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A viable composite-hydroxide-mediated (CHM) method was used to
prepare nickel oxide (NiO) nanostructures. Composites of iron(IIl)-nickel
oxide (Fe>*-NiO) nanostructures were obtained using 5%-15% Fe>" during
the synthesis process. NiO and Fe*'-doped NiO composite formations
were monitored via X-ray diffraction, Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy, energy dispersive X-
ray spectroscopy (EDS), and ultraviolet-visible (UV-Vis) spectroscopy.
For the proposed range, pure NiO was obtained with octahedral

peculiarities. With increased Fe3" content, the octahedron feature was
transformed into new morphologies; the morphological change was
significant, given the short reaction time. EDS confirmed the presence of
Ni and O elements, and FTIR resolved a strong signature associated with
Ni-O bonding. The bandgap of NiO, estimated from UV-Vis
measurements, was in the range 1.73-5.68 eV, depending on the Fe’"
doping concentration. For the proposed processing temperature and
reaction time, the CHM method shows great potential as an easy
nanomaterial preparation procedure for research purposes.
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INTRODUCTION

Compared to their bulk counterparts, nanomaterial’s exhibit remarkable
properties due to their small size and surface effects [1,2]. Over the past
few decades, nanomaterial’s have received much attention and occupy a
principal position in the expanding nanotechnology industry. To meet
industry requirements, significant efforts have been made to reduce
material size while retaining the essential properties of material
components. In general, these efforts have been fruitful. Among the
various nanostructures, transition metal oxides (TMOs) are commonly
used in the fabrication of reduced-size electronic devices [3].

The nickel oxide (NiO) nanostructure is of particular interest due to its
superior chemical and thermal properties [4]. Additionally, NiO shows the
least amount of non-stoichiometry in its bunsenite form Ni;_,O (x<0.001)
[5]. However, introduction of dopants such as iron (Fe) creates defect
formations within the NiO structure.

NiO has attracted widespread attention due to its diverse range of
applications, e.g., in catalysis, battery cathodes, gas sensors,
electrochromic films, and magnetic materials [6-12]. It is a p-type
semiconductor, with a wide bandgap and cubic lattice structure. The
nanoscale structures of NiO have been synthesized for use in numerous
research fields, with increasing demand for improved properties. As such,
various methods have been used to fabricate NiO nanostructures, including
thermal decomposition, sol-gel, microwave pyrolysis, solvothermal,
anodic arc plasma, sonochemical, precipitation-calcination, and micro-
emulsion techniques [13-20], with the aim of improving the properties of
NiO.

All of these approaches are important, in that the structural and
morphological properties of NiO depend on the synthesis method [21].
Apart from the aforementioned methods, NiO can be prepared using a
low-cost composite-hydroxide-mediated (CHM) route, as demonstrated in
the preparation of several materials by our research group [22-25]; more
recently, this methodology was used to create attractive pyramid-shaped
nanostructures [26].

In the present study, we investigated the potential of using the CHM
method to produce Fe3"-NiO nanostructured composites and the resulting

physical properties of the as-prepared composites. Researchers have used
different synthesis methodologies to improve the structural, chemical,
thermal, electronic, and mechanical properties of NiO by doping it with
different metals such as lithium (Li), copper (Cu), potassium (K), Fe, and
aluminum (Al) to meet the requirements of an expanding industry [27-33].

Several groups have reported on Fe-containing magnetic nanoparticles for
various applications [34-42]. Among the above synthesis methods, the
CHM method has the advantages of simplicity, versatility, and cost-
effectiveness. For example, the method can be used to produce multifold
nanomaterials and their associated composites.

Due to the slow reaction rate, the growth kinetics can be controlled to fine-
tune the size and morphology of the nano-fabricated product. Additionally,
this method uses inexpensive molten hydroxide materials, in which the
main source materials are incorporated at the eutectic point and at
atmospheric pressure. This allows melting and reaction of source materials
to occur at much lower temperatures.

Furthermore, the CHM method does not require sophisticated
instrumentation, a vacuum environment, or the use of capping reagents, as
clean surfaces can be produced by controlling the reaction temperature and
time, which can easily be functionalized for different applications [4-10].
The production yield is typically higher compared to other chemical
methods. As such, the method has been applied successfully to the
synthesis of nanomaterials to control size and morphology, with effective
incorporation of various metals for composite nanostructure preparation
[43-47].

