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Abstract: Zn; ,Ni,O (x=0.0, 0.2, 0.4, 0.6) nanocomposites were synthesized by co-precipitation
method and further annealed at 400 °C. Characterization of nanocomposites was carried out by x-ray
diffraction (XRD), Fourier transform infra-red spectrometer (FTIR), UV-Visible spectroscopic,
vibrating sample magnetometer (VSM) and transmission electron microscope (TEM) techniques. The
structural study confirms that nickel (II) ions replace Zn* ions in the ZnO lattice without changing its
Waurtzite structure and secondary phase (NiO) was observed with the increase in nickel concentration
(x>0.4). The presence of various functional groups and M-M and M-O chemical bonding were
confirmed by FTIR. The optical properties of ZnO nanocrystallities with Ni-doping was investigated
by UV-Vis absorption spectra which indicates red shift in the absorption band on Ni- doping. The
morphology and structural information were obtained by the TEM images which shows hexagonal
nanoparticles with average particle size of 15-50 nm. The change in magnetic behavior of ZnO
nanoparticles with varying Ni** doping concentration was investigated by VSM.
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Introduction

The oxide semiconductors play an important role in the area of photonic and spintronic. In
the field of spintronics, it is essential to develop semiconductors with ferromagnetically
polarized carriers at or above room temperature (RT) such that the spin as well as charge
carriers can be coupled with an external magnetic field to control the operation of spintronic
devices. The idea of spinis helpful in designing devices with higher data processing speed,
low power consumption, large integration capacity and better stability. The transition metals
doped semiconductors have been the focus of numerous research investigations because of
their usual optical properties and promising potential for applications in optoelectronic
devices'?. The transition metals (TM= Ni, Cr, Mn, Fe, Co and Cu) doped ZnO is an
exceptional diluted magnetic semiconductors (DMSs) in which the degree of freedom
corresponding to spin is added to the charge and it is very attractive nanomaterials used in
various electrical, optical and magnetic applications and are believed to be ideal semiconductor
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materials for spintronics. DMSs are non-magnetic semiconductors in which a fraction of
host cations are replaced by magnetic ions>*.

The magnetic semiconductors have attracted major attention of the people working in the
area of nanotechnology due to their potential applications in photoelectronics, magnetoelectronics
and microwave devices’®. The room temperature ferromagnetism has been established in various
semiconducting matrixes by the dilute doping of transition metals ions’ but the synthesis of room
temperature ferromagnetism (RTFM) is still a controversial issue. Wakano ef al®., reported that
Ni-doped ZnO nanoparticles exhibits superparamagnetic behavior at room temperature, while
Yin et al., observed the paramagnetism in Ni-doped ZnO films’. Some authors have observed the
RTFM in nanorods, nanowires and films of Ni- doped ZnO film.

Some of the researchers tried to synthesize Ni doped ZnO based DMSs typically in thin
films and by different sol-gel reaction routes. Recently, Srinet et al., observed the RTFM in Ni-
doped ZnO with low moment by sol-gel route'’. Liu et al., found the RTFM in Ni-doped ZnO
thin filmsprepared by pulsed laser deposition''. Satyarthi et al., claimed the coexistence of
intrinsic and extrinsic origins of RTFM in Ni implanted ZnO films'. In some studies, it is also
mentioned that the nature of FM in Ni-doped ZnO does not remain intrinsic upon annealing in
various environments at high temperature because of segregation of transition metal ions'.
Singhla ez al”’., claimed that the ferromagnetism in the hydrogenated and vacuum annealed Ni-
doped ZnO disappears upon long reheating at very high temperatures i.e., 700 and 800 °C,
respectively. Various chemical methods have been investigated to synthesize the nanoparticles
of different material of interest. Most of the ZnO nanocrystals have been synthesized by
traditional high temperature solid state methods in which it is very difficult to control the
particle properties and also energy consumption. ZnO nanoparticles can be prepared on a large

scale at low cost by simple solution based method such as co-precipitation method.

In continuation to our earlier study'*"’, in the present work, we have investigated the

structural properties in Ni doped ZnO nanoparticles prepared by co-precipitation method
which is simple and low cost method and it yields a good end product and it is less time
consuming. The synthesized samples were characterized by various techniques like XRD,
FTIR, TEM, UV-Vis absorbance and VSM.

