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Graphical abstract Abstract

The novel hematite (a-Fe203)/nickel oxide (NiO) heterostructures were grown on fluorine-
doped tin oxide (FTO) coated glass substrates at various deposited NiO of 3, 5, and 7
layers. The heterostructures were successfully synthesized using the immersion and sol-gel
spin coating methods for a-Fe203 and NiO films, respectively. The field emission scanning
electron microscopy analysis showed that each sample of a-Fe203/NiO heterostructures
has a unique surface morphology when deposited with different NiO layers. The X-ray
diffraction pattern shows that the number of NiO layers affected the diffraction peaks.
The NiO diffraction peak intensity at (111) plane increased when the deposition number
of NiO layer was increased. The crystallite sizes of NiO were 35.4, 33.6, and 38.0 nm for 3-,
5-, and 7-layer NiO, respectively. The interplanar spacing, lattice parameter, and unit cell
volume indicate NiO with 3-layer as the highest, while 5- and 7-layer had the same
values. Meanwhile, the strain and stress values show the compressive strain and tensile
stress, respectively. The opftical properties reveal that the highest transmittance and the
lowest absorbance percentages were recorded for a 3-layer NiO sample. In contrast, the
lowest fransmitfance and the highest absorbance percentages were obtained for the
sample with 5-layer NiO. Different thicknesses and morphologies of heterostructures
explained these situations. In addition, each unique heterostructure of a-Fe,Oz/NIiO with
high visible light absorption nature is perceived to reduce the bandgap energy and has
the potential to be used in sensor and solar cell applications.
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Heterostruktur hematit novel (a-Fe203)/nikel oksida (NiO) dihasilkan pada substrat kaca
bersalut timah oksida terdop florin (FTO) dengan variasi pemendapan NiO dalam 3, 5,
dan 7 lapisan. Heterostruktur ini berjaya disintesis masing-masing menggunakan kaedah
perendaman dan lapisan putaran sol-gel bagi filem a-Fe203 dan NiO. Analisis mikroskopi
elektron pengimbasan pelepasan medan menunjukkan bahawa setfiap sampel
heterostruktur a-Fe203/NiO mempunyai morfologi permukaan yang unik ketika dideposit
dengan lapisan NiO yang berbeza. Corak difraksi sinar-X menunjukkan bilangan lapisan
NiO mempengaruhi puncak difraksi. Keamatan puncak difraksi NiO pada satah (111)
meningkat apabila bilangan pemendapan lapisan NiO ditingkatkan. Saiz kristal NiO
didapati masing-masing ialah 35.4, 33.6, dan 38.0 nm untuk 3, 5, dan 7 lapisan NiO. Jarak
antara planar, parameter kekisi, dan isipadu sel unit menunjukkan NiO dengan 3 lapisan
adalah yang tertinggi, manakala NiO dengan 5 dan 7 lapisan menunjukkan nilai yang
sama. Sementara itu, nilai terikan dan tegasan masing-masing menunjukkan terikan
mampatan dan tegasan tegangan. Sifat optik menunjukkan bahawa peratusan
fransmisi terfinggi dan serapan terendah dicatatkan untuk sampel 3 lapisan NiO.
Manakala, peratusan transmisi tferendah dan serapan tertinggi diperoleh untuk sampel
dengan 5 lapisan NiO. Ketebalan dan morfologi heterostruktur yang berbeza
menjelaskan keadaan ini. Sebagai tambahan, setiap heterostruktur unik o -Fe203/NiO
dengan sifat penyerapan cahaya yang tinggi dilihat dapat mengurangkan tenaga

jurang dan berpotensi untuk digunakan dalam aplikasi sensor dan sel suria.

Kata kunci: heterostruktur a-Fe2O3/NiO, perendaman, lapisan putaran sol-gel, sensor, sel

suria
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1.0 INTRODUCTION

The use of mixed metal oxides has been rapidly
increasing in various research areas due to their
unique, distinctive, and tunable properties. Some
mixed metal oxides perform well in their catalytic
activity due fo the changes in the surface area and
electronic property [1-3]. The combination of af least
two metal oxides in one network can revolutionize
new chemical, physical, optical, and electrical
properties resulting in higher performance of new
technology [4, 5]. In addition, existing research also
focus on the preparation of materials with small size
and good stability, which can improve electrical
characteristics of the materials particularly for device
applications [6, 7]. With various approaches, a
variety of heterostructured combinations based on
metal oxides has been successfully produced. Ismail
et al. fabricated SNnO2/ZnO heterojunction films for
humidity sensors via a solution-based method [8].
Besides, Uddin et al. synthesized RuO2/TiO2
heterojunction nanocomposite for the
photodecomposition of organic dyes and hydrogen
production by methanol photoreforming [?]. Zhao et
al. constructed the heterojunction of TiO-NiO using
the hydrothermal method for efficient hydrogen
generation and lignin photoreforming [10]. Pastrana
et al. fabricated a-Fe203/CuO heterostructure-based
thin fim via a dip-coating approach for improved
photoelectrochemical performance [11].

