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A simple sol-gel route was used for preparation of Ni doped ZnO nanoparticles (Ni:ZnO) with 0, 3, 5, 7 and 9 wt
% of Ni to Zn precursor salts. Structural, optical and room temperature magnetic properties were studied. The
prevailing structural arrangement that observed in all the examined samples is the wurtzite structure of ZnO.
Nevertheless. The orderly development of NiO rock-salt phase on at the surfaces of ZnO nanoparticles upon Ni
doping is confirmed by Rietveld refinements. The ZnO wurtzite structure is dominant in all the samples as
confirmed by both XRD and Raman results. The average crystallite size showed almost no change upon Ni
doping. RTFM behavior is being exhibited for all Ni:ZnO nanoparticles that is demonstrating using of ZnO as the
host structure allowed for the efficient formation of DMS. The Near-infrared solar reflectance (Ryr) and the
visible solar reflectance (Ryis) values reduced with increasing of the Ni content as a result of the rising in density
of trap states upon Ni doping of the samples. Kubelka-Munk method was used to determine the energy band gap
(Eg) and band Urbach energy (Ey) tails from diffused reflectance (DRS) results. The obtained energy gap values
were very close in all studied samples with an average value of energy gap is 3.164 eV. The Ey values raise from
123 to 173 meV upon increasing of Ni content in the samples in agreement with lower values of Ryjr and Ry;, and
their effect on optical performance of the investigated samples in applications.

1. Introduction

The diluted magnetic semiconductor (DMS) materials have showed a
lot of considerable attentions recently owing to their potential applica-
tions in spin-optical switching, sensor, photocatalytic and spintronics
devices such as spin diodes, spin-transistor, quantum computers (Pas-
cariu et al., 2018; Ali et al., 2019); and near-infrared light emitting di-
odes (Elhamdi et al., 2022). As a matter of progress, the importance of
DMS materials is coming from their inclusion of both semiconducting
and magnetic properties which allowed their excellent electronic ap-
plications. DMS materials obtained by doping of semiconducting nano-
materials such as ZnO and TiO, with the transition metals (TM) such as
Ni, Co, and Fe with controlled additions (Pascariu et al., 2018; Ali et al.,
2019; Elhamdi et al., 2022; Alhashem et al., 2021). DMS are specified by
their strong electrons coupling in the conduction band of the magnetic
ions and those in the valence band of the host semiconductor. Such
coupling permits the influence of the magnetic ions on the magnetic
field on the host semiconductor (Elhamdi et al., 2022).

Doping of ZnO with nickel (Ni) element is of more interest. Hence,
both Ni and Zn have similar oxidation state that makes it easy in their
replacements without variations in the ZnO structure. The incorporation
NiZ* jons allow varsities of applications for ZnO (Farha et al., 2020;
Rauwel et al., 2016; Mihalache et al., 2019). In addition, Ni is losing its

https://doi.org/10.1016/j.arabjc.2024.105701
Received 29 November 2023; Accepted 28 February 2024
Available online 4 March 2024

metallic nature very slowly that makes it a good conductor to heat and
electricity (Ali et al., 2020). For instance, there are reports of many
contradictory trends of a specific property as a result of the differences
between the used synthesis methods (Farha et al., 2020).

In this work, a simple sol-gel route of synthesizing Ni-doped ZnO
nanoparticles with 0, 3, 5, 7 and 9 wt% Ni doping was used. The for-
mation of Ni doped ZnO nanoparticles in the current work was done via
the sol-gel route by using the nickel acetates precursor instead of the
nickel nitrates precursor as in other works e.g. (Elhamdi et al., 2022). It
is worth to mention that, using of such weak acids (acetate) is resulting
in a smaller number of nucleation sites which are the key factors to
obtain DMS nanoparticles with a single phase structure and small par-
ticle size (Bindu and Thomas, 2014). The chosen of Ni for doping in this
range is owing to the expected induced magnetic, structure and optical
variations that are based on previously reported results (Farha et al.,
2020; Dar et al., 2014; Fabbiyola et al., 2017). For instance, a shift in the
optical band gap was observed for Ni:ZnO nanoparticles that were
prepared by other works. Both red shift (Dar et al., 2014) and blue shift
(Farha et al., 2020) in the optical band gap or even both of them (Fab-
biyola et al., 2017) were reported upon Ni doping into ZnO in similar
range. Such diversity may be due to the type of used preparation method
and/or their specific preparation conditions in each method and also
after preparation treatments if so.

