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ABSTRACT

Zinc oxide (ZnO) is one of the most important II-VI semiconducting materials with wide
band gap, whose nanostructures and nanoparticles have attracted the attention and
research efforts of many material scientists due to its broad range of applications. This
study aimed to examine how nickel oxide (NiO) content affects the structural and
morphological properties of the ZnO. Undoped ZnO and NiO-doped ZnO were
synthesized using precipitation method at various mol % concentration of NiO. The
synthesized NiO-doped ZnO was characterized by the following techniques: Powdered
X-ray diffraction analysis (PXRD), Scanning Electron Microscope (SEM) with Energy
Dispersive X-ray Analysis (EDX) and Fourier transformed infra-red spectroscopy
(FTIR), respectively to investigate the phase structure, morphological structure together
with elemental existence and chemical bond of the prepared samples. XRD patterns
revealed that ZnO particles have a hexagonal wurtzite structure and NiO particles have a
cubic structure with the estimated crystallite size of 40.6 — 47.6 nm. The Ni ion was
successfully incorporated into the Zn lattice, confirmed by (101) peak shifting from the
XRD results. The microscopy image exhibits the presence of thin nanoflake structures.
The results indicated that the nanoflakes structures agglomerate and become more
prominent as molar concentration increases. The elemental compositions of Zn, Ni, and
O are confirmed by EDX analysis. The various mol % concentration of NiO to ZnO was
found significantly affected the phase structure and morphological properties of the
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obtained sample. Overall, this work is of great significance for understanding the effect
of doping concentration towards promising areas of application such as photocatalysis,
gas sensors and solar cells.
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INTRODUCTION

In recent years, most researchers in materials sciences have been focusing on
semiconductor material with wide a band gap. One of tremendous semiconductor material
is zinc oxide (ZnO), which exhibit multifunctionalities due to its magnificent properties
and applicability in various applications. On top of its excitonic binding energy (60 meV)
and significant energy gap (3.37 eV) [1], ZnO has capabilities in several fields, which
would include photocatalysis [2], gas sensing devices [3], and solar cells [4] owes to
notably strong DC electrical conductivity and excellent visible transparency spectrum.
Moreover, the advantages of ZnO micro and nanostructures include abundance, low cost
and non-toxicity material [5]. Therefore, ZnO is considered as a promising functional
material due to its electrical, optoelectronic and luminescent properties. Doping with
transition metals was recently highly explored and researched to create an improved and
excellent ZnO nanostructures [6]. Nickel oxide (NiO) is a p-type transparent, broad direct
band gap 3.6-4.0 eV semiconductor with important electronics, chemical, magnetic, and
electrical characteristics [ 1]. Research has consistently demonstrated that doping NiO into
a ZnO matrix improves the material's characteristics and effectiveness as NiO
concentration rises [7-9].

Diverse fabrication methods have been utilized to create ZnO nanostructures,
including sol-gel deposition [10], a chemical co-precipitation method [11], a
hydrothermal [12], and a thermal decomposition method [13]. Different techniques result
in different properties of the ZnO nanostructures. According to previous studies, vapour
phase growth techniques such as molecular beam epitaxy (MBE) [14], metal-organic
chemical vapour deposition (MOCVD) [15][16], and sputtering deposition [17][18] were
generally used to create ZnO nanostructures. However, the expenses of these procedures
are high due to the complicated equipment setup, and they are not cost effective in terms
of manufacturing. Precipitation technique is a reasonably simple and straightforward
procedure that operates at a lower temperature [19][20]. Nonetheless, several
characteristics of the NiO-ZnO nanoparticles remain contentious, necessitating more
research to explain this uncertainty and create more excellent uniformity amongst these
characteristics. Therefore, in this work, undoped ZnO and NiO doped ZnO was
successfully prepared at variation mol % concentration of NiO i.e., 10, 20, 30, 40, and 50
mol % respectively by a simple and inexpensive precipitation method. Overall structural
and chemical bonding characteristics of the produced samples were characterized.

METHODS

For the synthesis of undoped ZnO and NiO-doped ZnO, the analytical grade of zinc nitrate
hexahydrate [Zn (NO3)2.6H20], nickel nitrate hexahydrate [Ni (NO3)3-6H>O] and sodium
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hydroxide (NaOH) were used. All the reagents used in the present work were of analytical
grade and received from Sigma Aldrich without further purification. Synthesis of
undoped ZnO and NiO-doped ZnO was done using a simple and inexpensive precipitation
method with different mol % concentration of NiO ranging from 10 — 50 mol %. In a
typical reaction process, 14.87 g zinc nitrate hexahydrate was dissolved in 500 ml
deionized (DI) water and 0.1 M NaOH was added dropwise until the pH solution was 11.
NiO-doped ZnO was synthesized with 2.94, 5.88, 8.82, 11,77 and 14.71 g of nickel nitrate
were added to the stock solutions, corresponding to 10, 20, 30, 40 and 50 mol % Ni with
respect to zinc. The solution was placed on a hot plate, was continuously stirred at 120
°C for 1 h and left for 24 h. The precipitates were extracted from the solution and rinsed
three times. The undoped ZnO and NiO-doped ZnO powder obtained was calcined at 300
°C for 2 h on a hot plate. The obtained samples in coarse powders were grounded into
finer powders using an agate mortar and pestle. All samples were prepared in the same
experimental conditions as represents in Figure 1.
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Figure 1: Flowchart for the preparation of undoped ZnO and NiO-doped ZnO by
precipitation method

