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Abstract

The Ni, _yAgyO (where X=0, 0.01, 0.02, 0.03, 0.05, 0.10, and 0.15) nanoparticles are synthesized by sol-gel technique. The
effects of Ag-doping in NiO nanoparticle on the structural and optical properties are studied. XRD analysis confirms that
the prepared samples are single phase and oxygen deficient in nature. The unit cell volume decreases with the increase in the
Ag-doping content. The crystallite size decreases from 23 to 19 nm with increasing the Ag-doping content up to X=0.10.
The strain increases with increase in Ag-doping concentration. FESEM analysis confirms that the pure sample of NiO is
quasi-spherical and this shape is deformed as the Ag content increases in the NiO samples. The increase in the agglomeration
of nanoparticles with the increase in doping content is also observed. UV—Visible analysis shows that the calculated optical
band gap of the pure NiO sample is 3.70 eV which is less than the reported value 4.42 eV of NiO nanoparticles. The optical
band gap increases as the Ag-doping content increases in the host NiO lattice. The change in band gap is increased rapidly
for the X=0.01 sample and then become slow for the rest of the samples. FT-IR analysis gives all the information regard-
ing the functional group present in the samples. The effect of disorder created due to Ag-doping in NiO lattice leads to the
formation of lattice defects and affects the structural and optical properties, which have been discussed in this paper in detail.

1 Introduction

The nanomaterials of the transition metal oxides such as
TiO,, ZnO, and Fe,0; are widely studied due to their unique
properties such as wide band gap, and high dielectric con-
stant, which makes them a suitable candidate for the vari-
ous technological applications [1]. The effects of particle
size, doping, strain and film thickness, etc on the magnetic
and optical properties of oxides nanomaterials have been
reported [2-5]. Bulk nickel oxide (NiO) is deep green in
color, whereas nanoparticles are black [6]. The detail elec-
tronic states and optical properties of NiO are also reported
[7, 8]. The absorbance spectra of the NiO confirmed the
electronic d—d excitations with energy band gap of about
3.8 eV [9]. The morphology of the NiO nanoparticles
depends upon the synthesis conditions [10]. It is reported
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that the optical band gap of NiO nanoparticles increases as
the particle size decreases [11-15]. The lattice parameter
and specific surface area also increase with the decrease
in the particle size [12, 14]. The doped NiO nanoparticles
can be used in the different applications like in solar cell
[16], gas sensor [17], supercapacitors [18], antibacterial and
catalytic activity [19, 20], lithium-ion batteries [21], and in
optoelectronic devices.

Nickel oxide had the face-centered cubic structure similar
to rock salt structure of NaCl [22] and lattice constant of
4.1684 A [23, 24]. The computer simulation of NiO shows
the significance of Ni** for the stabilization of NiO [25].
Nickel oxide is the p-type semiconductor with band gap 3.6
to 4.42 eV [26] and also known as a Mott—Hubbard insula-
tor [22], having resistivity 10" Q cm [27]. Nickel oxide
can be fabricated in many crystalline phases such as cubic,
and monoclinic crystals [1]. NiO nanoparticle is magnetic
in nature and shows an antiferromagnetic behavior [28]. It
can be synthesized by various methods such as sonochemical
[29, 30], sol—gel [31-34], co-precipitation [35], microemul-
sion [36], and thermal decomposition [37].

The Cu doping in NiO enhances the semiconductivity
[33, 38], Mg-doped NiO show increase in the band gap
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with the increase of Mg content [39], Li-doped NiO shows
that the transmittance decreases and resistivity increases
with increasing the Li doping concentration [40], Cd dop-
ing in NiO nanoparticles shows that the optical band gap
increases from 2.95 to 3.95 eV with the increase in Cd-
doping concentration [41], Fe-doped NiO confirms through
magnetic measurement that Fe accumulate on the surface
of the nanoparticles [42], and Mn doping in NiO enhances
the ferromagnetic property [43]. It is also reported that the
impurity doping affects the oxidation rate; monovalent atom
(Li*, Na't) decreases the oxidation rate, whereas the trivalent
impurity (Cr’*, AI**) increases the rate of oxidation [44]. No
doubt, the doping leads to change in the host material such
as crystal distortion, defects or modify the band structure of
materials. The defects and vacancies also affect the optical,
structural and magnetic properties of nanomaterials. Jun-
peng Wang et al. reported that the oxygen vacancies influ-
ence the optical and electronic properties of the ZnO; the
band gap of the material gets narrow as the oxygen vacancies
are increased [45]. The electron localization is also reported
as the result of linear ordering of oxygen vacancies [46].

