition of hydrocarbonate
products. The TG curve of Fe,O; (Fig.2a) also
showed three weight-loss stages. The first stage was
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observed at 25-150 °C and can be attributed to the
dehydration of the sample. The weight loss at
150-300 °C (second stage) corresponds to the degra-
dation of residual nitrate. In the last stage, gradual
weight loss was observed at temperatures above
300 °C, indicating the transformation of the unwan-
ted phases. This indicates that the calcination tem-
perature of 500 °C was not sufficient to obtain pure
Fe,O; particles. This result is in agreement with the
XRD analysis (Fig. 1), which shows that the alpha (o)
and epsilon (¢) phases of Fe,O; are present. The
ZnO/Fe,O; sample (Fig. 2a) showed the same
weight-loss profile as that of pure ZnO. However, the
weight loss in each stage was higher (by 0.5, 0.4, and
0.6% in the first, second, and third stages, respec-
tively) in the case of the ZnO/Fe,O; sample. This
indicates that the addition of Fe,O; slightly increased
the degradation temperature of the ZnO particles.
The ATR-FTIR spectrum of the ZnO particles
(Fig. 2b) showed bands at 480-590 cm™' corre-
sponding to the stretching vibration of ZnO. The
ATR-FTIR spectrum of the Fe,Os particles (Fig. 2b)
showed a broad band at 3362 cm™' corresponding to
the water molecules coordinated in the lattice in the
form of hydroxide (OH stretching). The bands at 1618
and 1400 cm™' can be assigned to the bending
vibration of the OH group and the in-plane OH
bending, respectively. The band at 900 cm ™' can be
attributed to the oxide phases (FeO or FeO, among
others). It is well known that iron exists in more than
one oxidation states. Hence, until the formation of the
Fe,O; product, it existed in various oxide phases [30].
The ATR-FTIR results were consistent with XRD and
TG analysis results, indicating that the calcination
temperature was not sufficient to obtain a pure Fe,O3
sample. The band at 545 cm™" corresponds to the Fe-
O stretching vibration mode of Fe,O; [31, 32]. Like
Fe;O;, the ZnO/Fe;O; sample showed a band at
900 cm ™' but with lower intensity, indicating the
presence of some iron oxide phases in it. The increase
in the intensity of the bands at 480-590 cm ™" corre-
sponds to the increase in the metal oxide content.
Figure 2c shows the Raman spectra of ZnO, Fe,O3
and ZnO/Fe;O;. The Raman spectrum of ZnO
showed optical phonons at the I'" point of the Bril-
louin zone corresponding to the irreducible relation:
I'opt = Ay + E; + 2E; + 2B;. The A; and E; modes
split into transverse (TO) and longitudinal optical
(LO) phonons, while the E; modes were non-polar.
A, and E; modes are Raman and infrared active,
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Figure 2 TG analysis (a), ATR-FTIR spectra (b), and Raman spectra (c) of ZnO, Fe,03, and ZnO/Fe,0s.

while E, modes are only Raman active. B; modes are
Raman and infrared inactive [33]. The allowed
backscattering geometry modes appeared in the E,
(low and high) mode at 101 and 434 cm ™', indicating
the excellent quality of the crystal [34, 35]. The peak
at 381 cm™! corresponds to the A; (TO) mode, while
those at 203 and 326 cm™' can be assigned to the
acoustic phonon and optical phonon overtones with
the A; symmetry, respectively [36]. The Raman mode
at 569 cm ™! corresponds to the E; (LO) mode of ZnO
[33]. The peak at 661 cm™" corresponds to the addi-
tional vibrational modes associated with defects [37].
Figure 2c (red line) shows the Raman spectrum of
Fe;O;. The spectrum showed seven phonon modes
predicted by the group theory and Raman-inactive
and IR-active E,, (LO) modes [38]. The Raman modes
at 227, 271, 306, 372, 435, 485, 570, and 648 cm™"
correspond to Ai,, Eg Eg E, Ei Aig Eg and E,,
respectively. The ZnO particles decorated with the
Fe,O; particles showed Raman modes at 101, 203,
326, 381, and 434 cm ™! corresponding to the lattice
vibrations of the ZnO structure. These particles also
showed Raman modes at 485, 570, and 648 cm ™’
corresponding to the lattice vibrations of the Fe,O;
nanostructure. This confirms that the ZnO particles
were successfully decorated with the Fe,O; particles.