Experimental

AR grade C;Hs0,Zn.2H,0, NiCl,.2H,0, ethanol and trimethylamine were used for
synthesis. The stoichiometric amount of zinc acetate dehydrate and nickel chloride were
separately kept under constant stirring using a magnetic stirrer to completely dissolve the
precursors for 30 minutes. After that the two precursor solutions were mixed with constant
stirring for 30 minutes. Trimethylamine solution was added drop by drop slowly for 45 min
to the reaction mixture. The solution was continuously stirred at 60 °C for 3.0 h. The white
precipitates obtained were filtered and thoroughly washed several times using double
distilled water and ethanol to remove the ions possibly remaining in the final product and
then dried in an oven at the temperature of 100 °C for 12 hours. After that precipitates were
crushed gently to fine powder form with pestle and mortar. Finally, the samples were
annealed at 400 °C for 4 h. The following reaction mechanism was followed.

(1-X) C4H604ZH.2H20 + X N1C126H20 + 2C2H50H E—
(C,H;50) , Zn;_, Ni, + 2CH;COOH + 2HCI + 8 H,O (1)

(C,H{0), Zn, Ni, +2H,0 —— Zn, Ni(OH), + 2C,H;0H )
Zn,Ni, (OH),—>—» Zn,,Ni,O + H,0 ©)
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Structural and morphology of the powder samples were determined by x-ray diffraction
(XRD) analysis (Panalytical’s X pert Pro using Cu-Ka 1, A = 0.151406 nm radiations) and
transmission electron microscopy (TEM) (Tecnai 200KV Fei Electron Optics A= 35 nm).
The vibrational frequencies of the bonds in the sample were observed using Fourier
transform infrared spectrometer (FTIR) (Perkin Elmer-Spectrum RX-IFTIR) in the
wavelength range of 400-4000 cm™ and the optical absorption spectra were recorded at room
temperature using UV-Vis spectrometer (Lambda 750 Perkin Elmer) in the wavelength
range of 200-800 nm.TGA/DTA studies were carried out by simultaneous thermal analyzer
(Perkin Elmer STA 6000, Temperature range 20-995 °C). The magnetic study is carried out
using VSM (Model PAR 155, Range: 0.00001 to 10000 e.m.u.).

Results and Discussion

In order to study the effect of doping of NiO in the ZnO sample, we have prepared the
sample of Zn; Ni O, with x= 0.0, 0.02, 0.04 and 0.06 and characterized by XRD, FTIR,
UV-Visible, TGA/DTA, TEM and VSM techniques.

XRD Study

Figure 1 shows XRD patterns of Zn;,Ni,O (x= 0.0, 0.02, 0.04 and 0.06 M) samples
annealed at 400 °C and the reflection peaks are indexed to Wurtzite hcp structure of ZnO.
The nanostructures shows several peaks of (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004) and (202) crystal planes, respectively. All these diffraction peaks were
matched well with space group P63 mc (No. 186) (JCPDS No. 36-1451). The XRD pattern
indicates the formation of hexagonal Wurtzite phase of ZnO and no secondary phase was
found for the lower concentration doping samples (x<0.04), which indicates that the Ni ions
successfully occupies the lattice site rather than interstitial ones. The occupation of the site
of Zn* in the lattice by the Ni** ions may induce a crystal defect, resulting from the
difference in ion size between zinc and nickel. Therefore, these defects changes
stoichiometry of the ZnO lattice. Decrease in the peak intensity and increase in full width at
half maxima (FWHM) observed in the XRD patterns of the doped samples confirms a
decrease in crystalline quality depending on the Ni content and confirm the incorporation of
nickel dopant into the ZnO Whurtzite lattice as a substitute atom. When x reaches 0.04, an
additional small diffraction peak correspond to NiO (200) comes into existence at an angle
2 0~42.5" for x= 0.04 which clearly indicates that phase segregation have occurred in the
samples. It is observed that intensity of NiO peak increases sharply and shifts to the lower
angle with increasing nickel concentration. This shift corresponds to the strain and
replacement of zinc ion by nickel ions. The observed left shift in the NiO diffraction peak
from their native place with increasing nickel content is an evident that NiO is distorted to
larger spacing where nickel gets oxidized and incorporated into ZnO lattice. Therefore, the
saturated solubility'**' of Ni in ZnO is 4.0%. From Bragg’s law