Generally, the studies on combining n-type
hematite (o -Fe203) and p-type nickel oxide (NiO)
have been reported using various strategies. The
development of composites in constructing the
heterostructures is useful in many applications,

including gas sensors. For instance, Sun et al
synthesized Fe2Os-NiO heterostructure using a facile
solvothermal process for the H,S gas sensor [12].
Dong ef al. prepared Fe,O3/NiO composites using
the electrospinning and solution-phase reaction for
ethanol gas sensing [13]. Besides, Tan et al.
synthesized Fe;Os-loaded NiO heterojunction using
microwave-assisted  liquid-phase for responses to
ethanol and methanol [14]. Nevertheless, there are
other applications such as lithium-storage made from
Fe2O3/NiO  nanocomposites via  cyanometallic
framework-templated strategy by Chen et al. [15]. In
addition, Zhang et al. developed Fe203/NiO
heterostructure via in situ hydrothermal and cathodic
electrodeposition  processes for solar—-chemical
energy conversion in fuel cell [16]. All of these
applications  have proven  that  Fex03/NiO
heterostructures can be widely used in various fields.
Among the available metal oxides, a-Fe2Os and
NiO are two multifunctional materials that have been
extensively investigated for various applications,
including dye-sensitized solar cells, electrochemical
capacitors, catalysis, and lithium-ion batteries [13]. a-
FeoOs is also known as iron oxide and it has a
rhombohedral centered hexagonal structure [17]. It
has a lower bandgap, Eg (2.1 eV), and is said fo be
the most stable iron oxide at ambient conditions [18].
Moreover, a-Fe203z is abundant, nontoxic, low cost,
and suitable for use in sensors, catalysts pigments,
and anode materials [17, 18]. Besides a-Fe2Os, NiO
exhibits a broader bandgap, usually reported within
3.6-4.0 eV at room temperature [19, 20]. In addition
to being considered transparent in the visible light
region [21], NiO also possesses good electrical
conductivity and a high surface to volume ratio [22].
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There are various synthesis fechniques in producing a-
FeoOs nanostructures, such as precipitation [23],
electrodeposition [24], and immersion [25]. The same
goes for NiO nanostructures, which can be produced
from various fechniques, including radio frequency
magnetron sputtering [26], immersion [27, 28], and
sol-gel spin coating [29].

To the best of our knowledge, there are no
reports of a-Fe,0O3/NiO heterostructure studies with a
combination of the immersion and sol-gel spin
coatfing techniques. The immersion method s
believed to be simpler and concise than the
hydrothermal method because it does not require
complex and time-consuming techniques.
Meanwhile, the so-gel spin coating method is an
appropriate approach for a thin fim-forming in a
confrolled composition and nanostructure desired.
Thus, in the present study, the a-Fe,Os nanostructures
were grown on fluorine-doped tin oxide (FTO) coated
glass substrates using the immersion method. The FTO
is one of the transparent conductive oxides chosen
because it has a conductive layer and cheaper than
the indium tin oxide (ITO) [30]. Further, different
deposition numbers of NiO layer were deposited
onto the a -Fe20Os surface using the sol-gel spin
coating technique. The effects of NiO layer variation
on a-Fe,0O3 to its morphological structure, crystalline
phase, and optical properties were then examined
for use in appropriate nanodevices.

2.0 METHODOLOGY

The FTO glass substrates were cleaned with ethyl
alcohol as the first step before preparing the a-Fe20s
layer. The solution of a -Fe2Oz is composed of a
mixture of iron(lll) chloride hexahydrate (FeCls-6H20),
urea (NH2CONHz), and deionized (DI) water, which
was sonicated using an ultrasonic bath for 30 min at
50 °C. The solution was stfired using a hot plate
magnetic stirrer for 5 min at 250 rom. The solution was
then poured into Schott bottles, where the FTO glass
substrates were placed inside with the conductive
FTO coatings facing up. The Schoftt bottles filled with
the solutions were immersed in a water bath
(Memmert) for 3 h at 95 °C. Then, the FTO coated
glass substrates with o -Fe2Os nanostructures were
dried in a furnace for 10 min at 150 °C and annealed
for 1 h at 500 °C.