1878-5352/© 2024 The Author. Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


www.sciencedirect.com/science/journal/18785352
https://www.ksu.edu.sa
https://doi.org/10.1016/j.arabjc.2024.105701
https://doi.org/10.1016/j.arabjc.2024.105701
https://doi.org/10.1016/j.arabjc.2024.105701
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2024.105701&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z.H. Alhashem

In the current investigation, Ni-doped ZnO samples with Ni doping of
0, 3, 5, 7 and 9 wt% were prepared. The effect of Ni addition on the
morphological, structural, optical and magnetic behavior of the samples
was investigated. The structural of the samples was explored by using
both X-ray diffraction (XRD), and Fourier transform infrared (FTIR)
measurement. The morphology of the synthesized Ni:ZnO nanoparticles
was examined using the field-emission scanning electron microscope
(FE-SEM). The UV-VIS-NIR diffused reflectance spectroscopy (DRS) and
the vibrating sample magnetometer (VSM) measurements were done to
investigate both the optical and magnetic behaviors of the samples,
respectively.

2. Materials and methods
2.1. Synthetization

Ni doped ZnO nanoparticles have been synthesized using a simple
sol-gel method. The chemical reagents that were used in the synthe-
sizing are including: zinc acetate-dihydrate [Zn(CH3COO)2-H20 Winlab,
purity: 99.999 %], nickel acetate tetrahydrate [Ni(OCOCH3),-4H20,
Sigma Aldrich, 99.995 %], isopropyl alcohol [ACS Grade, > 99.5 %,
LabChem™] and diethanolamine (DEA), [HN(CH,CH>OH),, Thermo
Scientific Chemicals, 99 %]. Isopropanol alcohol was utilized as a sol-
vent and DEA was employed as a stabilizer. The molar ratio between
DEA and Zn(CH3COO),-2H50 was kept at 3:1. An undoped ZnO powder
was created by dissolving zinc acetate dihydrate in 75 mL of isopropanol
with a concentration of 0.4 M and stirring at 60 °C for 1 h. For the
synthesis of Ni-doped ZnO samples, nickel acetate was dissolved in
isopropanol at 60 °C for 10 min with stirring, followed by the addition of
Zn(CH3C0O0)3-2H50 to the solution. The molar ratios of nickel salt to
zinc salt ranged from 0 % to 9 %. The DEA was introduced into the
solution and stirred for a further hour to produce a clear and uniform
solution. The molar ratio of DEA to zinc acetate dihydrate was main-
tained at 3:1 for all the prepared samples. The gel was heated under
reflux conditions at 140 °C for 1 h and thereafter subjected to calcination
at 600 °C for 6 h to produce the nanocrystalline powder. The Ni-doped
ZnO samples are denoted as NZ-0, NZ-3, NZ-5, NZ-7, and NZ-9, repre-
senting the different molarity concentrations of Ni acetate and zinc
acetate-dihydrate used: 0 %, 3 %, 5 %, 7 %, and 9 %, respectively. Fig. 1
shows a schematic diagram of the synthesis stages for Ni:ZnO
nanoparticles.