In the present work, we have synthesized the Ni, _ yAg,O
(where X=0.0, 0.01, 0.03, 0.05, 0.10. and 0.15) nanopar-
ticles via sol-gel synthesis process. The effect of lattice
defects produced due to Ag-doping in NiO lattice on the
structural and optical properties of Ni, _yAg,O (where
X=0.0, 0.01, 0.03, 0.05, 0.10 and 0.15) nanoparticles have
been studied in this paper in detail.

2 Experimental procedure

Ni; _yAgyO (where X=0.0, 0.01, 0.03, 0.05, 0.10 and
0.15) nanoparticles were prepared with the sol-gel method
[35]. In this method, 0.1 M of nickel nitrate hexahydrate
(Ni(NO;)-6H,0) and 0.1 M citric acid (C4HgO,-H,0) (Sigma
Aldrich) solution were prepared. The nickel nitrate solution
was added dropwise to the citric acid solution. Then, the
mixed solution was heated at 70 °C for 12 h on the magnetic
stir. After the gel formation, samples were dried and aged for
24 h at 110 °C. The powder obtained was sintered at 600 °C
for 4 h. After sintering, the grinding was done for 1 h. The
final powder after grinding was used for the various char-
acterizations. The other samples with X=0.01-0.15 were
prepared by taking the dopant in stoichiometry ratio and
the whole procedure was repeated. X-ray diffraction (XRD)
(PAN-Analytical Xpert-Pro) was used for the structural
analysis of Ag-doped samples. The morphological study
was done with Field Emission Scanning Electron Micro-
scope (FESEM) [model Merlin compact 6073, Carl Ziess].
Elemental composition of Ni; _yAgyO (where X=0.01,
0.02, 0.03, 0.04, 0.05, 0.10, and 0.15) was confirmed by the
energy dispersive X-ray Analyser (EDX). It is found that
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no impurity peaks are present in the samples and the ele-
ments Ni and Ag are present in a near stoichiometric ratio
with oxygen deficiency in the prepared samples within the
experimental error. UV-Visible spectrometer (Shimadzu,
UV-2450) was used for the study optical properties. Fourier
Transformed-Infrared (FT-IR) (400—4000 cm™) spectros-
copy was done (TENSOR 27) to obtain the information of
functional group attached to prepared nanoparticles.

3 Results and discussions
3.1 Xrd analysis

Figure 1 shows the X-ray diffraction (XRD) patterns of some
representative Ni; _ yAgyO (where X=0.0, 0.05 and 0.10)
samples. The peaks occurring at 37.37°, 43.40°, 62.96°,
75.48°, and 79.44° are indexed with the corresponding
miller plane (111), (200), (220), (311), and (222) as per the
reported literature [20, 21, 47] and the peak at 44.57° for
X=0.0 marked with # in Fig. 1 is of Ni having a plane (111)
[48]. The small Ni peak has no effect on optical properties
and it can be removed by converting the Ni into NiO by
increasing the sintering temperature as reported [9]. These
index peaks clearly indicate that the prepared samples have
a face-centered cubic structure [23]. A very small impu-
rity peak of Ni,Oj; is also observed in NiO sample as also
reported in [49]. Such a small amount of Ni,O; also cannot
affect the optical properties of the prepared NiO nanoparti-
cles. A weak Ag (111) reflects (marked with * in Fig. 1) can
be seen for the sample with X =0.05 and 0.10 in Fig. 1 [50].
The Ag peak is observed because it has difficulty entering
the NiO lattice; Ag *ions accumulate at the grain bounda-
ries resulting in the formation of Ag clusters nanostructure.
These Ag clusters inhibit the grain-growth as well as the for-
mation of Ni and Ni,O; phases [51]. The calculated lattice
constant “a” is 4.1666 A for NiO sample which is less than
the reported value of lattice parameter 4.1684 A [23]. This
indicates that the NiO sample is oxygen deficient [52]. A
decrease in the lattice constant and unit cell volume with the
increase in the Ag-doping content is observed (see Table 1).
Figure 1 containing the enlarged image of most intense peak
also clearly shows that the peaks shift towards higher angle
with the increase in Ag-doping concentration which clari-
fies the decrease in unit cell volume with the increase in the
Ag-doping content. But, the decrease in the unit cell volume
cannot be explained on the basis of ionic radii mismatch of
Ag™ and Ni** ions since the ionic radii of Ag* (1.15 A) is
higher than the Ni** (0.69 A). However, it is reported in the
literature that the doped metal ions with lower charge value
(like Ag™) than the host atoms (like Ni**) produce oxygen
vacancies [53, 54]. The formation of O>~ vacancies and sil-
ver nanoclusters in lattice sites reduces the lattice parameters
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Table 1 Values obtained from