In this paper, we report on using the CHM method to fabricate NiO
nanostructures; we examined the morphological, structural, and optical
changes that occurred with Fe3* incorporation to create Fe3™-NiO
composites. The method provided a pure NiO product, up to 15% Fe**
content. The solubility and chemical reactions of the reactants were
sufficient for melting, dissolution, and reaction, given the proposed Fe>"
content range, at the anticipated temperature and required processing time
for NiO composite nanostructure formation. We further examined how to
tune the bandgap of NiO via varying the Fe3+ doping concentration.
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MATERIALS AND METHODS

Synthesis of NiO nanomaterial

Pure and Fe**-doped NiO octahedral nanostructures were prepared using
the CHM approach which is described in our early reports [22-25]. The
starting materials were of analytical grade (Merk Company) and were
used as received without further purification. We used 20 g of NaOH and
KOH melts in the ratio 51.5: 48.5. Melts were mixed together and placed
in a 25 mL Teflon beaker with an appropriate amount of Ni(NO3),.6H,O
for pure NiO.

The Teflon beaker and all of the reagents were placed in a pre-heated
furnace at 200°C for 24 h. After all of the reactants had melted
completely, the mixture was shaken well until uniform and then put back
in the furnace for a further 24 h. After the heating process, the beaker was
removed from the furnace and allowed to cool to room temperature for
material crystallization.

The product was washed with distilled water, filtered, and dried. For
doping purposes, 5%, 10%, or 15% Fe(NOj3),.6H,0 was added under the
same conditions, together with the hydroxide mixture and
Ni(NO3),.6H,0.

The reaction mechanism to form NiO nanocrystals is given below:
Ni(NO3)26H,0+2NaOH — Ni(OH),+2NaNO3+6H,0
Ni2*+20H —Ni(OH),

Ni(OH), is chemically unstable at high temperatures and splits to form
NiO and water molecules.

The precipitated NiO nanocrystals form as follows:

A schematic diagram of NiO nanomaterial formation is shown in Figure 1.
The obtained product was used for structural and optical characterization
and analysis.
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Figure 1) Representative schematic diagram of the composite-
hydroxide-mediated (CHM) method showing the various steps involved
in the preparation of iron(lll)-doped nickel oxide (Fe3+-NiO)
nanomaterial.

Characterization

X-ray diffraction (XRD) analysis was carried out with a PANalytical X-
ray diffractometer (PANalytical, Almedo, The Netherlands) using Cu-Ka
monochromatic radiation (\=1.5406 A); X-rays were produced at 40 kV
and 30 mA. A MIRA3 Tescan system (Tescan, Kohoutovice, Czech
Republic) equipped with energy dispersive X-ray spectroscopy (EDS)
capabilities was used to analyze the morphology and chemical
composition of pure and Fe*-doped NiO.

Fourier transform infrared spectroscopy (FTIR) measurements were
conducted using a Perkin Elmer FTIR spectrometer (Perkin Elmer,
Waltham, MA, USA) over the spectral range 400-4500 cm—1. Ultraviolet-
visible (UV-Vis) spectroscopy was performed over the spectral range
200-800 nm; the optical bandgap was estimated from the scanned spectra.

RESULTS AND DISCUSSION

XRD analysis

Figure 2 shows the XRD patterns of pure and Fe3+-NiO composites; all
patterns exhibited sharp face-centered cubic single-phase NiO peaks that
closely matched JCPDS#01-073-1519. Diffraction peaks for the pure
sample were well positioned at 20=37.42°, 43.43°, 62.95°, 75.95°, and
79.4°, corresponding to the (111), (200), (220), (311), and (222) planes,
respectively.
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Figure 2) (a) X-ray diffraction pattern of NiO nanomaterial prepared
with different Fe3+ concentrations. (b) Variation of the 20 value for
the two planes (111) and (200), showing how the diffraction intensity
and 26 value of these planes change with Fe3+ content. (c) Variation
of the lattice constant and X-ray density with different concentrations
of Fe3+.

A comparison of the (111) and (200) reflection planes for different Fe3*
contents revealed significant changes that occurred in the full width at half
maximum (FWHM) and intensity of the peaks as the dopant content
varied. The samples prepared under the same conditions with 5%, 10%, or
15% Fe3* content showed similar reflection planes, with a small hump
evident for NiO samples with 10% Fe>" content.

This feature was not visible for the 15% Fe3™-NiO sample; its origin is
unclear and requires further investigation, but we suggest that it may be
due to the defect structure created in NiO with the incorporation of Fe3"
with a different stoichiometry [5]. Specifically, cation vacancies around
the main NiO structure may lead to defect generation. The lattice
parameter (a) for the cubic structure is given by:

@ = L )

25in0(h% + k% + 1%)?
The cell volume of the prepared cubic NiO nanostructures was estimated
as

The X-ray density was calculated using the molecular weight and volume
of the unit cell of the samples, as follows [48]:

ZM

4
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Where z is the number of molecules per formula unit, M is the molar
mass, N is Avogadro’s number, and Vcell is the volume of the unit cell.
Structural parameter values are listed in Table 1; the average crystallite
size was obtained from XRD measurements. The lattice constants for the
composite samples were 4.166, 4.167, and 4.165 A for samples with 5%,
10%, and 15% Fe3* content, respectively.