2.2. Characterizations

The crystal structure of the manufactured Ni-doped ZnO samples was
investigated using X-ray diffraction (XRD). A CuK radiation source (A =
1.5406 A) was employed in the XR-Phillips X’pert (MPD 3040) diffrac-
tometer to conduct XRD measurements. The XRD patterns diffracted
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were acquired over the 20 range of 20 — 80° with a step size of 0.03°.
The Rietveld refinements of XRD data were obtained using FullProf suite
software. The JASCO FT/IR-4100 spectrometer, was used for the FTIR
measurements. The FTIR transmission spectra for the under investiga-
tion samples were captured in the wavenumbers range between 400 and
4000 ecm ™. The field-emission gun, environmental scanning electron
microscope (FEG-ESEM, ThermoFisher Quanta S), was used to check the
morphology of the synthesized Ni-doped ZnO samples. The Miro- Raman
spectra of the samples were obtained by using a Raman microscope
(Horiba spectrometer, Labram HR Evolution) that equipped with a He-
Ne laser excitation source (633 nm).

The diffuse reflectance spectroscopy (DRS) was performed using an
integrating sphere attachment to the JASCO spectrophotometer (UV/
Vis/NIR V570). The diffuse reflectance measurements were done over in
the spectral range of 200 to 2500 nm with a 1 nm increments. A Lake
Shore 7400 vibrating sample magnetometer (VSM) instrument was used
to acquire the room temperature magnetic measurements. The external
applied magnetic field was in a range from —5 kOe to 5 kOe.

3. Results and discussion
3.1. Structure characterization of Ni doped ZnO nanoparticles

Fig. 2 shows the X-ray diffraction patterns of the undoped, Fig. 2 (a)
and Ni-doped ZnO, Fig. 2 (b - e) samples, with Rietveld refinement
calculations. A very good refinements were obtained for all the samples
according to the values of chi square factor as listed in Table 1. The
Rietveld refinements confirmed that all the samples contain the ZnO
wurtzite structure as a main structure which is in an agreement with the
standard data of the wurtzite ZnO. In addition, all the samples showed a
higher intensity in the (101) orientation comparing to all the other di-
rections. The formation of a NiO phase upon the surface of ZnO nano-
particles is also confirmed in doped samples as shown in Fig. 2 (b - e).
The NiO phase is according standard data of face-centered cubic (FCC)
rock-salt structure the (JCPDS, card # 04-0835). The intensity NiO
peaks are increasing with increasing of the Ni content in the samples
which is reflecting the orderly development of the NiO phase. On the
other hand, the ZnO wurtzite structure is still dominant in all the sam-
ples which is indicating the formation of NiO secondary phase is only at
the surfaces of the nanoparticles (Farha et al., 2020). Since Ni ions are
unstable oxides and have tendency to form Ni-rich oxides on the surface
of the metal-oxide matrix as well as the mismatch between the ionic
radii of Ni (0.69 A) and Zn (0.74 A) ions (Farha et al., 2020; Jlassi et al.,
2014).

The average crystallites size, D, was calculated based on the Wil-
liamson-Hall equation, Pcosd = % + 4esind, where, 0 is the Bragg
diffraction angle, A is wavelength of used X-ray source (1.5406 A), P is
the FWHM of the selected XRD peaks and ¢ is the strain in the samples

Zn(CH3CO0),.H,O +
Ni(OCOCHS,), - 4H,0 +
Isopropanol
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Fig. 1. The schematic diagram of the synthetization steps for Ni:ZnO nanoparticles.
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Fig. 2. XRD patterns for the investigated Ni-doped ZnO nanoparticles (a) NZ-0, (b) NZ-3, (¢) NZ-5, (d) NZ-7, and (e) NZ-9.
Table 1

The average crystallites size (D), percentages of ZnO wurtzite phase, % and NiO rock-salt FCC phase, %, strain (), the lattice constants (a & c), and the cell volume for

Ni-doped ZnO nanoparticles.