. Samples of Crystallite Size Particle size from Lattice con- Unit cell vol- Strain
analysis of XRD and FESEM Ni, _yAg,O from XRD (nm) FESEM (nm) stant (A) ume (A)? feoté
data of the Ni, _yAgyO (where (><4 10—3)
X=0.0,0.01, 0.03, 0.05, 0.10,
and 0.15) X=0 23 52 4.1666 72334 1.618

X=0.05 22 21 4.1630 72.146 1.680
X=0.10 19 15 4.1575 71.863 1.896
Fig.1 XRD pattern of the _
Ni;_yAg,O (where X=0.0, Ni,xAgxO
0.05, and 0.10) and the enlarged
figure represents the shift in the Ni_Ag.0
peak toward the higher angle X
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as also reported in Ag-doped TiO, and ZnO [2, 50, 55, 56].
However, since the ionic radii of Ag* and Ni** are different;
the substitution creates significant lattice distortion. No any
other phases, such as AgO, are observed in XRD spectra.
The crystallite size is calculated through the
Debye—Scherrer formula [32], D=KA/f cos 6, where D is
the crystallite size, K=0.89 constant known as shape factor,
p is the FWHM, @ is the angle of diffraction, and A is the
wavelength of Cu ka is 1.5406 A. The calculated values are
given in Table 1. The crystallite size decreases from 23 to
19 nm with increasing the Ag-doping content up to X=0.10.
The number of Ag ions increases on the surface of crystallite
with the increase in Ag-doping concentration which inhib-
its the growth of NiO [41, 57, 58]. The strain is calculated
by equation e=(f cot0)/4 where f is the FWHM and ¢ is
the root-mean-square value of microstrain [59]. The values
of strain are given in Table 1. The strain increases as the
content of silver increases and there is an inverse relation
occurring between the particle size and strain [60, 61]. This
is due to the incorporation of Ag in the NiO. The substitu-
tion of every Ni** ion by Ag* ion converts one neighboring
Ni** ion into Ni** ion to preserve the electrical neutrality in
the crystal; the detailed mechanism of Ni** production has

been reported in K*-doped NiO films [62]. The production
of the Ni** ions can create an intrinsic lattice defect and
the formation of oxygen vacancies [63]. Hence, it leads to
increase in strain with the increase in Ag-doping content.

3.2 FESEM analysis

Figure 2a—f shows the FESEM images of Ni, _yAg,O
(where X=0.0, 0.01, 0.02, 0.03, 0.05, 0.10, and 0.15). The
insets of Fig. 2a—f shows the Gaussian fitting of histogram
plotted between particle size and frequency of occurrence
of the particles which is used for calculating the average
particle size of the present samples. It is clear from the
Fig. 2 that the particles are quasi-spherical in nature. The
agglomeration of the nanoparticles is increasing with the
increase in the Ag-dopant concentrations. A graph is plot-
ted between the average particle size and content of Ag
(see Fig. 3). However, the average particle size decreases
with increasing the concentration of the Ag. Generally, the
increase in agglomeration leads to increase in average par-
ticle size, but opposite effect is observed here. In addition
to this, the average particle size decreases rapidly when
the X is increased from 0.0 to 0.05, however, the average
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Fig.2 a—f FESEM image of Ni; _yAgyO (where X=0.0, 0.01, 0.03, 0.05, 0.10, and 0.15) and the inset of this figures are the histogram (fre-
quency vs average particle) with Gaussian fitting

particle size decreases gradually when the concentrations
are increased further up to X =0.15. This result is due
that there may be some Ag* ions which have restricted
the growth of NiO nanoparticle and hence the rate of
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nucleation of the NiO nanoparticle decreases gradually
[57]. The increase in agglomeration of the particles with
the increase in the concentrations of the dopant is due to
increase of the surface charges with doping which attracts
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Fig.3 Variation of the average particle size with the concentration
(X) of Ni; _yAgyO (where X=0.0, 0.01, 0.03, 0.05, 0.10, and 0.15)

the particles and coagulates the particles through Van der
Waals forces [64—-66].

