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ABSTRACT

In this study, we work on the effect of Ni doping on the crystallographic structure, morphology, and optical properties of
ZnO nanoparticles. ZnO and Ni doped ZnO nanopowders were synthesized by sol-gel technique with different Ni
concentration (5%, 10%, and 15%). The crystallographic structure was characterized by conventional X-ray Diffraction
(XRD) technique. The results confirm that Ni doping does not change the single hexagonal phase existing in pure ZnO
whereas in high Ni doping concentration (10% and 15%) causes to grow a secondary phase due to presence of NiO.
FE-SEM, EDX, FTIR techniques are used for morphology, elemental, and chemical analyses of the samples. Optical
properties of the samples are investigated by using UV-VIS spectrophotometer.
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1. INTRODUCTION

Recently, zinc oxide (ZnO) being a member of 11-VI
group has attracted much attention due to its potential
applications in diverse fields (Vijayaprasath et al., 2016;
Kittilstved et al., 2006). For instance, ZnO with a direct
wide-band gap (in bulk form, 3.37 eV at 300 K), large
exciton binding energy (60 meV), remarkable
piezoelectric, electro-optic  properties, and great
chemical stability, (Bappaditya et al., 2015; Dietl, 2007;
Pearton et al., 2005) has received eminent attention for
its electronic and photonic applications (Yildirimcan et
al., 2016) such as photodetectors (Kind et al., 2002),
photodiodes (Lee et al., 2002), light emitting diodes
(Saito et al., 2002), surface acoustic wave filters
(Emanetoglu et al., 1999), photonic crystals (Chen et al.,
2000), optical modulator waveguides (Koch et al.,
1995), room-temperature ultraviolent (UV) lasers
(Huang et al., 2001), gas sensors (Mitra et al., 1998;
Godavarti et al., 2017), and solar cells and flat panel
displayers (Law et al., 2005; Martinson et al., 2007;
Shoushtari et al., 2017; El-Hilo et al., 2009; Ellmer et
al., 2008).

It is known that the physical properties of nanosized
materials are greatly affected by their size and shape
(Romeiro et al., 2015). There are several methods to
synthesize nanoparticles. Some of the methods to
prepare ZnO nanoparticles are in following: microwave-
assisted synthesis (Schneider et al., 2010), wet chemical
(Toloman et al., 2013), hydrothermal synthesis (Li et al.,
2001), aerosol spray analysis (Motaung et al., 2014),
hydrolysis condensation (Cohn et al., 2012), and sol-gel
processing (Bahnemann et al., 1987). Doping ZnO with
transition metal (TM) such as Cr, Fe, Co, Mn, or Ni
results in some important changes in microstructure and
further in physical properties such as optical, electrical,
and magnetic properties. It is expected that Ni%* ion
thanks to its smaller ionic radius (0.55 A) compared to
Zn?* (0.60 A) (Bappaditya et al., 2015) have a larger
solubility in ZnO, which is mostly crystallized in
hexagonal wurtzite structure (mainly with 110 preferred
orientation) with tetrahedrally coordinated O% and Zn2*
ions (Samanta et al., 2018). It was reported that the
chemical stability on Ni?* ion upon occupying Zn?* sites,
makes it unique and identifies it as one of the most
efficient doping element because it enhances ZnO with
optical and electrical properties (Fabbiyola et al., 2017;
Raja et al., 2014).

There are also some other studies about Ni doped
ZnO using sol-gel method (Srinet et al., 2013; Liu et al.,
2014), low temperature hydrothermal method (Xu et al.,
2016), low temperature wet chemical method (Rana et
al., 2016) and about shape controlled magnetic
nanoplatelets of Ni doped ZnO (Jadhav et al., 2016).
The crystallographic structure and morphology of Ni
doped ZnO, and further physical properties, are affected
by preparation technique and external conditions such as
concentration of Ni, reaction temperature, reaction time,
annealing temperature, pH value, starting precursors,
solution concentration, and etc.

In this study, ZnO nanopowders doped with
different Ni concentration were synthesized by sol-gel
technique using zinc nitrate hexahydrate
(Zn(NO3)2.6H20) and nickel nitrate hexahydrate
(Ni(NO3)2.6H20) at pH value of 10. The samples were
annealed at 500°C for 2h. The crystallographic structure
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of the samples was investigated by conventional x-ray
diffraction (XRD) technique and morphology of the
samples was investigated by field emission-scanning
electron microscopy (FE-SEM) along with elemental
analysis by energy dispersive x-ray (EDX). Besides,
Fourier transform infrared spectroscopy (FTIR)
technique is used to analyse the chemical bonding and
constituting elements of the samples. Further, the optical
properties of Ni doped ZnO nanopowders were
investigated by using UV-VIS spectrometer and the
results were presented in detail.