Sample D, nm ZnO wurtzite phase, % NiO rock-salt phase, % Strain, (g) a, A c, A cell volume, A3 Chi? factor
NZz-0 24.7 100.0(1.2) 0.0 —0.0009 3.2514 5.2073 47.674(0.004) 0.7523
NZ-3 39.6 98.4(3.5) 1.6(0.3) 0.0004 3.2505 5.2066 47.641(0.004) 0.6982
NZ-5 47.8 87.1(1.5) 12.9(1.0) 0.0015 3.2487 5.2044 47.568(0.004) 0.8981
NZ-7 40.7 92.6(2.1) 7.4(0.9) 0.0009 3.2514 5.2081 47.681(0.004) 0.774

NZ-9 35.5 91.4(2.5) 8.6(1.2) 0.0007 3.2480 5.2029 47.535(0.004) 0.652

(Mazher et al., 2004; Farha et al., 2023; Mote et al., 2012). The average
crystallite size, which was determined using the NiO peak (200) at 43
nm, was constant across all samples.

The average crystallites size, D, for Ni doped ZnO nanoparticles that
are based on ZnO wurtzite are tabulated in Table 1. The Williamson-Hall

plots of 4sind verses Pcosé result in a straight line for each sample of as
shown in Fig. 3. The Williamson-Hall (WH) method gives an average
crystallite size as presented in Table 1. The average crystallite size is
almost close to 40 nm for doped samples such results could be due to the
fact that Ni doping results in no change in the ZnO wurtzite peaks width.
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Fig. 3. Williamson-Hall plots of 4sinf verses pcosé for investigated Ni-doped ZnO nanoparticles.

This indicates that the Ni addition dose not obstructing the crystal
growth of the ZnO host matrix.

The lattice parameters and unit cell volume of wurtzite structure of
Ni:ZnO samples were obtained from Rietveld refinement of XRD results.
The lattice constants a and ¢ are showing no or too little variations as Ni
content increases as seen from Table 1. Since formation of the NiO phase
on the surface the volume of the unit cell of wurtzite structure shows no
much changes in all samples. The average crystallites size (D), lattice
parameters (c and a), c¢/a, cell volume (V) and lattice strain (&) of Ni:ZnO
NPs are tabularized in Table 1. The obtained strain values are showing
little change with increasing of the Ni content in the nanoparticles. No
clear splitting in the XRD in the highest three peaks of ZnO wurtzite
structure as Ni content is increasing. However, XRD peaks show shifts to
lower 26 with increasing of Ni demonstrating presence of lattice stress
by Ni (Farha et al., 2020). Upon addition of Ni in the samples, the for-
mation of NiO phase become more pronounced on the surface. The
formation of NiO phase is confirmed from the increase of the XRD peaks
of NiO phase (Farha et al., 2020; Mazher et al., 2004).

3.2. FTIR characterization

FTIR measurements were used for an additional investigation for the
structure of Ni doped ZnO nanoparticles. Ni doped ZnO nanoparticles’
FTIR spectra are displayed in Fig. 4. The samples’ generated absorption
peaks are seen in the FTIR spectra. Similar spectra were obtained for Ni
doped and pure zinc oxide samples, as shown in Fig. 4. These results are
in good agreement with the XRD findings, as the creation of wurtzite

Transmittance (a.u.)

. | Zn-0 N .

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4. FTIR transmittance spectra of investigated Ni-doped ZnO nanoparticles.

ZnO structures was observed in all of the samples. Identical results also
have been reported for other ZnO doped systems (Mansour et al., 2021;
Farha et al., 2016).

Staring at high wave number values, the absorption band at 3700
cm ™! is representing the vibration mode of O-H group. Such absorption
band is showing the highest intensity in the pure ZnO sample as shown
in Fig. 4. This result is referring to the adsorption of OH on the surface of
ZnO sample with large amounts comparing to that on Ni doped ZnO
samples. Similar results have been reported for Co-doped ZnO nano-
particles prepared by other methods (Farha et al., 2016). Following that
an absorption band at ~ 2335 cm ™ is rising from CO, group that des-
orbed from the atmosphere (Maensiri et al., 2006). This peak is rela-
tively small that is referring to well crystalline structure. Also this band
is higher in intensity for ZnO sample comparing to doped samples. In
addition, an absorption band at 1600 cm™! is presenting stretching for
bonding of C = O group from zinc acetate salt (Djaja et al., 2013). The
last absorption band at about 450 cm™! is presenting in all the studied
samples is assigned to the ZnO stretching mode, with no shift upon Ni-
doping of the samples. Such results of the fixed position of ZnO peak in
all samples are in good agreements with unchanging in the lattice con-
stant with Ni-doping that obtained from XRD results (Ahmed et al.,
2012; Senthilkumaar et al., 2008; Li et al., 2004).