Figure 3 (I) shows the FE-SEM images, and Fig. 3
(II) displays the histograms of particles size of all the
samples.

Figure 3 (I) a, b shows the FE-SEM images of the
FTO substrate. From the images, it can be observed
that the FTO substrate consisted of uniformly arran-
ged nanoparticles with a diameter of 50-300 nm.
These particles rendered the substrate surface rough.
This is consistent with the results reported previously
[39]. Figure 3 (I) c—e shows the FE-SEM images of the
pure ZnO particles deposited on the FTO substrate. It
can be observed that these particles showed a flower-
type structure and consisted of “micro-petals.” These
flowers had a diameter of 447-3561 nm. These par-
ticles were porous and showed a large surface area
because of the presence of their petal-like shape.
Figure 3 (I) f, g shows the FE-SEM images of the
Fe;O3; nanoparticles. These nanoparticles were
spherical and resembled monodisperse spheres [40].
Figure 3 (I) h—-j shows the FE-SEM images of the
ZnO/Fe;O3; composite. From these images, it can be
observed that the Fe,O; nanospheres were success-
fully incorporated into the flower structure of ZnO
(Fig. 3 () e, j) because of its large size and porosity
and the large surface area of its micro-petals. This
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resulted in the sensitization of ZnO by Fe,O3. Hence,
it can be stated that hematite played the role of a dye.

From the FE-SEM images, it can be observed that
pure ZnO and ZnO/Fe,O; showed the same micro-
flower-like morphology. However, the addition of
Fe,O;3 resulted in the coalescence of the nanostruc-
ture. This can be attributed to the decrease in the
mean size of the ZnO micro-petals with the addition
of hematite. Figure 3 (II) a—c shows the relative fre-
quency versus particle size histograms of the sam-
ples. It can be observed that the addition of the Fe,O3
nanoparticles reduced the size of the ZnO micro-
petals by approximately 5.8 times.

Figure 4 shows the TEM images and chemical
composition of ZnO, Fe;O; and ZnO/Fe,O; samples.

The morphology of ZnO, Fe,O3, and the composite
sample was investigated by TEM, as shown in Fig. 4
a—c, respectively. A close observation of ZnO/Fe,O3
sample (Fig. 4c) shows that indeed the ZnO particles
were decorated by Fe,O; nanoparticles. The elemen-
tal microanalysis results performed by EDS for all
samples (Fig. 4) proved the chemical composition of
ZnO, Fe;,O3 and ZnO/Fe,O; materials. The presence
of Ni observed in the pure ZnO sample is relative to
the TEM grid.
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Figure 5 displays the high-resolution TEM
(HRTEM) image and selective area electron diffrac-
tion (SAED) pattern of ZnO and ZnO/Fe,O3 samples.

Figure 5a shows the HRTEM image with an over-
view of ZnO petals and in the delimited region a
SAED image of pure ZnO was obtained. These results
reveal the polycrystalline wurtzite ZnO structure.
The indexed planes showed that the symmetry was
ZnO phase with space group P63mc. The SAED
image of the ZnO/Fe,O; sample (Fig. 5b) indicated
that the ZnO particles decorated have the same
planes and phase symmetry as the pure ZnO. The
Fe,O3 particles were polycrystalline, and the SAED
images also showed o-Fe,O3 and e-Fe,O; phases with
space group R-3c and Pna-21, respectively. This is in
accordance with XRD, TG and FTIR analyzes. The
results obtained from the HRTEM images confirmed
that the ZnO particles were successfully decorated by
the Fe,O3 nanoparticles. The SAED images indicated
the formation of heterojunction between ZnO and
Fe,O;, since the symmetry of the crystallographic
phases was maintained.