For the deposition of different NiO layers on the
surface of o -Fe20s the sol-gel spin coating
technique was used. The solution of NiO involved a
mixture of nickel(ll) nitrate hexahydrate
(Ni(NO3)2:6H20), hexamethylenetetramine (CsHi2N4),
and DI water. The solution was sonicated for 30 min
and stired in ambient for 45 min at 300 rom. Twenty
drops of the solution using a pipette dropper were
used in the spin coating technique for each NiO
layer on the o -FexOsz surface. The process was
repeated with different NiO layers, which are 3, 5,
and 7. Before the annealing process at 500 °C for 1 h

for the last layer, each of the completed a-Fe20O3/NiO
heterostructure at the different numbers of NiO layer
was dried at 250 °C for 5 min per layer. The
heterostructure schematic, which was grown on the
FTO coated glass substrate, is shown in Figure 1.

x-layer NiO

o- Fe203

FTO
Glass substrate

Figure 1 A schematic of the a-Fe203/NiO heterostructure (x =
3.5, and?7)

The physical properfies of o -Fex0O3/NiO
heterostructures were analyzed for their surface
morphological, structural, and optical properties. The
surface morphological images were observed using
field emission scanning electron microscopy (FESEM)
(Zeiss Supra 40VP). The crystal structures were
analyzed using X-ray diffraction (XRD) (PANalyfical
X'Pert  PRO). The optical properties were
characterized using the uliraviolet-visible-near
infrared  (UV-vis—=NIR) specfrophotometer (Jasco-
Lambda 750).

3.0 RESULTS AND DISCUSSION

3.1 Surface Morphology Observation

The FESEM images in Figure 2 show the surface
morphologies of a -Fe2O3/NiO heterostructures with
varied deposition numbers of NiO in (a) 3, (b) 5. and
(c) 7 layers. The insets show a magnified view with the
respective number  of NiO layers. Each
heterostructure was successfully grown uniformly,
dense, and the most important is that each
morphology is unique. The diffusion of NiO elements
for different layers into a-Fe203 could be the reason
for their changes in the morphologies.

As shown in Figure 2 (a), the surface morphology
of a -Fe2O3/NIiO at 3-layer NiO exhibits low surface
roughness, small grain size, and delicate
nanosfructures. Meanwhile, the a -Fe203/NiO af 5-
layer NiO in Figure 2 (b) shows a rougher and larger
grain size. The inset image in Figure 2 (b) shows that
the morphology is compact and some of the
structures are close to the image in Figure 2 (c).
Figure 2 (c) shows a-Fe203/NiO at 7-layer NiO with a
different morphology. The morphology can be
described in a fine nanorice-like structure (see the
inset in Figure 2 [c]). The structure with more porous is
quite similar fo the hematite nanotubes obtained by
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Huo et al., who used a hydrothermal approach [13],
a solution-based method.
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Figure 2 Surface morphologies of o -Fe203/NiO
heterostructures with inset of magnified views at different
deposition numbers of NiO layer: (a) 3, (b) 5, and 7 layers

3.2 X-Ray Diffraction Analysis

Figure 3 records the diffraction peaks of the
formation a-Fe203/NiO heterostructures, which were
synthesized on the FTO glass substrates. The observed
peaks for the a -FexOs are associated with the
standard rhombohedral hexagonal phase indexed to
JCPDS No. 33-0664 [25]. The diffraction peaks of -

Fe.Os are most observed when using 3-layer NiO af
24.4°, 33.4°, 36.0°, 41.0°, 49.7°, 54.4°, 62.7°, and 64.2°,
which were indexed to (012), (104), (110), (113), (024),
(116), (214), and (300) crystal planes, respectively.
The number of peaks can be seen to decrease with
the increasing NiO layers. Meanwhile, the diffraction
peaks at 26.8°, 34.0°, 51.9°, 62.0°, 66.2°, and 81.2°
corresponding to the FTO conductive layer were also
recorded in the XRD patterns. Other peaks with high
infensity can also be seen to match the
polycrystalline NiO structure, which can be indexed
to cubic B-NiO (JCPDS No. 47-1049). The sharpness of
the peak can be seen at (111) crystal plane, where
the intensity increases as the number of NiO layer is
increased. This observation indicates that the degree
of good NiO crystallization can be improved by
increasing the NiO layer. Besides, it can be seen that
the diffraction peaks of 5- and 7-layer a bit shifted
towards higher diffraction angle compared fo the 3-
layer diffraction peak. To further investigate the XRD
patterns of a-Fe203/NiO heterostructures, the crystal
parameters of the NIO at (111) plane were
calculated. The crystallite size (D) of NiO can be
calculated using the Scherrer expression (1):