2. EXPERIMENTAL PROCESS

Zn0O and Ni doped ZnO nanopowders were prepared
by using sol-gel technique. The zinc nitrate hexahydrate
(Zn(NOs)2.6H20, Acros Organics), nickel nitrate
hexahydrate (Ni(NOs)2.6H20, Sigma Aldrich, for Ni
doped ZnO), polyethylene glycol (PEG300, Aldrich
Chemistry) and ammonia (NHs, Analar Normapur) were
used as precursors. As a first step, 2.97 g of
Zn(NOz3)2.6H20 was dissolved in 100 mL of distilled
water (Yildirimcan et al., 2016). As a second step, 3.36
g PEG300 was added into the existing solution. The pH
of the solution was adjusted to 10 by using ammonia
(NHs). The resulting solution was mixed overnight at
80°C using a magnetic stirrer to get a homogeneous
solution in which precipitates were visible. Then, the
water in the final solution was evaporated at 100°C.
Finally, the precipitate was annealed at 500°C for 2 h.
The similar procedure was followed in order to produce
Ni doped ZnO nanopowders. Ni(NOz)2.6H20 was
dissolved in distilled water at certain ratios. The
prepared Ni solution was added into the pure ZnO
precursor solution at stoichiometric ratios, 5%, 10% and
15%. Also, Ni doped ZnO nanopowders were produced
at pH=10 and annealed at 500°C for 2 h.

The crystallographic structure of the samples were
investigated by using x-ray diffraction (XRD) (Bruker
D8 Advanced Series powder diffractometer) (40 kV, 40
mA, CuKa A=1.5405 A) in steps of 0.02° in the rage of
20° < 20 < 85° Field emission-scanning electron
microscopy (FE-SEM) (Zeiss/Supra 55 FE-SEM) was
used in order to determine the morphology of the
samples. The Zeiss/Supra 55 FE-SEM was equipped
with an energy dispersive x-ray spectrometer, which was
used to record the EDX diffractogram for elemental
analysis. Fourier transform infrared (FTIR) spectra were
recorded by using Perkin Elmer spectrometer with ATR
unit in order to analyse the chemical bonding and
constituting elements of the samples.

3. RESULTS AND DISCUSSIONS

Structural, elemental and morphological analyzes
along with determination of optical properties were
made in detail and results were presented in the
individual parts in following. The results were compared
with literature and discussed.

3.1. Structural Analysis of the ZnO and ZnO:Ni
Nanoparticles

It is known that the possible growth mechanism of
the nanomaterials can be described on basis of chemical



reactions and nucleation process (Rana et al., 2016). The
possible chemical reactions, which are responsible for
the growth on Ni doped ZnO nanostructure were already
given in (Rana et al., 2016). The XRD diffraction
patterns of the pure ZnO and Ni doped ZnO
nanopowders synthesized by sol-gel technique are
shown in Fig. 1(a), enlarged in Fig. 1(b), respectively.

* Nl

Intensity (a. w)

Intensity (a. u.)

26()
Fig. 1. (a) X-ray diffraction patterns for Ni doped ZnO
nanocrystals depending on Ni concentration; (b)
expanded view of (100), (002) and (101) peaks in all of
the samples

The sharp peaks in Fig. 1 are evidence that pure and
Ni doped ZnO nanoparticles are well crystallized. Pure
ZnO exhibits a hexagonal phase of wurtzite type with
(101) preferred growth direction and it is phase pure,
which means no extra peaks, are observed. In other word,
all the major diffraction peaks for the sample x=0 can be
perfectly indexed with pure ZnO (phase: hexagonal,
lattice: primitive, JCPDS 036-1451). Doping ZnO with
different Ni concentration does not change the
hexagonal phase. However, for the samples with x=0.10
and x=0.15 a secondary phase is observed. The
diffraction peaks occurred at 26=37.01° and 26=43.09°
are attributed to presence of NiO (JCPDS 004-0835).
This is in agreement with the literature (Srinet et al.,
2013) in which a secondary phase is observed for Ni
concentration of 6%. Our sample with x=0.05 prepared
with sol-gel technique is phase pure whereas it was
observed in literature that the sample with x=0.05
prepared with ball milling technique existed a secondary
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phase due to NiO/Ni (Bappaditya et al., 2015). The

lattice parameters (a, ¢) of pure and Ni doped ZnO

nanopowders were calculated using the XRD data with

the help of Bragg Law
2dsing = nl 1)

(n=1; 4 is the wavelength of incident X-ray used) and

following formula, which is defined for hexagonal
phase:

1 4lh2+hk+k2J n 12
dz 3 a? c?