2dSin@ =nA 4)

Where, d is lattice spacing, 0 is the diffraction angle and A is the incident wavelength

(A=0.154056). The lattice parameters (a and c) of the samples for hexagonal system® are
calculated by using the formula

1 3(h2+hk+k2j 12

d> 4

Where, h, k, 1 are miller indices, from Eq. 4 and 5 for n=1, we have

+— ®)
a’ c’
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sinte =2 i(h2+hk+k2j I’

a C

In order to calculate unknowns a and c, the peak in form (hkO) and (001) should be
selected so that a and c are calculated from Eq. 6. On selecting the proper peaks, following
expressions are derived for a and c as

_ AR A RkE A N
J3Sin6 25in@

Table 1 shows structural characteristics of Zn; (Ni,O nanocomposites. The Ni doping
has reduced the size of the lattice parameters a and ¢ which is attributed to the ionic size
mismatch between Zn** (0.074 nm) and Ni** (0.069 nm). Theoretically, since the ionic
radius of Ni** is smaller than that of Zn>*, the peak (101) of the Ni-doped ZnO should move
to larger angle slightly when compared to that of the pure ZnO. From the XRD pattern
(Figure 1), it can be seen that the peak (101) of the Ni-doped ZnO slightly shift to higher
angle. The shifting of the XRD pattern and corresponding decrease of the lattice parameters
suggests that Ni** jons are successfully incorporated into the ZnO lattice at the Zn”* crystal
sites position. The average crystallite size (d) of the nickel doped ZnO powders were
estimated from x-ray line broadening using the Debye-Scherrer’s equation:
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Figure 1. x-Ray diffraction pattern of Zn,Ni O (for x=0.0, 0.02, 0.04 and 0.06) nanocomposites

Table 1. Structural characteristics of Zn, 4Ni,O nanocomposites

. . . Average

1\?(') Concentration Lattlcoe parametoer Strain Dglec;c:iltlyon Crystallite Size
’ X a=b, (A) c(A) D-S W-H
hkl(110) hkI(002) formula  Plot

1. 0.00 32506  5.2072 0.0036 1.19x10° 27.86  28.90
2. 0.02 32494  5.1920 0.0046  1.68x107 22.04 2434
3. 0.04 32448 52044 0.0048 2.47x10° 20.19  20.11
4. 0.06 32476  5.1994 0.0058  2.69x10° 19.02 19.27
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The value of dislocation density (8) was calculated using the relation, 8=1/d”. The
crystallite size of the samples decreases with increasing nickel content which is the result of
the surface reaction competition®. Because the Ni-O bond energy is higher than Zn-O bond
energy, the reaction mobility to raise growth surface will decrease with increasing doping
concentration.

In Williamson Hall approach, the line broadening due to finite size of coherent
scattering region and the internal stress in the prepared sample is also considered. According
to Williamson and Hall, the diffraction line broadening is due to crystallite size and strain
contribution. However, x-ray peak profile analysis (XPPA) by W-H method is a simplified
method which clearly differentiate between size-induced and strain induced peak broadening
by considering the peak width as a function of 26**. The W-H method does not follow a
1/CosB® dependency as in the Scherrer equation but instead varies with tan®. This
fundamental difference allows for a separation of reflection broadening when both micro
and structural cause’s small crystallite size and micro strain occur together. The different
approaches assume that size and strain broadening are additive component of the total
breadth of a Bragg peak. Scherrer equation and e=By/4 tan® yield the following equations™.

lghkl = IBD + IBX €))

Where, Bp is due to contribution of crystallite size, B is due to strain induced
broadening and Py is the width of the half-maximum intensity of broadening. If we assume
that particle size and strain contribution to line broadening are independent of each other and
both have a Cauchy-like profile, the observed line width is given by Eq. 9 named as Wilken
equation® as:

B Cos8 = (%] +4€Sin6 (10)

The Eq. 10 assumes that the strain is uniform in all crystallographic directions and
named as uniform deformation model (UFM). If By,q Cos6 is plotted as a function of Sin® as
shown in Figure 2, then from the linear fit of the data, the crystalline size (d) was estimated
from the y-intercept and microstraine from the slope of the linear fit.
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Figure 2. W-H plots of Zn, 41Ni,O (for x= 0.0, 0.02, 0.04 and 0.06) nanocomposites
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FTIR Study