kA

—— (M

Bcos@
where k is a constant (0.94), 1 is the X-rays
wavelength (1.542 A), B is the full width at half-
maximum (fwhm), and 6 is the angle of diffraction.
From the expression, the widest fwhm will cause the
smallest D, while the narrowest fwhm shows otherwise.
The results shown in Table 1 reveal that the 7-layer
NiO has the largest D (38 nm), and the 5-layer NiO
has the smallest D (33.6 nm). As reported by Parimon
et al., during the crystal growth process,
recrystallization and aggregation occur, which
causes the variation in crystallite size [31]. Moreover,
the crystallite size is stfrongly influenced by dislocation
density (8). From the recorded values in Table 1, the
crystallite size is inversely proportional to the &
through the relation:

P 2)
DZ

This statement is in line with the explanation by Zeid
et al., where the D decreases as the § increases [32].
Meanwhile, the 3-layer NiO exhibits the highest
interplanar spacing (d), lattice parameter (a), and
unit cell volume (V). In contrast, the 5- and 7-layer
NiO show the same values for the same parameters.
The d, a, and V values were calculated using the
following formulas:

o TR ©)
2siné@
Z 2 2
1 _r+k+ (4)
d? a?
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(5)

V=d

where n is the order value of diffraction (1), and &, k,
and [ are the Miller indices of the plane. Meanwhile,
the strain (¢) and sftress (o) values show the
compressive strain (negative value) and tensile stress
(positive value), respectively. The following equations
calculate were used to obtain the strain and stress
values, respectively:
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where ao = 4.1771 A is the lattice constant of the bulk
NiO, E is the Young's modulus (200 GPa), and p is the
Poisson rafio (0.31). Table 1 summarizes all the crystal
parameters.
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* NiO (JCPDS No. 047-1049)
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Figure 3 X-ray diffraction patterns of a-Fe2O3/NiO heterostructures at different deposition numbers of NiO layer
Table 1 The crystal parameters of the NiO at (111) plane
Full width at . . Dislocation .
Sample half-maximum Inferpl_a nar Lattice Unit cell Strain,  Stress, density, Cry§iq|||ie
20 spacing, parameter, volume, size,
(a-Fe203/x- ©) (fwhm), d a Vv £ o 5 D
layer NiO) B 2 2 29 n3 (%) (GPa) x 10"
) (A) (A) x 102" (m?) (ines/my) (M)
x=3 38.137 0.2484 2.3600 4.0876 6.83 -2.14 6.91 7.99 35.4
x=5 38.261 0.2616 2.3526 4.0748 6.77 -2.45 7.90 8.86 33.6
x=7 38.261 0.2315 2.3526 4,0748 6.77 -2.45 7.90 6.94 38.0

3.3 Transmittance and Absorbance

The opfical properties of o  -Fex03/NIiO
heterostructures were determined from the
fransmittance and absorbance spectra, as indicated
in Figure 4 (a) and (b), respectively. The wavelength
of the spectrum is in the UV-vis—NIR range from 300 fo
1000 nm. As observed in Figure 4 (a), the highest
transmittance percentage at 1000 nm for all samples
show less than 50%, which are 49%, 12%, and 35% for
3-, 5, and 7-ayer NiO, respectively. The
fransmittance percentage values are almost static af
approximately 0% in  the UV region. The
fransmittances then increase slowly in the visible
region. From 550 nm onwards, the fransmittances

increase rapidly up to 1000 nm. Generally, low
fransmittances for all  three o -Fe203/NiO
heterostructures may be due to the thick layers that
do not allow incident light to pass easily. The
variations in fransmitfance value with different NiO
layers prove that they produced varying thicknesses
and various surface conditions. However, an increase
in the deposition of the NiO layer does not necessarily
indicate an increase in overall fim thickness
particularly when depositing on a rough and porous
film of a-Fe203. From the transmittance spectra, the
highest fransmittance percentage by 3-layer NiO
shows the lowest thickness, while the lowest
fransmittance percentage by 5-layer NiO shows
otherwise. In other observation, the segregation
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between particles happened on the sample with 7-
layer NiO that caused the microscopic crack and
uneven or non-uniform thickness. Therefore, this inter-
particle segregation impacted the surface structure
that caused the thickness to be lower than 5-layer
NiO [33]. The segregation between particles
happened due to stress evolution during the thermal
heating and cooling process, which became obvious
at 7-layer NiO. This condition is caused by the thermal
coefficient difference between two or more
materials. The stress in the films is highly dependent
on annealing temperature, thickness, and chemical
contents [34-36]. Besides, the different fransmittances
may be due to the various morphologies, shapes,
defect states, and sizes as well as porous structures
when varying the number of NiO layers on a-Fe2O3
structures [37]. As mentioned previously, 5-layer NiO
has a compact and less porous structure than 7-layer
NiO which causes its fransmittance to be the lowest.