@

where d is the distance between two different planes and
(hkl) are the Miller indexes (Yildirimcan et al., 2016).
The calculation of a, ¢ and d were made with respect to
(100), (002), (101) diffraction peaks and then average
values were calculated and the values were given in
Table 1.

Table 1. Lattice parameters of a, ¢, and d of the pure
ZnO and Ni doped ZnO

Sample a(A) c(A) d(A)

x=0 3.2235 5.2640 2.6299
x=0.05 3.2238 5.2645 2.6302
x=0.10 3.2228 5.2628 2.6293
x=0.15 3.2232 5.2634 2.6296

Note: x is mol of Ni concentration.

The average crystallite sizes of pure and Ni doped ZnO
nanopowders are calculated by applying Debye-Scherrer
formula:

KA
D — —
hkl Bcosb

©)

where D is the average crystallite size, B is the full width
half maximum (FWHM) of the 28 peak (100), K is the
shape factor of the particles (used as 0.9), 0 is the Bragg
angle, A is the wavelength of incident X-ray used.

The calculated crystallite size, dislocation density,
and strain of pure ZnO and Ni doped ZnO nanopwders
are listed in Table 2. The FWHM (B x10-)(rad) values
are 3.799, 3.473, 3.850, and 4.616 for the samples with
x=0, x=0.05, x=0.10, and x=0.15, respectively.

Table 2. Crystallite size, dislocation density, strain of
pure ZnO and Ni doped ZnO nanopowders

Sample Crystallite Dislocation Strain
size (nm) density (x10%)
(x10
lines/nm?)

x=0 37.93 6.950 9.135
x=0.05 41.50 5.808 8.351
x=0.10 37.43 7.138 9.257
x=0.15 31.20 10.262 11.10

Note: Calculations were made with respect to (100) peak
of XRD. x is mol of Ni concentration.

The crystallite size is increased from 37.93 nm to
41.50 nm with 5% Ni doping into ZnO, which is also



confirmed by (Vignesh et al., 2014). However, for
higher Ni doping causes a decrease in the crystallite size
for example it is 37.43 nm for the sample with x=0.10
and 31.20 nm for x=0.15. There is no linear correlation
between concentration of Ni and crystallite size of the
samples. This situation was concluded in the literature
(Rana et al., 2016) that the reason might be dissimilar
conditions for different doping concentration as well as a
lot of distortions in the host ZnO lattice that turns out
lattice relaxation or compression in the host lattice
because of the vacancy and/or interstitial defect already
existing in the host lattice. The sample with x=0.05
having the highest crystallite size showing the smallest
dislocation density and the smallest strain.

3.2. Elemental Analysis of the ZnO and Ni:ZnO
Nanoparticles

The EDX diffractogram of pure ZnO and Ni doped
ZnO are shown in Fig. 2. The diffractogram confirm the
presence of the elements Zn, Ni, and O, and no other
impurities in the samples. The peaks labeled as platinum
(Pt), and palladium (Pd) are due to surface coating
materials. The weight and atomic ratio of the samples
obtained by EDX are given in Table 3.

Table 3. EDX elemental analysis of ZnO and Ni doped
ZnO nanopowders

Sample Element Weight (%)  Atomic (%)
x=0 Zn 67.52 50.37
Ni - -
0 1451 44.23
x=0.05 Zn 75.38 52.81
Ni 0.50 0.39
0 15.52 44.45
x=0.10 Zn 62.41 43.00
Ni 5.00 3.84
0 17.38 48.95
x=0.15 Zn 50.46 34.58
Ni 12.79 9.76
(0] 17.31 48.48

Note: x is mol of Ni concentration.
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Fig. 2. EDX diffractogram of pure ZnO and Ni doped
ZnO. x is mol of Ni concentration.