Figure 3 shows the FTIR spectra of Zn; Ni,O (x= 0.0, 0.02, 0.04, 0.06) nanocrystals
annealed at 400 °C. From the FTIR spectra, the strong vibrational mode observed at 525 cm’
is assigned to stretching vibration of ZnO?¥. However, in case of 2.0, 4.0 and 6.0%, Ni
doped samples, the value of absorption bands were found to be left shifted at 530, 534 and
529 cm™' respectively. The peaks appearing between 500 and 700 cm™ were assigned to the
metal oxygen (M-O) stretching mode. The FTIR spectrum in the wave number range < 1000
cm’ represents the change in the peak position of ZnO absorption bands reflects that Zn-O-
Zn network is perturbed by the presence of Ni in its environment. Therefore, FTIR results
also indicate that Ni is occupying Zn position in ZnO matrix as observed in XRD patterns.
The vibration mode at wave number 701 and 979 cm™ were attributed to the vibrations of
Zn-O-Ni local bonds and defect states, respectively and associated with Ni** occupation at
7Zn*" sites. Because the ionic radii mismatch between Ni** and Zn2+, intrinsic host lattice
defects are activated. The weak absorption band centered at 1369 cm™ attributed to the
stretching vibration of C=0 and C=H groups. The transmission band at 1523 and 1417 cm™ is
due to the carbonyl groups of the carboxylate ions which might remain adsorbed on the
surface of ZnO. The absorption peak at 1620 cm™ corresponds to the bending vibration of
the interlayer water molecules™. Absorption peaks observed at around 2342 cm’ are
assigned to the CO, mode which is due to atmospheric CO, and other transmission band at
2928 cm’ is assigned to a residual organic component. The broad absorption band at 3495
em™ corresponds to the O-H stretching vibrations of water present in ZnO. As the
concentration of the dopant is increased then the peaks are shifted to left indicating the
incorporation of nickel in the ZnO lattice site.
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Figure 3. FTIR spectra of Zn;_Ni,O (for x= 0.0, 0.02, 0.04 and 0.06) nanocomposites

UV-Vis Study

Figure 4 shows UV-Visible spectra of Zn;Ni,O (x= 0.0, 0.02, 0.04, 0.06) nanocomposites
annealed at 400 °C. Pure ZnO sample shows absorption band edge at 360 nm and observed
band edge shows a shift towards higher wavelength side for the nickel doped sample i.e., at
320, 310 and 250 nm. The blue shift of the band edge for the nickel doped sample clearly
indicates that Ni** ions are incorporated into the ZnO lattice”>' which confirms the results
of XRD and FTIR results. Optical band gap was evaluated using the equation:
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(ahv)" = A(hv-E,) (11)

Where a=absorption coefficient, hv=photon energy, A=constant relative to the material

and n=2 for direct band gap material or %2 for an indirect band gap material. According to

the equation, the optical band gap for the absorption peak can be obtained by extrapolating

the linear portion of the (ahv)” vs. hv curve to zero and the observed energy gaps are 3.4,

3.8, 4.0 and 4.9 eV. These indicate that band gap of ZnO material increases with doping

concentration of Ni** ions. The increase in the band gap or blue shift can be explained by the

Burstein effect. This is the phenomena that the Fermi level merges into the conduction band
with the increase of carrier concentration.
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Figure 4. UV-Vis spectrum of Zn;_Ni,O (for x= 0.0, 0.02, 0.04 and 0.06) nanocomposites
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TEM Analysis