Figure 4 (b) shows the UV-vis-NIR absorption
spectrum for a -Fe2O3/NiO heterostructures. The
relation between transmittance (T) and absorbance
(A) can be attributed by the following expression:

1
A= logluT (8)

The absorbance percentage on the y-axis is the
amount of light absorbed. The higher the
percentage value, the more of a certain wavelength
is absorbed. The spectra reveal that the lowest
absorbance percentage belongs to the deposition
with  3-layer NiO, where the absorption edge
approached the shorter wavelength. It indicates that
it has the largest energy bandgap as it requires more
energy to jump. Meanwhile, the use of 5-layer NiO
exhibited the highest absorbance percentage, and
the absorption edges shiffted to the longer
wavelength. It shows that it has the smallest energy
bandgap as it requires less energy fo jump. As can
be seen from the spectral ranges between 300 and
1000 nm, all the sample's absorption was observed
more in the UV-vis region and hardly manifested an
absorption in the NIR region. More precisely, the
absorption edge is in the visible region. Considering
that most of the visible light occupies the solar
spectrum, these a-Fe203/NiO heterostructures can be
exposed to maximize the use of sunlight [11, 16]. From
the absorption spectrum, it can be perceived that
the range of opftical bandgap is estimated between
1.60 and 1.2 eV, which is the highest optical
bandgap when 3-layer NiO was used, while the
lowest bandgap was achieved when 5-layer NiO was
used. It shows that the combination of
heterostructures between a-Fe20O3 and NiO reduced
the bandgap than the single a-Fe>O3 by enhancing
the visible light absorption.

50 ==(a) a-Fe,0,/3-layer NiO
{ e (b) a-FeZOJ/S-laycr NiO
— () a—Fe203/7-layer NiO

w &
< >
1 1

Transmittance (%)
[ ]
e
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300 400 500 600 700 800 900 1000
Wavelength (nm)

(a)

—(a) a-Fe,0,/3-layer NiO
5 — (b) a-Fe,0 /5-layer NiO
— () a-FezO3/7-layer NiO

Absorbance (%)

300 400 500 600 700 800 900 1000
Wavelength (nm)

(o)
Figure 4 (a) Transmitfance and (b) absorbance spectra of
o -Fe203/NiO  heterostructures at  different  deposition
numbers of NiO layer

4.0 CONCLUSION

At the first stage of heterostructures formation, a -
Fe.Os layers were successfully grown on the FTO
coated glass substrates using the immersion method.
Various NiO layers were then deposited on the o -
Fe20Os utilizing the spin coating method. We have
studied the effects of different NiO layers toward their
morphological, structural, and opftical properties.
From the FESEM observation, the unique
morphologies of a -Fex03/NiO  heterostructures
changed from 3- to 7-layer NiO. The XRD patterns
show that there is only one peak of NiO
corresponding to the (111) plane observed for all the
samples. It can be observed that the higher the
deposition number of the NiO layer, the higher the
intensity of the NIO peak resulling in a good
crystallinity. However, the crystallite size (D) did not
follow the trend with the increase in the NiO layers
because it was influenced by the dislocation density
(6). The D values were 35.4, 33.6, and 38.0 nm for 3-,
5-, and 7-layer NiO, respectively. The highest
interplanar spacing (d), lattice parameter (a), and
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unit cell volume (V) were obtained for 3-layer NiO,
while 5- and 7-layer NiO showed the same values for
the same parameters. The strain (¢) and sfress (o)
values reveal the compressive strain and tensile stress,
respectively. The deposition number of NiO layers
also influenced the optical properties of a-Fe20O3/NiO
heterostructures. The transmittances show that the
variation of NiO layers resulted in percentages below
50%. Optical bandgap estimation from the
absorbance spectra indicates that o -FexO3/NiO
heterostructures  with  enhanced visible light
absorption have a significant indicator in future
sensor and solar cell applications.
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