Figure 4a—b shows the variation of the standard devia-
tion of the particle size distributions with the concentration
of Ag and average particle size. The standard deviation is
calculated by taking the half of the full-width half maxima
(FWHM) of Gaussian fitted curve. Figure 4 shows that the
standard deviation nearly inversely depends on the concen-
tration and directly on the particle size [67—69]. This appre-
ciable increase in the standard deviation of the distribution
with the particle size clearly indicates that the broadening of
the particle size distributions increases as the agglomeration
of particles increases with increase in Ag-doping content.

3.3 UV-Visible spectroscopy

Figure 5 shows the UV-Visible spectrum of NiO nanopar-
ticles. This shows that the absorbance peak is broad and
stronger in the UV region. The optical bandgap is calculated
with the help of Tau equation given below:

(ahv) = A(hv - E,)"" (1)
and
L _2303%A .

t

where « is the absorbance coefficient and calculated with the
help of Eq. (2). A, ¢, A, Eg, and v are absorbance, the width
of a cuvette, Planck’s constant (4.135667 x 10~!° eV), the
optical band gap, and the transition frequency, respectively.
The value of p is based on the type of optical transitions. The
value of p can be used 1/2, 3/2, 2 and 3/2 which means direct

18 | —1{— Standard deviation
L 4 Ni, ,Ag,0
16 |-
=
~ 14}
c
2 12 <
it -
©
gl \4
10 |
o |
T s}
3
% 6 <
by a
2 \( )
I <q
2 [ A 1 A 1 A 1 A 1 A 1 A 1 A 1 A 1

000 0.02 0.04 006 008 010 0.12 0.14 0.16
Ag-Concentration (X)

- - - =y
N > o ©
AL B DL L |

Standard deviation (o)

6k
4k
| ¢ (b)
2 1 A 1 i 1 " 1 2 1 i
10 20 30 40 50 60

Average Particle Size (nm)

Fig.4 a Plot between standard deviation and Ag Concentration (X) of
Ni,_yAgyO (where X=0.0, 0.01, 0.03, 0.05, 0.10, and 0.15), b plot
between standard deviation and average particle size

allowed, direct forbidden, indirect allowed and indirect for-
bidden bands, respectively [41]. The inset of Fig. 5 shows
the Tau plot of pure NiO sample. The calculated optical band
gap of the pure NiO sample is 3.70 eV which is less than the
reported value 4.42 eV of near-stoichiometric NiO nanopar-
ticles [32, 70-72]. This reduction in band gap is due to the
creation of lattice defects such as oxygen vacancies, Ni and
Ag interstitials as reported [73-75]. The lattice defects cre-
ated in the materials result in the formation of new electronic
states in the forbidden gap and hence lead to the reduction
in the band gap energy [76].

Figure 6a—b show the UV—Visible spectra and Tau plots,
respectively, for the samples with X=0.1, 0.03, 0.05, 0.10,
and 0.15. The transmittance in the visible-light range is
sensitive to the particle size as well as agglomeration [77].
Figure 6a shows the decrease in the transmittance with
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Fig.6 a Absorbance spectrum of the Ni,_yAgyO (where X=0.0,
0.01, 0.03, 0.05, 0.10, and 0.15). b Optical band gap of the
Ni, _yAgyO (where X=0.0, 0.01, 0.03, 0.05, 0.10, and 0.15) at differ-
ent Ag concentration
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the increase of Ag-doping content up to X=0.10, which is
the clear indication of the increase in agglomeration. The
absorbance peak shifted to the lower wavelength side which
indicates the blue shift in the band gap. The calculated opti-
cal band gap using Tau plot also shows that it increases from
3.70 to 4.38 eV when the X is increased from 0.0 to 0.15 (see
Fig. 7) as also reported in case of Ag-doped NiO thin films
[57]. The band gap increases rapidly as the concentration of
Ag increases up to X=0.01. But, after that band gap changes
slowly. The increase in band gap can be explained due to the
quantum size effect [28]. The average particle size decreases
with the increase in Ag content. Therefore, the band gap
increases with the decrease in average particle size. But, the
decrease in band gap is only 18% as average particle size
changes from 11 to 52 nm (nearly 4 times increase in particle
size). It is reported in the literature that the band gap of NiO
decreases from 3.86 to 3.47 eV as particle size is increased
from 40 to 70 nm [78]. Therefore, such a small variation in
band gap with the decrease in particle size in case of Ag-
doped NiO nanoparticles cannot be explained completely
using dominating quantum size effect at the nanoscale. The
XRD and FESEM analysis confirm that the oxygen vacan-
cies increase with the increase in Ag-doping content due
to the crystal distortion occurred due to the substitution of
silver in NiO lattice. As an effect, Ag* doping in NiO is
stabilized by the creation of Ni** jons due to the conver-
sion of Ni** ions which produces the formation of oxygen
vacancy in the lattice of NiO. These oxygen vacancies lead