Raman measurements are acquired to inspect the crystalline quality
of prepared Ni:ZnO nanostructures. In addition, for the current study
Raman spectra can be analyzed to investigate the role of Ni doping in
ZnO wurtzite structure. Room temperature Raman spectra of the pre-
pared Ni:ZnO nanostructures are presented in Fig. 5. The spectra consist
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Fig. 5. Room temperature Raman spectra of investigated Ni-doped ZnO
nanoparticles.
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of several peaks in which the sharpest and strongest are centred around
99 cm ! and 438 cm L. These two peaks are associated with the low and
high frequency modes of non-polar optical phonons; E; and EY respec-
tively (Farha et al., 2020). E5 modes are corresponding to vibrations of
weighty zinc sub-lattice, and EYf modes are corresponding to vibrations
of oxygen sub-lattice. Therefore, these modes are characteristic for the
formation of the ZnO wurtzite structure (Rana et al., 2017). These modes
are presented in all the samples, however, there is a weakness in the E
mode with the incorporation of Ni ions into the host lattice of ZnO. Such
reult indicates that an increase of the structural defects in the samples
and the presence of surface local distortion are induced by the increase
of Ni content. Also, it can be observed from Raman spectrum of ZnO
sample (black line in Fig. 5) that there is a peak centred at around 332
em ™. This peak is associated with E¥ —E% phonon modes which are
belonging to the ZnO wurtzite structure. This peak is not appearing in
Raman spectra of Ni doped ZnO samples which indicates an obvious
effect of Ni doping on ZnO. Moreover, other vibration modes are
detected which are assigned to a peak centred around 380 cm™!. This
peak is associated with A;(TO); transvers optical polar phonon modes
which are corresponding to ZnO wurtzite structure. A;(TO) modes show
the polar lattice strength of ZnO crystal structure (Yang et al., 2004).
These modes are not existing in Ni:ZnO spectra as well. All observed
peaks are resulted from the first order phonon scattering (George and
Anandhan, 2014; Mironova-Ulmane et al., 2019).

The examined Ni:ZnO nanoparticles’ FE-SEM micrographs are shown
in Fig. 6. As observed from Fig. 6, the particles that are produced in all of

mag WKV HW  pressure
mm 10000 x 15.00 kV 20.7 ym 50 Pa
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the under investigation samples have a somewhat consistent spherical
shape with high degrees of agglomerations. These micrographs also
show the formation of nano-sized particles with highly agglomerated
properties that combine to form relatively homogeneous microspheres.
In fact, because of their high surface area and higher surface to volume
ratio the small nano-sized particles tend to agglomerate. The resulting
nanoparticle size forms are very similar to variations with Ni content
supporting the preservation of host structure of the samples studied.

Nevertheless, the diameter distribution in Fig. 7 indicates that the
pure sample, NZ-0, has a more homogeneous size distribution centered
around the most often observed diameter, in contrast to the doped
samples. This could be referred to as a passive effect of doping by Ni due
to the close range of the obtained particle. While the most frequently
observed diameters for all samples are similar. It is important to
acknowledge that there is a significant discrepancy between the values
of the most frequently observed particles from SEM and the crystallite
sizes acquired from XRD for all the samples under investigation. The
observed variance can be explained by the presence of many crystallites
within the particle, which may result in the particle size is bigger than
the size of individual crystalline domains. Consequently, the particle size
and crystallite size often differ due to the formation of polycrystalline
aggregates (Mansour et al., 2023).