The specific surface areas and pore volumes of
ZnO and ZnO/Fe,O; were determined by obtaining
their nitrogen adsorption—desorption isotherms at
77 K (Table 1).

Chemical
element

// Percentage 42.12 5.19 52.67
,/ ratio (%) (0.50) (0.15) (0.33)

/’ Chemical
element

/. Percentage 25.42 (0.26) 74.57 (0.33)

/7
Fe,0, S ratio (%)

KeV

ZnO/Fe O 4
Zn i
o Fe Fe Ni
TN
=
<
~
z
O Fe Ni
- S Fe
o Zn
= ZnO
Zn
! s
N Zn
9

- 7
127 0 Chemical
~o element
~\

Percentage 55.85 (0.30) 44.14(0.17)
ratio (%)

Figure 4 TEM images and chemical composition of ZnO (a), Fe;O5 (b), and ZnO/Fe, 03 (c).
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Figure 5 High-resolution TEM (HRTEM) image and selective area electron diffraction (SAED) pattern of ZnO (a) and ZnO/Fe,0;
(b) samples.

Table 1 Surface areas and

pore sizes of ZnO and ZnO/ Sample BET surface area (m> g_l) Pore volume (cm’ g_l)
Fe:0s ZnO 13.0 0.06
ZnO/Fe,03 325 0.12
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The surface area of the ZnO particles increased
significantly with the addition of Fe,O;. The addition
of Fe,O3 increased the pore volume of the ZnO par-
ticles by two times. This explains the increase in their
surface area. Thus, because of their small pores (mi-
cro and meso) the hematite-decorated ZnO particles
showed a large surface area and hence a large
exposed active region for electrochemical reactions.
This indicates that a large amount of Fe,O3 was loa-
ded on the ZnO particles.

The band gap energy of the samples and the pos-
sible mechanism to the improvement of the photo-
electrochemical property of ZnO/Fe,O; are shown in
Fig. 6.

UV-Vis spectroscopic measurements were carried
out to investigate the effect of the addition of the
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Fe;O3 particles on the optical properties of pure ZnO.
The band gap energies (E;, eV) of the samples were
calculated from their UV-Vis data using the Kubelka
and Munk method [41] as follows:

ohv = A(hv — Eg)" (1)

where o is the linear absorption coefficient of the
material, hv is the incident photon energy, A is a
proportionality constant related to the material, E, is
the band gap energy of the semiconductor, and n is a
constant depending on the type of electronic transi-
tions (n = 1/2 for a direct allowed transition; n = 2
for an indirect allowed transition).

Zn0O is an n-type direct band gap semiconductor
with nn = 1/2 [42]. The direct band gap energies of the

(a) Zn0 (b) Fe,0, (©) ZnO/Fe,0,
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Figure 6 Band gap energy of ZnO (a), Fe,O3 (b), and ZnO/Fe,Oz (c) and possible mechanism to the improvement of the

photoelectrochemical property of ZnO/Fe,O5 (d).
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samples are shown in Fig. 6. The band gap values of
Zn0O, Fe,O3, and ZnO/Fe,O; were 3.22, 1.85, and
3.15 eV, respectively. ZnO and ZnO/Fe,O; showed
similar E; values. This is consistent with the XRD
results.

Figure 6d presents the possible mechanism for the
improving in the photoelectrochemical property
presented by the ZnO/Fe,O3 sample. ZnO has a band
gap of 3.22 eV, which makes it active only when
exposed to UV light [43]. On the other hand, Fe,O;
has a 1.85 eV band gap, having a good visible light
response [44]. When ZnO is decorated with Fe,O;,
this mixture can become active for visible light and
improve separation of the photoinduced charge car-
ries. This improvement can be attributed to the for-
mation of an n-n semiconductor heterojunction
between ZnO and Fe,O; [45]. After the heterojunction
formation, electrons (¢”) can migrate from the Fermi
level (Ep) of ZnO to Fe,Os until their Er are equal.
This process leads to the generation of positive
charge in the junction area of ZnO and negative
charges over Fe;O;. When the ZnO/Fe,O; sample is
exposed to visible light, the photogenerated electrons
(e7) in the Fe;O3 conduction band (CB) can migrate to
ZnO and the holes (4") remain in the Fe,O3 valence
band (VB), resulting in the separation of the charge
carriers. Therefore, the improvement in the photo-
electrochemical performance of ZnO/Fe,O3; sample
can be attributed to the formation of n—n heterojunc-
tion and the separation of charge carriers.