These values indicate a decreasing trend as compared to the value of 4.171
A obtained for pure NiO. The variation in lattice parameters was most
likely due to the slight difference in the ionic radii of Ni*2 (0.69 A) and Fe
*3(0.64 A) [49].

The calculated lattice constants showed a decreasing tendency, whereas a
small increase in X-ray density was observed with increasing Fe3*
content. The replacement of Ni*2 with Fe'3 ions at the octahedral site of
face-centered cubic NiO alters the lattice parameters and changes the
crystalline structure.

The incorporation of Fe3* ions creates internal strain and microstructural
disorder. The small shift in the diffraction peaks towards higher angles is
the result of Fe3* incorporation in the NiO host material. The grain size of
pure and doped samples can be calculated using Scherrer’s formula [50]:

where § denotes the FWHM of the diffraction peak in radian units; K is
the correction factor, with a value of 0.9 for the FWHM of the crystals; A
is the Cu-Ka wavelength in units of nm; and 0 is the angular position
(Bragg’s angle) in radian units. The average crystallite sizes for 5%-,
10%-, and 15%-Fe*'-doped NiO were 64.41, 42.91, and 35.83 nm,
respectively. These values were smaller than the value of 73.34 nm for
pure NiO.

The reduction in average crystallite size for the 5%- and 10%-doped
samples was due to the incorporation of Fe3" ions in the host lattice of
NiO; additionally, this reduction indicates that the host lattice restricted
the incorporation of Fe™ ions.

There was an upshift in the 20 value for the peak corresponding to the
(200) plane for the 15%-doped sample, as well as a higher value for the
FWHM, compared with the 5%-doped sample. The variations in the
lattice constant (a) and X-ray density (p) with doping concentration are
displayed in (Figure 2). The smallest value of the FWHM for the peak
corresponding to the (200) plane was observed for the 5%-doped sample;
the largest value was observed for the 15%-doped sample.

SEM analysis

Figure 3 shows scanning electron microscopy (SEM) images of the
morphologies of pure and Nil—-xFexO (x=0%, 5%, 10%, and 15%)
nanomaterials. The crystals displayed an octahedral shape with size
variation. The anisotropic growth of nano-octahedral structures can be
explained in terms of the formation of small nuclei of NiO.

Initially, Ni*2 ions and OH™' ions form Ni(OH),. Subsequently, the
Ni(OH), further decomposes into NiO and H,O. In the second step, these
small nuclei aggregate to form larger particles, leading to intermediate
structure formation.

Finally, continued growth results in nanostructured octahedron formations.
Yaohui et al. investigated the force required to assemble particles into an
inherent anisotropic structure, as well as the crystal surface reactivity.
Growth along the (111) plane leads to the formation of stablehigh-quality
octahedron formations [51]. In general, thermodynamics and kinetics are
the controlling factors for nanostructure growth.
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Figure 3) Scanning electron microscopy images of NiO nanostructures prepared at 200°C with a reaction time of 24 h: (a) pure NiO and (b) 5%-, (c)
10%-, and (d) 15% Fe™-NiO. (e) and (f) Energy dispersive X-ray spectra of pure and 15% Fe>™-NiO, respectively.
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Thermodynamically controlled structures favor uniform crystal plane
growth, which further leads to the development of spherical
nanostructures, whereas anisotropic growth is favored by a kinetically
controlled mode. Both mechanisms have their importance in defining the
nonstructural shape. Still, no one fully understands the formation
mechanism of nanostructure morphologies [52].

The morphological changes observed with changes in the dopant
concentration are characteristic of the viscosity of the added dopant salt,
which causes the nucleation of materials to take on various morphological
forms. The formation of these structures depends strongly on the chemical
reaction and viscosity of the reacting materials.

In a typical CHM reaction, hydroxides play a role not only as a solvent but
also as a means to lower the reactant temperature. The hydroxide viscosity

Nanotechnology Letters Vol.2 No.1 September-2018

is very high, such that the growth of the NiO nanostructures is somewhat
slow; this, in turn, leads to the formation of the observed morphological
structures.