3.3. Optical characterization

The UV-Vis-NIR diffuse reflectance spectra (DRS) of Ni-doped ZnO
nanoparticles are displayed in Fig. 8. Such figure demonstrates a robust

Fig. 6. FE-SEM micrographs of investigated Ni-doped ZnO nanoparticles. (a) NZ-0, (b) NZ-3, (c) NZ-5, (d) NZ-7, and (e) NZ-9. The inset micrograph in each figure

shows the selected zones with higher magnification.
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Fig. 7. particles’ size distributions of investigated Ni-doped ZnO nanoparticles.
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Fig. 8. UV-Vis-NIR diffuse reflectance spectra of investigated Ni-doped ZnO
nanoparticles.

absorption band at wavelengths below 370 nm in all the samples. This
strong absorption band is originating from the transitions over the op-
tical energy gap (Smith, 1978). The pristine ZnO sample shows the
highest reflectance (R) value of 82.5 %, at a wavelength of 728 nm. The
reflectance values of a pristine ZnO sample exhibit a plateau that is
ranging between 78 and 82.5 % in the wavelength range 546—1354
nm. However, as one can see from Fig. 8, R values of the Ni-doped ZnO
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nanoparticles are considerably lower than these of pristine ZnO sample.
The reflectance from the doped samples sharply decreased at 722 and
1166 nm over the relevant wavelength range, (546——1354 nm), this
may be due to the increase of the absorption upon the formation of the
additional NiO phase. Such formation presented and/or as trap levels
that were created because of the addition of Ni ions.

To study the effect of Ni- doping on the reflectance capability of the
nanoparticles DRS measurements in NIR and Vis ranges were done. In
order to compare the reflectance ability of the synthesized nanoparticles
throughout both the NIR and Vis ranges. Whereas, the NIR solar
reflectance (Ryg) in a range from 700 to 2500 nm and the visible solar
reflectance (Ry;) in a range from 390 to 700 nm, were evaluated using
the following equations: Eq. (1) and Eq. (2), (Jose et al., 2014; Baneshi
et al., 2009):

Ry = T ————— - @

where i()) is the solar spectral irradiance (Wm'znm’l), and r(}A), the
experimentally measured spectral reflectance (Wm™2). However, Eq. (2)
uses the normalized standard luminous efficiency (n())) based on the
photopic condition of CIE #1931 to estimate the Ry;; values.

70 (O (A)i(A)dA

Ry, = 2390 2

! 705 (1) dh @
The variations of Ry and Ry;s as a function of Ni content are illustrated
in the Fig. 9. Both Ry and Ry;s values decrease with increasing of Ni
content in the samples. The increase in the trap states brought by Ni
doping could be the cause of Ni-induced monotonic reduction in
reflection across both the NIR and Vis regions. The density of trap states
is the main contributor to the reflectance variation with Ni doping due to
the close values of particle size.

Using Kubelka-Munk (K-M) method, the energy band gap (Ey) is
determined for powdered materials from DRS findings. As a result, the
following formula was used to assess the K-M function F(R) (Kortiim,
XXXX):

F(R) = =< )

R is the measured reflectance value. However, the absorption and
scattering coefficient K-M are named k and s respectively. In fact, it was
proposed by K-M method that F(R) is corresponding to the linear ab-
sorption coefficient (). For direct-band gap materials, the relation be-
tween o and Eg is given by (Smith, 1978; Escobedo Morales et al., 2007):

(@ = €\~ E) @
60 r 0.18
L 30
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L 28
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Fig. 9. The variations of Ry,R,s and Ey for the investigated Ni-doped ZnO
nanoparticles as a function of Ni acetate molarity weight percentage.
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where C; is the proportionality constant and hv is the incident photon
energy. When the incidence angle of illumination is at 60 degrees and
the diffuser is operating at its best performance, the value of k can be
thought of as being the double of a. Furthermore, it was suggested that
Eq. (3) may be rewritten in terms of F(R) as follow (Smith, 1978;
Escobedo Morales et al., 2007):