TEM was employed to study the shape and size of nanocrystallites and to confirm the
nanocrystalline structure of the prepared samples. Figure 5 shows the TEM images of
nanocrystalline nature of undoped and doped ZnO samples. TEM images of undoped ZnO
showed aggregates of non-uniform solids of different shape and size in the range 17-56 nm
and nickel doped zinc oxide showed aggregates of smooth solids of nearly spherical shape in
the range 15-43.0 nm. Different kinds of shapes like irregularly shaped nanoparticles,
rectangular and hexagonally shaped nanoparticles are visible for the undoped nanoparticles.
However, doped nanoparticles are of regular shapes, mostly spherical and its size is reduced
with nickel doping which confirms the XRD results. The micrographs of the prepared
samples reveal the compact arrangement of almost homogenous nanoparticles with nearly
cubical and quasi spherical shape indicating crystalline nature of the metal. The particle size
of the sample is decreased with increasing the concentration of nickel. The images clearly
show the agglomeration of nanoparticles which may be attributed to the magnetic dipole
interaction between the particles. The particle size determined from TEM is in agreement
with XRD measurements. The histograms of the TEM images are shown in Figure 6.
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Figure 5. TEM microgram of Zn; Ni,O (a) x= 0.0, (b) x= 0.02, (c) x= 0.04, (c) x= 0.08
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Figure 6. TEM Histogram of Zn, 4\Ni,O (for x= 0.0, 0.02, 0.04 and 0.06) nanocomposites

Vibrating Sample Magnetometer (VSM) Study

Figure 7 shows the VSM results for Zn, \Ni,O sample at room temperature. The bent natures
of the curves clearly exhibits a shallow ferromagnetism in the samples. The parmagnetic
component was subtracted from the original data in order to determine the ferromagnetic
part. The value of magnetic resonance and coercivity of Zn; ,Ni,O samples are shown in
Table 2. It can be observed that both coercivity and remanence increases with the addition
of Ni in pure ZnO. Some ferromagnetic behavior observed in Ni doped ZnO, can be
explained due to formation of nanoscale Ni-related secondary phase, such as Ni cluster or
NiO. Firstly, the origin from NiO can be ruled out, as bulk NiO is antiferromagnetism at
room temperature, secondly the existence of metallic Ni is also an unlikely source of this
ferromagnetism because the synthesis of Ni-doped sample is performed in water as well as
OH" which can prevent the formation of metallic Ni nanocluster to some extent. Hence,
ferromagnetism could be considered as a result of exchange interaction between free
delocalized carriers and delocalized d spins in the Ni ions®***. In order to study the magnetic
behavior of pure and Ni doped ZnO nanoparticles as a function of magnetic field at room
temperature, the M-H curve (Figure7) confirms that pure and Ni-doped ZnO nanoparticles
show ferromagnetic ordering.

Table 2. Magnetic properties of Zn;_Ni,O (for x= 0.0, 0.02 and 0.04) nanocomposites

Saturation magnetization

X Coercivity, Oe Retentivity, emu/g
emu/g
0.00 185 0.057 0.10
0.02 226 0.050 0.12

0.04 97 0.064 0.18
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Figure 7. VSM Spectra of Zn;_Ni,O (for x= 0.0, 0.02, 0.04 and 0.06) nanocomposites

Conclusions

Nickel doped ZnO nanocomposites (Zn;,Ni,O) have been prepared by co-precipitation
method and changes in their structural, optical and magnetic properties as a function of
doping concentration were investigated. The nanoparticles of Ni-doped ZnO continue to
have a similar Wurtzite phase as that of undoped ZnO. The XRD pattern indicates that Ni-
doping cause little or no structural disorder in the ZnO lattice, while the concentration of
dopant was lower than 4%. With increasing Ni concentration, phase segregation takes place
in the sample. The size of the nano particles and lattice constants decreases with increasing
the dopant concentration due to mismatch of ionic radii. The FTIR analysis confirms the
formation of defect centers in the structure and presence of functional groups and chemical
bonding with Ni. The optical band gap of Zn, ,Ni,O was calculated from the absorption
spectra and it decreases with increase in nickel concentration. The observed red shift in the
band edge of the nickel doped ZnO nanoparticles is due to the increasing sp-d exchange
interactions between the band electrons and the localized d-electrons of the Ni** ions
substituting Zn”* ions in the doped sample indicating the substitution of Ni ion into the Zn
site of the ZnO lattice. The morphology and microstructure of the samples were investigated
by TEM which shows that nanoparticles are hexagonal and cubical in shape and the particle
size estimated by statistical method is approximately 30, 24, 21 and 18 nm, respectively
which were in accordance with the XRD results. Magnetic measurement studies reveals that
all Ni- doped samples shows room temperature ferromagnetism which is attributed to
oxygen/Zn vacancies and nickel dopant. The saturation magnetization increases and
coercivity of the samples decreases well with increasing nickel doping.
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