Figure 7 shows the PL spectra of ZnO, Fe,O3, and
ZnO/Fe;O3 at room temperature.

From Fig. 7a, it can be observed that the PL spec-
trum of pure ZnO consists mainly of two bands of
emissions. The broad peak in the visible blue region
(3.0-3.5 V) can be attributed to the intrinsic defects
such as zinc vacancies (Vz,), interstitial zinc (Z,),
singly negatively charged Zn vacancies (Vz,), and
oxygen vacancies (V) [46—49]. The second emission
band of ZnO has maximum intensity of PL at 620 nm
(2.0 eV). This value was consistent with those repor-
ted previously [50]. However, the emission in the
blue region was suppressed after the ZnO particles
decoration by Fe,O;, suggesting a decrease in the
concentrations of the point defects mentioned above.
The intensity of PL band also decreases when the
ZnO particles were decorated with Fe,O; and the PL
emission in the visible spectrum displayed a maxi-
mum intensity at 663 nm (1.87 eV). This behavior
indicates a reduction of the density of intrinsic
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Figure 7 PL curve and deconvolution of the three PL peaks of
ZnO (b) and ZnO/Fe,0; (c).

defects in ZnO with Fe,O3 addition. However, it can
evidence the band gap reduction by the formation of
(Fezn—Vz,) complexes where the energy levels are
localized near the valence band [51]. This reduction
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in band gap was observed (Fig. 6), thus indicating the
formation of (Fez,—Vz,) complexes. However, the
Fe,O5; sample did not show significant emission over
the energy range used in this study. Figure 7b, c
shows the deconvolution of the three peaks of the
pure ZnO and ZnO/Fe,O; samples. The PL spectrum
of pure ZnO showed three emission peaks at 2.0
(orange), 1.80 (red), and 2.18 eV (green) (Fig. 7b). The
PL deconvolution results showed that the emission of
the pure ZnO sample was the highest in the green
region (44.1%). This can be attributed to the recom-
bination of the isolated electrons in the ionized oxy-
gen vacancies (Vo) with photogenerated holes [52].
Figure 7c shows the PL spectrum of ZnO/Fe;O5. The
spectrum consisted of three components located at
the same energy values as those of pure ZnO. The
deconvolution results showed a shift in the maxi-
mum emission for the red region (61.5%). This is
because the addition of Fe,O; reduced the concen-
tration of shallow defects in ZnO, thus giving rise to
deep defects. This is because the calcination time of
2 h was not enough for the formation of pure and
organized hematite crystals, as revealed by the XRD,
FTIR, TG and TEM results. Materials with low
degrees of structural organization exhibit a large
number of structural distortions and/or defects (va-
cancies). Moreover, the luminescence of a material is
caused by the recombination of the electrons in the
“holes” of the valence band generated by their exci-
tation toward the conduction band. Therefore, the
presence of these defects facilitates the accommoda-
tion of electrons in different energy states, thus
altering the photoluminescent behavior of the mate-
rial, which in many cases increases its luminescent
emission capacity [53].

Figure 8 shows the linear voltammetry results of
the pure ZnO and ZnO/Fe,O; films.