[F(R)Ww]* = Cy(hv — Ey), 5

where the C; is a constant that is related to s and C; factors. In light of
this, Fig. 10 displays the graphs of [F(R)hv]? versus hv for the examined
nanoparticles samples. Each sample under study had its E; value
calculated by an extrapolation of the straight part of the curve at

[F(R)hv]* = 0. Table 2 contains a list of the obtained Eg values. The
doped samples’ Eg values are lower than those attained in the pristine
ZnO sample. Additionally, the acquired energy band gaps of the exam-
ined samples and the variation between those values is just 0.0205 eV,
which is quite small. The extremely small change in Eg values with the
addition of Ni supports the findings from the XRD that the formation of
NiO phase is on the surface of ZnO nanocrystals without changing in the
ZnO host structure. The obtained energy gap values are very close for all
the studied samples, which indicating a non-distinct effect of the addi-
tion of Ni on the band gap values. Moreover, the average value of energy
gap for the samples under study is 3.164 eV, which is less than the value
for bulk ZnO (3.37 eV). The similar outcome was reported in the liter-
ature (Yamamoto et al., 2003; Soriano et al., 1993; Alkallas et al., 2019).
For instance, the causes were put down to the intergranular regions’
likely to the high density of defects or vacancies, which resulted in a
narrowing of the optical energy gap. In reality, the emergence of defects
and/or vacancies because of doping the host structure that is ultimately
causing the formation of state in the energy band gap. Such states in the
gap states are forming a band tails, which are extending of both valence
band and conduction bands. The defect states are referred to as the
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Fig. 10. Plots of [F(R)hv]* versus hu of investigated Ni-doped ZnO
nanoparticles.
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Table 2

Energy gap, (E;) and Urbach energy (Ey) for Ni-doped ZnO nanoparticles.
Sample Eg, (eV) Ey, (eV)
NZ-0 3.208 0.123
NZ-3 3.163 0.143
NZ-5 3.178 0.156
NZ-7 3.157 0.173
NZ-9 3.164 0.172

Urbach tail, and the energy that correlates to their formation is known as
the Urbach energy (Ey) (Choudhury et al., 2013). Urbach energy reveals
imperfections in the stoichiometry arising from oxygen and magnetic
ions. Furthermore, it signifies the disarray of the phonon states (Dhibi
etal., 2023; Raddaoui et al., 2022; Souifi et al., 2022). Considering what
is previously known, the Eyy may be evaluated from the absorption co-
efficient calculation (Boubaker, 2011):

a = agexp(hv/Ey), (6)

where ap is the pre-exponential factor. Per K-M assumptions F(R) is
corresponding to o, and in this regard the plotting of In [F(R)] vs hv was
used to identify the Ey. In this case, as shown in Fig. 11, the plot of In [F
(R)] vs hv yields a straight line for each sample under study, and the Ey
values are obtained from the reciprocal of their slopes. The variation of
the Urbach energy, Ey as a function of Ni content is presented in Fig. 9.
As seen from Fig. 9, with an increase in Ni content, the Ey values steadily
rises from 123 to 173 meV. This finding confirms that the increase of Ni
concentration lowers Ryr and Ry;s values due to the formation of the
trap levels in the gap. It is important to note that the high density of trap
states that could cause this drop in reflectance values due to increasing
of optical absorbance of the material (Farha et al., 2023). Moreover, the
values of Ey for samples with high Ni content, namely, NZ-7, and NZ-9

INZ-9

Ln [F(R)]

3.08 312 3.16
hv (eV)

Fig. 11. Plots of In[F(R) ] versus hv of investigated Ni-doped ZnO nanoparticles.
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are almost equal, which could refer to a saturation in the of Zn?* ions by
Ni2* ions in the host phase structure. Aside from confirming the variable
behavior of Ryjr and Ry, as well as the variation of Ey with Ni con-
centration, the results show that Ni concentration allows for the control
and optimization of reflectance in both the visible and NIR bands. These
findings suggest that the researched samples could be employed as cool
pigments of an artistic nature in a variety of painting applications. As
previously stated, most of the solar radiation is in the NIR radiation area,
which causes heat buildup in the surroundings and buildings. The in-
crease in Rypr of coating materials provided a cooling tool and permitted
energy savings from conventional cooling systems. In contrast, a
decrease in Ry; reduces the glare of reflected sunlight and lowers visual
discomfort caused by coating materials (Mansour et al., 2023). This
finding is consistent with an increase in NiO phase production on ZnO
nanocrystal surfaces in the high Ni content samples. Such a conclusion is
well in line with that was revealed using XRD for those samples.