3.3. FT-IR Analysis of the ZnO and Ni:ZnO
Nanoparticles

The chemical bonding of the nanopowders can be
analyzed by using FTIR spectroscopy. Thus, FTIR
spectra of pure ZnO and Ni doped ZnO were recorded in
order to study the composition and chemical structure of
the samples in the wave number range of 400-4000 cm-t
at room temperature. Fig. 3 shows the comparison of the
transmittance of the samples.
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Fig. 3. FTIR spectra of pure ZnO and Ni doped ZnO. x
is mol of Ni concentration.
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The observed band at 3656 cm* which is quite dominant
for the sample x=0 compared to the others is
corresponded to stretching vibration of H20O. It was
already mentioned that the FTIR peaks at 3500-3800 cm
! (both) were corresponded to stretching vibration of
H20 (Yildirimcan et al., 2016). The observed bands at
2982 cm™ and 2889 cm! are due to the symmetric and
asymmetric —CH2 stretching modes. The vibration bands
between 2300 cm? and 2400 cm?, which are at
2316 cmt in the present study, were assigned to the CO2
mode in air (Yildirimcan et al., 2016). The peak at 1382
cm? is corresponded to the symmetric C=0 stretching
vibration modes (Samanta et al., 2018). The peak at
1075 cm is ascribed to bending vibrations of —OH
groups and the peak at 946 cm? is attributed to
symmetric stretching vibrations of NOsions.

3.4. Microstructure Analysis of ZnO and
Ni:ZnO Nanoparticles

The surface morphologies of ZnO and Ni doped ZnO
nano particles are investigated by FE-SEM (see Fig. 4).
It is observed that pure ZnO is composed of closely
packed spherical nanoparticles. Once ZnO is doped with
5% Ni, nanorods start to exist along with spherical
nanoparticles. These nanorods are not homogenous in
another word, the sample with x=0.05 includes nanorods

having the length ranging from nanometer to micrometer.

The nanorod structure becomes more like nanoneedle
once the Ni concentration is increased upto x=0.10.
Besides, agglomerated nanoparticles still exist in the
sample. On the other hand, nanorods mostly disappeared

agglomerated spherical nanoparticles becomes dominant.

The agglomeration of Ni doped ZnO was also observed
in the literature (Vignesh et al., 2014).
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Fig. 4. SEM pictures of a) pure ZnO, b) x=0.05,
¢) x=0.10, d) x=0.15, x is mol of Ni concentration

3.5. Optical properties of ZnO and Ni:ZnO
Nanoparticles

Fig. 5 shows the absorbance spectra of pure and Ni-
doped ZnO nanoparticles. The sample doped 5% Ni
shows the highest intensity.



=15

Absorbance (a. w.)

Wavelength (nm)

Fig. 5. Absorbance spectra of pure ZnO and Ni doped
ZnO. x is mol of Ni concentration

The absorbance peaks appear in the range of
350- 400 nm. While the absorbance peak increases as
doping 5% Ni?*, it decreases as doping 10% and 15%
Ni?*, respectively. The absorption peak (known as
excitonic absorption peak) of pure ZnO and Ni doped
ZnO (5%, 10% and 15%) nanoparticles were observed
in the wavelength around 376 nm, 380 nm, 375 nm and
370 nm, respectively. The absorption peak of pure ZnO
is shifted to higher wavelength once ZnO is doped with
5% Ni similar to (Jadhav et al., 2016). It is also
mentioned in the literature (Guruvammal et al., 2016)
that one reason for red shift could be the sp-d exchange
interactions between the band electrons and the localized
d-electrons of the Ni?* ions. However, blue shift is
observed for higher Ni doping concentrations (10% and
15%). The absorption blue shift is explained by
Burstein-Moss effect (Samanta et al., 2018; Fabbiyola et
al., 2017; Rajakarthikeyan et al., 2017)

4. CONCLUSIONS

The effects of Ni doping concentration on the
physical properties such as structural, morphological,
and optical properties of ZnO nanoparticles prepared by
sol-gel technique have been investigated. Because of its
smaller ionic radius compared to Zn?*, the Ni?* have a
larger solubility in ZnO. However, there is a solubility
limit: the sample with x=0.05 shows pure hexagonal
phase whereas x=0.10 and x=0.15 show a secondary
phase due to existing of NiO. The elemental and
chemical analysis have been done by EDX and FTIR
and given in parts of 3.2 and 3.3, respectively. The
sample with x=0.05 has the highest crystallite size
(41.50 nm) and the smallest dislocation density and
following the smallest strain. The sample includes both
spherical nanoparticles and nanorods ranging the length
from nanometer to micrometer whereas pure ZnO
includes only agglomerated spherical nanoparticles. The
nanorods change into the form of nanoneedles which are
deteriorated for the sample x=0.10. Nanorods or
nanoneedles are mostly disappeared in the sample with
x=0.15. Optical properties of the samples have been
studied and the absorbance peaks are found to be at 376
nm, 380 nm, 375 nm, and 370 nm for the sample with
x=0, x=0.05, x=0.10, and x=0.15, respectively.
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