Figure 8 shows that the current density of the
samples started increasing at the potential of 1.0 V.
The ZnO/Fe,O; sample showed the highest current
density of 0.77 mA cm 2 at 1.2 V in the presence of
light. Under the dark condition, pure ZnO showed a
current density of 0.16 mA cm™2, which is higher
than that obtained in the presence of light. This
indicates that its stability decreased upon excitation
by photons. Hence, it can be stated that the addition
of Fe,Oj increased the current density of the pure
ZnO film under both the light and dark conditions to
approximately 0.61 mA cm™?, which is considered to
be desirable for solar cell applications. The difference
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Figure 8 J-V characteristics of the ZnO and ZnO/Fe,05; samples
recorded in acetonitrile with 10 mM Lil, 1 mM I,, and 0.1 M
LiClOy in the dark (dashed lines) and under light (solid lines).

in the current density values of pure ZnO obtained in
this study and the ZnO photoelectrodes reported
previously was found to be 0.005-0.007 mA cm 2
[10] or 0.12-0.23 mA em ™~ [50]. This indicates that
the current density value obtained in this study was
consistent with those reported previously. The results
demonstrated the advantages of the addition of Fe;O3
to ZnO for photoelectrochemical applications.

The photoresponse properties of the FTO/ZnO/
Fe;O3 electrodes were investigated at 1.2 V versus
Ag/AgCl for a duration of 0-400 s (Fig. 9).

From Fig. 9, it can be observed that the two elec-

trodes showed an atypical spike in their
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Figure 9 Photoactivation current measured at the applied
potential of 1.2 V versus Ag/AgCl for ZnO/Fe,O; under Xe
light illumination in acetonitrile with 10 mM Lil, 1 mM I,, and
0.1 M LiClOy.
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photoresponse owing to the transient effect of power
excitation. The photocurrent then quickly returned to
a steady state. This can be attributed to the fast
recombination on the surface of the photoelectrodes
because of their limited hole-electron pair lifetimes
and poor minority carriers [52]. The FTO/ZnO/
Fe;O; electrode showed a current density of
0.70 mA cm ? when exposed to light. This current
density was about 1.75 times higher than that
obtained under the dark condition.

We believe that the main reason for this enhanced
photoresponse was the coupling between the states in
the complex clusters of [FeOs|,/[FeOs]; and the
defects of [ZnOg]"/[ZnOsV?]. ZnO couples with the
complex clusters of tin oxide as follows:

[ZnOg]* + [ZnOsV¥] —[ZnOg] + [ZnOs V] (2)
[ZnOg[* + [ZnOsV;] — [ZnOg| + [ZnOsV;] (3)
[FeO5 V3], + [FeOs V3], — [FeOsV3], + [FeOsV ], (4)
where

[FeO, V3], — (Fe"); [FeO5V, ], — (Fe”)

Complex clusters excitation:
[FeO; V], + [ZnO5V, ], — [FeO V] + [ZnO5Ve],
(5)

Injection of electrons:
[FeO5V3; — [FeO, Vi), + ¢ (6)

Thus, the reduction of iodide ions (I'), which are
present in the liquid electrolyte along with triiodide
ions (I3), is carried out in order to regenerate the
oxidized cluster (FeOs).

2[FeO,V,], +3/2 1 — 2[FeO, V], + 1/21, (7)

The photogenerated electrons are then transported
through the external circuit, where they perform
work and reach the counter electrode to reduce the
triiodide ions (I;7) to I™ (Eq. 8):

Regeneration of the redox pair:1/2I; +e¢~ (Pt) — 3/21"
(3)
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Conclusion

The results of the physicochemical and photoelec-
trochemical examinations obtained by us in this
study showed that ZnO/Fe,O; composites are
promising candidates for solar cell photoelectrodes
applications owing to their high current density and
stability (as compared to pure ZnO). The Fe,O3
nanoparticles, which were used for decorating the
ZnO film, played the role of a coloring material
because of their interaction with the ZnO particles.
The current values of the electrodes prepared in this
study were higher than those reported previously
(fully assembled and decorated). Moreover, the
microwave-assisted method used in this study to
prepare the ZnO/Fe,O3 composite reduced the pro-
duction cost since it did not require sophisticated
equipment and high energy. The method also
reduced the processing time and did not produce any
by-product and hence is a promising approach for
the preparation of such composites.
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