The following instruments were used for the characterization of the prepared
samples. The structure and crystallinity of the undoped ZnO and NiO-doped ZnO were
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analyzed using XRD (PANalytical X Pert PRO with Cu Ko radiation, A=1.54 A). The
diffraction patterns were recorded at Bragg’s (20) in the range of (30-70°) with a scan
rate of 0.02° per minute. Morphological properties of the undoped ZnO and NiO-doped
Zn0O and their elemental composition were investigated by scanning electron microscope
(SEM) operating at 15 kV equipped with energy-dispersive X-ray spectroscopy (SEM-
EDS, TESCAN VEGA3). The prepared undoped ZnO and NiO-doped functional groups
were analyzed by Perkin Elmer Fourier transform infrared (FT-IR, Spectrum 100)
spectrometer between 4000 to 400 cm’! using the attenuated total reflection (ATR)
accessory.

RESULTS AND DISCUSSION

The crystalline structure of prepared sample NiO-doped ZnO were obtained and studied
by the assist of X-ray diffractometer having Ka radiation of Cu (A=1.54 A). Figure 2
represents the XRD spectra of undoped ZnO and NiO-doped ZnO at different mol % of
10, 20, 30, 40 and 50, respectively. The result shows that the XRD pattern of NiO-doped
ZnO samples was pure and crystalline. The peaks at 31.70, 34.38, 36.18, 47.46, 56.46,
62.76, 66.22, 67.81, 68.92, 72.47, 76.79, 81.26 and 89.42 can be indexed to (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), (202), (104) and (203) planes and
these were consistent with hexagonal wurtzite ZnO (JCPDS 01-079-0207) [3]. However,
some additional peaks with weak intensity (designated by asterisk) are observed at 20 =
38.11° (111) and 26 = 43.25° (200) and attributed to the secondary phase of the NiO
structure, which appeared and grew with an increasing NiO concentration (Figure 2a and
b) [1][4]. A slightly peak (101) shifted can be observed as the doping concentration
increases as represent in Figure 2 (¢). This can be attributed to the smaller ionic radius of
the Ni2* ion (0.55 A) compared to the Zn>" ion (0.60 A). This finding is consistent with
work by Nsib et al. (2016) and Nada et al. (2018) which found that doping causes the
wurtzite peaks of ZnO slightly shifted, demonstrating that Ni?* is incorporated into the
ZnO lattice [21,22].

The average crystallite size of undoped ZnO and NiO-doped ZnO at various mol
% concentrations had been obtained and calculated using Scherrer’s equation as in Eq.
(1) below [5,23]:

kA (M
b= [BcosB

where average crystallite size is denoted by D, k is the Scherrer constant (k = 0.89), A
represents the incident X-ray wavelength, 0 is the Bragg diffraction angle, and [ refers to
the peak full width at half maximum (FWHM) of the sample. The undoped ZnO and NiO-
doped ZnO at different mol % concentrations were in the range of 40.6-47.6 nm,
respectively. Table 1 provided the crystallite size data for undoped ZnO and NiO-doped
ZnO at a various mol% concentration. The crystallite size of the NiO-doped ZnO had
decreased initially from 0 mol % to 30 mol % of NiO, then increased at higher mol % of
NiO and possessed a higher value compared to that of the undoped ZnO.
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Figure 2: (a) XRD patterns, (b) (200) peaks related to the secondary phase of structure
and (c) shift of main peak (101) of pure ZnO and NiO-doped ZnO (10, 20, 30, 40 and
50 mol %)

Table 1: XRD data of NiO-doped ZnO in (101) reflection plane

Sample 26 (degree) FWHM, B(degree)  Average crystallite size,
D (nm)
Undoped ZnO 36.27 0.18789 44.16
NiO 43.25 0.48356 17.16
Zn0-10%NiO 36.19 0.19126 43.38
Zn0-20%NiO 36.21 0.19403 42.76
Zn0O-30%NiO 36.21 0.19276 43.05
Zn0O-40%NiO 36.20 0.20439 40.60
Zn0O-50%NiO 34.52 0.17436 47.60