The variation in the size of the crystallites was irregular and did not seem
to be consistent with the XRD data; we attributed this outcome to the low-
magnification and poor resolution of the SEM machine used. EDS spectra
for the elemental identification of the product are shown in Figure 3 for
pure NiO and 15%-Fe3*-NiO samples only.

FTIR analysis

FTIR spectra were recorded at room temperature over the spectral range
of 400-5000 cm—1, as shown in Figure 4. The spectra of all samples
showed a strong, broad vibrational band at 416440 cm—1, corresponding
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to Ni-O vibrational bonding, a strong signature regarding the
crystallization of pure NiO [16].

The vibrational band at 2344 cm™! was due to the presence of CO,
molecules [14]. The band in the sample with 15% Fe3" showed a low
depth of transmittance. There was no evidence in the FTIR spectra of
vibrational bands from impurities in the final product, thus confirming the
synthesis of a pure NiO nanoproduct using the CHM method.

Transmittance (%)

4000 3000 2000 1000
Wavenumber (cn1)
Figure 4) Fourier transform infrared spectroscopy (FTIR) spectra of

pure and Fe>"-doped (5%, 10%, and 15%) NiO nanostructures
prepared at 200°C for a constant reaction of 24 h.

UV-visible spectroscopy

UV-vis spectroscopy was conducted on pure and Fe’*-doped (5%, 10%,
and 15%), NiO samples using a Perkin Elmer spectrometer. The spectra
were scanned over the range 200-800 nm, as shown in Figure 5.
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Figure 5) (a) Ultraviolet-visible absorption spectra of CHM-prepared
pure and doped NiO nanomaterial at 200°C and a constant reaction
time (24 h). (b) (ohv) 2 vs. hv plot of as-prepared NiO. The bandgap,
Eg, corresponds to the intercept of the line at the hv-axis for the
bandgap calculation. (c) Variation in the bandgap energy with Fe>*
content.

Tauc’s relation was used to calculate the energy bandgap of pure and Fe3™-
doped NiO, based on the recorded absorbance spectra, as described by the
following equation [53]:

(ahv)* = B(hv — E ) s (5)

where hv is the photon energy, n has a value of 2 for a direct bandgap
semiconductor or 1/2 for an indirect material, B is a material constant, and
o is the absorption coefficient. The absorption coefficient is related to the
extinction coefficient (k) and wavelength (1) by the following:

As NiO is a direct bandgap material, n=2 in the above relationship. The
extrapolation of the linear portion of the curve (ahv)"- hv to the x-axis, the
energy bandgap axis, gives the optical bandgap energy of the absorbance
peak, as shown in Figure 5.

The observed bandgap values are listed in Table 1. The bandgap energy
calculated for pure nickel oxide was 5.68 eV, which is greater than the
reported value. For the Fe>*-doped nanostructures, the energy bandgap
values were lower than those of the bulk (Figure 5). The reduction in
bandgap energy of the as-prepared Fe3*-doped NiO samples was
attributed to the foreign Fe* impurity incorporated into the NiO matrix.

Table 1.

Structural and optical parameters of composite-
hydroxide-mediated-prepared Fe**.NiO calculated by X-ray
diffraction and absorption spectroscopy.

Iron (1 Density

concentrati (g.cm Crystallite size Bandga
on a(A) V(A3) -3) (nm) p(eV)
0% 4171 72.56 6.83 73.34 5.68
5% 4.166 72.35 6.85 64.41 2.98
10% 4.167 72.35 6.85 42.91 3.68
15% 4.165 72.25 6.86 35.83 1.73
NiO” 4.1684 72.43 6.85 4

"NiO JCPDS# 01-073-1519. ** Bandgap of bulk NiO ~ 4 eV.

CONCLUSION

In conclusion, the CHM method was used to prepare NiO and Fe3+-doped
NiO nanomaterial composites. Formation of a single-phase, high-purity
NiO nanomaterial was observed in the proposed dopant range. The
average particle size showed a tendency to decrease with increasing Fe3+
content. The reduction in average particle size indicates that the host
lattice restricted the incorporation of Fe'™> ions. The octahedral
peculiarities changed with the Fe3+ content in the composite structures.
Also, a wide range of bandgap energies was achieved, with the ability to
tune the bandgap over the range 1.54 to 5.68 eV.

We expect that the synthesis procedure described for pure NiO and Fe>'-
doped NiO composites is a suitable and viable approach to produce these
composites on a large scale for energy-efficient device fabrication.
Additionally, this method can be extended to other composite
nanomaterials. For practical application, the CHM method requires further
adjustment to achieve fine control over synthesis parameters; high-
resolution transmission electron microscopy is expected to be beneficial in
this regard.
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