3.4. Magnetization analysis

Fig. 12 displays the magnetization (M) against magnetic field (H)
curves for the Ni:ZnO nanoparticles. The hysteresis loops that have been
observed indicate that the room temperature ferromagnetic (RTFM)
behavior is being exhibited by both the undoped and Ni doped nano-
particles. This demonstrated that employing ZnO as the host crystal
allowed for the efficient production of DMS. Due to the high likelihood
of defects generation, the reported hysteresis loop for ZnO pristine
sample confirms the predicted RTFM for ZnO nanoparticles. According
to discussions in the literatures, flaws that could trap electrons are
promoting FM ordering (Santara et al., 2014). In fact, the existed of
oxygen vacancies and/or Zn defects sites are causing the RTFM behavior
in ZnO. Such results had been observed in numerous research works,
including (Mansour et al., 2021; Hong et al., 2007; Xu et al., 2008).
According to Athinarayanan and Rao (Sundaresan and Rao, 2009),
RTFM behavior has been proposed as an inherent characteristic of
inorganic nanoparticles and is restricted to the surface of the nano-
particles. Due to the competing combined actions between the transition
metals as well as oxygen vacancy, the FM characteristic parameters
including the coercive field, saturation magnetization, retentivity, and
squareness showed non-monotonic variations with Ni concentration.
Such non-monotonic change is noticeably perceived from the enlarge-
ment inset of Fig. 12. It is important to note that FM behavior of DMS-
NPs is ascribed to the free delocalized charge carriers, which are
essentially resulting from oxygen vacancy defects, and d-spins of Ni ions.
On the other hand, the competing of FM and antiferromagnetic (AFM)
interactions could cause such a non-monotonic variations in of magnetic
performances of the current samples. The AFM behavior is commonly
predominate when the concentration of the magnetic ion increases, that
causes the formation of magnetic ions clusters (Mansour et al., 2021).
This closely matches the measured saturation magnetization of NZ-9
sample (0.035 emu/g), which is lower than the NZ-7 sample’s satura-
tion magnetization of 0.08 emu/g.

4. Conclusion

Ni-doped ZnO nanoparticles with molarity concentration ratios of 0,
3, 5,7, and 9 % between Ni and Zn salts were successfully produced
using a simple sol-gel method. All Ni:ZnO nanoparticles had a ZnO
wurtzite structure and a NiO rock-salt phase on at their surfaces as
confirmed by samples’ XRD and Raman spectra. Rietveld refinements
showed the formation of both phases with no much changes in the
average crystallite size and particles size upon Ni doping of the samples.
Increasing the Ni concentration in the samples causes a rise in the
density of traps, which results in a reduction in the samples’ (Ryr) and
(Ryss) solar reflectance. Weakness in the Ef mode of Raman data is also
verified the formation of structural defects in the samples with the
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Fig. 12. Room temperature magnetization-field curves of investigated Ni-
doped ZnO nanoparticles.

incorporation of Ni into of ZnO lattice. Additionally, a peak linked to the
ZnO wurtzite structure with E¥ —E phonon modes was detected in the
Raman spectrum of ZnO. The energy band gap (Eg) of the samples
showed an average value 3.164 eV. The band tails Urbach energy (Ey)
raises from 123 to 173 meV upon increasing of Ni content in the samples
in agreement with increasing of the traps density upon doping. The
RTFM in all Ni:ZnO samples is another phenomenon that is connected to
the density of traps. Such FM behavior is attributed to d-spins of Ni ions
and oxygen vacancy defects.
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