The morphological analysis was conducted for undoped ZnO and 10-50 mol% NiO-
doped ZnO, as presented in Figure 3. Figure 3 (a) represents the undoped ZnO, (b)—(f)
10-50 mol % NiO-doped ZnO carried out at the same magnification. As depicted in
Figure 3 (a) — (f), the undoped ZnO and NiO-doped ZnO samples were mainly consist of
flakes-like particles that were evenly distributed and well dispersed with sizes ranging
from 100 to 500 nm, respectively. The surface of the flakes-like undoped ZnO, 10 and 20



Solid State Sci. Technol.

mol % NiO-doped ZnO having agglomeration which confirms the presence of both
particles due to the high surface energy of the particles during synthesis, thus particles
tend to reduce the surface energy by agglomeration [22]. Moreover, with the increase of
NiO content, the surface of the flake’s structures become less agglomerate, and it
becomes prominent.
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Figure 3: SEM images of (a) undoped ZnO, (b) 10, (¢)20, (d) 30, () 40 and (f) 50 mol%
NiO-doped ZnO at 20,000 x magnification
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Further characterization of the elemental composition of NiO-doped ZnO was
conducted using EDS chemical mapping analysis for sample 10-50 mol % NiO-doped
ZnO as shown in Figure 4. Figure 4 (a) —(e) shows the EDS images of NiO-doped ZnO
from 10 to 50 mol % and individual element distribution mapping, respectively. The EDS
analysis confirmed that the Ni element is detected in the sample of NiO-doped ZnO. The
EDS analysis shows the presence of Ni, Zn and O with no other impurities peak detected
in the EDS spectra, confirming the purity of the samples. The images represented
elements by red, green and yellow for Zn, O and Ni, respectively. As expected from the
mapping analysis, elements Zn, O and Ni showed complete coverage of the image frame,
and the Ni element was scattered homogeneously on the ZnO structure. Quantitative
analysis of dopant concentrations is also represented in the figures for 10 — 50 mol %
NiO-doped ZnO. The peak of Ni incorporated in EDS spectra and the weight percentage
of Ni element increased as the concentration of dopant increased for NiO-doped ZnO (10
to 50 mol %) with the value of 0.34 wt% up to 15.78 wt% of Ni element, respectively.
Generally, IR spectroscopy is a useful method to study organic compounds based on the
specific absorption peaks of their functional groups. The FTIR absorption spectra of the
relevant components are shown in Figure 5 in the range of 4000 — 500 cm™! for undoped
and doped ZnO samples. The peaks represent the distinctive functional group present in
the ZnO-NiO nanoparticles that were produced. The absorption peak from 503 cm™! to
564 cm! corresponds to the vibration mode of metal-oxygen (Zn-O stretching vibrations)
and peak at 1570 cm™ corresponds to the OH bending [22]. The peaks at 2834 ¢cm™! and
3305 cm’! are attributed to hydroxyl compounds' stretching vibration. The broad
absorption band in the range of 600-700 cm is attributed to the Ni-O stretching
vibration mode; the wide absorption band implies that NiO particles are nanocrystals [24].
In addition to the Ni—O vibration, Figure 5 reveals that the broad absorption band centred
at 3411 cm! is attributed to the band O—H stretching vibrations and the weak absorption
band near 1688 cm! is attributable to H-O-H bending vibrations mode due to the
adsorption of water in the air during the preparation of the sample which similar findings
have been reported by Rezaie et al. [25]. As depicted in Figure 5 (b), all the above-
mentioned peaks appeared in the spectrum of the samples with slight shifts that showed
the interaction effects between the species.
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Figure 4: EDS characterization, elemental mapping and spectrum of NiO-doped ZnO
prepared by sol gel method: (a) 10, (b) 20, (c) 30, (d) 40 and (e) 50 mol%
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Figure 5: FTIR spectra (i) :(a) undoped ZnO, (b) 10 mol%, (c) 20 mol%, (d) 30 mol%,
(e) 40 mol% and (f) 50 mol% NiO-doped ZnO (Range: 4000 — 500 cm™), (ii): Shift of
the absorption peaks by NiO doping (Range: 520 -500 cm™!)

CONCLUSION

In conclusion, undoped ZnO and NiO-doped ZnO with various mol % concentrations
ranging from 10 to 50 mol% has been successfully prepared via the precipitation method.
The variation in concentration results in the different morphological and crystal structures
in terms of their crystallite size. The SEM images show the undoped ZnO and NiO-doped
ZnO samples mainly consist of flakes-like particles that evenly distributed and well
dispersed with sizes ranging from 100 to 500 nm. The EDS mapping analysis has shown
the existence of Ni element in the sample, and the slightly (101) peak ZnO shifted from
XRD results has proven that the Ni atoms have been doped in the ZnO samples and the
estimated crystallite size of 40.6 — 47.6 nm was obtained by the Scherrer equation for the
undoped ZnO and NiO-doped ZnO with various mol % concentrations (10 =50 mol%),
respectively. Further investigation on the photocatalytic performance of prepared sample
of NiO-doped ZnO will be investigated as it may be one of the promising candidates for
photocatalysis applications.
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