80 =()=Average particle size
~)=Band gap 44
T SF 1 443
c ]
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N s} 1 &
)] <441 %
= 0 1*7 T
: | E
[} 139m
0 ]
20F
o {38
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0 \ 4
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Fig. 7 Variation of band gap and average particle size with the con-
centration (X) of Ni, _yAgyO (where X=0.0, 0.01, 0.03, 0.05, 0.10,
and 0.15)
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Fig.8 a FT-IR spectra of Ni,_yAgyO (where X=0.0, 0.01, 0.03,
0.05, 0.10, and 0.15) as the function of wavenumber (cm™) in the
range of 600-1000 cm™!. b FT-IR spectra of Ni,_,Ag,O (where

to decrease in the optical band gap as reported in the lit-
erature [79, 80]. Therefore, the opposite effects of oxygen
vacancies on the band gap compared to dominating quantum
size effect lead to only a small increase in band gap with
the increase in Ag-doping in NiO. The refractive index is
calculated using Moss relation, n = (108/EA,)”4 [81]. The
calculated refractive index for the pure NiO is 2.324 which
is more than the literature value (2.227) [81]. The refractive
index are 2.284, 2.274,2.271, 2.268, and 2.266 for X=0.01,
0.03, 0.05, 0.10 and 0.15, respectively.

3.4 FT-IR analysis

Figure 8a, b shows the FTIR spectra of the Ni, _ yAg,O
(where X=0, 0.01, 0.02, 0.03, 0.05, 0.10 and 0.15) sam-
ples. The peaks appear from 600 to 700 cm™! is due
to the Ni-O and Ag—O bond stretching, which clearly
indicates the formation of the Ag-doped NiO phase [81,
82] (see Fig. 8a). Peaks at 814 and 948 cm™~! appear due
to the epoxy group present in the citric acid [83]. The
peaks appearing at 1128, 1380 and 1467 cm™! is due to
C—O,CO%‘ and the carboxylate group, respectively (see
Fig. 8b). The peaks at 2972, 3446 cm™! are due to the CH,
present in the precursor and O—H stretching vibration,
respectively [84]. The intensity of these peaks appeared
from 600 to 700 cm™! is increasing as the Ag-doping con-
centration increases.
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(b)

X=0.0, 0.01, 0.03, 0.05, 0.10, and 0.15) as the function of wavenum-
ber (cm™!) in the range of 1000—-4000 cm™!

4 Conclusions

The single-phase and oxygen-deficient Ni, _yAg,O (where
X=0.0, 0.05, 0.10) nanoparticles are synthesized. It is found
that the formation of lattice defects such as O®~ vacancies
and Ag nanoclusters in lattice sites reduces the unit cell
volume as the concentration of Ag-dopant increase in NiO
lattice. Ag-doping also inhibits the growth of NiO. The crea-
tion of disorder due to the formation of lattice defects leads
to increase in strain with the increase in Ag-doping content.
The increase in nonuniformity in particle size distributions
is observed with increase in Ag-doping content. A small
increase in the optical band gap with an increase in Ag con-
tent is also reported. The increase in oxygen vacancy leads to
decrease in the band gap, but the opposite is the effect of the
size of nanoparticles. Therefore, this small change in band
gap is explained on the basis of the combined effect of lattice
defects and the quantum confinement effect. FT-IR confirms
the presence of Ni-O and Ag-O bonding in the samples. The
prepared nanoparticles can be used in the semiconductor
industry in optoelectronic devices due to its wide band gap.
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