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Abstract

Many studies have concentrated on exploring behaviors of nickel silver oxide nanoparticles using various routes of fabrica-
tion. Thermal treatment technique has never been utilized to fabricate nickel oxide silver oxide nanoparticles. In this research,
binary (NiO), 4 (Ag,0), ¢ nanoparticles were synthesized using the thermal treatment method due to its attractive advantages
such as low cost, eco-friendly, and purity of nanoparticles. The structural, morphological, and optical behaviors of these
nanoparticles were investigated at different calcined temperatures. X-ray diffraction (XRD), transmission electron microscopy
(TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), ultraviolet—visible spectros-
copy (UV-Vis), and photoluminescence (PL) were the techniques used to characterize the synthesized nanoparticles. XRD
was conducted at different calcined temperatures. The crystallite size was increased from 25.4 nm to 37.0 nm as the calcined
temperature increased from 500 °C to 800 °C. Also, TEM results verified that the mean particle size was enlarged as the
calcined temperatures increased. Two band gaps were found for each temperature, which were decreased from (3.05, 2.45)
to (2.70, 1.95) eV as the temperature varied from 500 to 800 °C, respectively. Broadbands were observed by PL spectra, and
the intensity of two emission peaks was also increased at higher temperatures. The results approved the successful formation
of binary (NiO), 4 (Ag,0), ¢ nanoparticles by a novel facile synthesis route. These nanoparticles are likely to have various
applications, especially optical applications due to the formation of two band gaps.

Keywords (NiO),, (Ag,0),¢ nanoparticles - Structural properties - Optical properties - Polyvinylpyrrolidone - Thermal
treatment route

1 Introduction studied due to their valuable applications. Nickel oxide is
a p-type semiconductor material [19-21], which has a wide
Metal oxide nanoparticles (NPs) have resulted from the reac-  band gap energy range of 3.6—4.0 eV [1, 20, 21]. Consider-
tion between metal elements and oxygen. Nickel oxide (NiO)  able interest in the properties of metal oxide NPs has been

[1-9] and silver oxide (Ag,0) NPs [10-18] were widely developed over the last few years [22, 23]. NiO NPs were
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formed in different shapes: nanospheres [1-4, 7, 19, 24, 25],
nanorods [5, 9], and thin films [8]. Different shapes were
found in several studies for Ag,O NPs such as cube, ellipsoid
[10], and spherical shape [12-18, 26-28].

Because of its optical and electrical properties [2], the
use of NiO NPs in various applications has been gradually
increased. Also, NiO NPs are well known as antiferromag-
netic materials [1]. Extensive applications of NiO NPs were
reported in several studies such as electrochemical perfor-
mance, sensors [3, 19, 29], biosensors [6], Li-ion batteries
[4, 5], catalysts for hydrogen evolution reaction [3], fabri-
cation of hybrid perovskite solar cells [7], energy storage
and memristor technologies [8], optoelectronics [9], photo-
catalytic degradation [20], and antibacterial applications [2].
Conversely, Ag,0 is known as a p-type semiconductor with
an energy band gap of 1.2 eV [30, 31]. Ag,0 NPs have been
widely used as antimicrobial (antibacterial) agents [10-18,
32]. Other applications are also reported in different stud-
ies such as dye degradation and insecticidal activity [10],
antifungal activity [11], photocatalytic agent for different
uses [12, 14, 15, 31], antibacterial action against species of
dental bacteria [13], anti-inflammatory, antioxidant, antidia-
betic [18], cytotoxic, insecticidal, phytotoxic, antioxidant,
anthelmintic agents [32], anticancer agent [16, 17], sensors
[33], methanol sensing applications [28], pharmaceutical
products, cosmetic, food industry, water treatment, gas sens-
ing, electronics, construction materials, and paints industry
[17], fuel cells, photovoltaic solar cells, optical switching,
and data storage devices [26, 31, 34].

NiO and Ag,0O NPs have been fabricated by different syn-
thesis routes in the current research studies. NiO NPs were
synthesized by sol—gel [1, 7-9], a hydrothermal method [3,
5], thermal decomposition [4, 24], co-precipitation method
[6], microwave combustion method [2], aqueous chemi-
cal growth procedure [29], and green synthesis procedures
using Agathosma betulina plant extract [35], medicinal plant
Prunus persica [19], Calotropis gigantea leave extract [36],
and Ananas comosus leaf extract [20]. Conversely, Ag,0
NPs were synthesized by different synthesis routes: thermal
decomposition [33], co-precipitation [17], simple chemical
method [34], simple solution method [28], capping method
[27], combustion method by Gomutra (cow urine) [15], and
via green synthesis by using C. edulis extract [10], Daphne
alpina [11], Lippia citriodora plant powder [12], Zephyran-
thes rosea flower extract [18], Ficus benghalensis prop root
extract [13], Centella asiatica and tridax plant powder [14],
Lactobacillus mindensis [26], and medicinal plant Cyathea
nilgiriensis Holttum [16].

Also, many researchers fabricated nickel/silver [37-40]
and silver nickel oxide NPs [41-47] by different synthesis
routes. The mentioned methods are faced many limita-
tions such as long procedure, use of many chemicals and
reagents, relatively high cost, and some impurities that can
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be found in the final product. Therefore, the production of
pure NPs using a method that is simple, inexpensive, and
eco-friendly is highly required. Based on these advantages,
the thermal treatment method was chosen for the synthesis
of binary nickel oxide—silver oxide NPs for the first time to
our knowledge. The effect of varying the temperature will
be investigated on the prepared NPs. In this research, good
optical properties will be achieved by producing NPs with
two band gaps. The synthesized NPs can be used in applica-
tions and devices that require the absorption of a broad range
of visible light.

2 Experimental method
2.1 Materials

The nickel (II) nitrate hexahydrate (Ni(NO;),.6H,0) and
silver nitrate (AgNO;) were taken as precursor materials
for the synthesis of (NiO), 4 (Ag,0), ¢ NPs. Polyvinylpyr-
rolidone (PVP) was employed as a capping agent and a sta-
bilizer to prevent aggregation. Reactions were carried out in
deionized water as a solvent. Ni(NO;),.6H,0 (99%), AgNO;
(99%), and PVP (99.99%, MW =29,000 g mol™!) were pur-
chased from Acros Organics, Bendosen, and Sigma-Aldrich,
respectively.

2.2 Methodology

In the current research, a simple thermal treatment method
was employed to fabricate a novel binary material; namely,
(NiO) 4 (Ag,0) ¢ NPs. PVP (0.5 g) was dissolved in deion-
ized water (100 ml) at 80 °C. Then 0.004 mol (1.1632 g)
of Ni(NO3),.6H,0O and 0.006 mol (1.0193 g) of AgNO;
powders were dissolved in the solution of PVP and deion-
ized water until all precursors were dissolved. The prepared
solution was poured into Petri dishes and dried in an oven at
85 °C for 24 h. Each dried residue was crushed using mortar
and pestle and then kept at room temperature for analysis.
Finally, each residue was calcined in a furnace at 500, 600,
700, and 800 °C for 3 h at a heating rate of 3 °C min~!. The
prepared samples were taken for analysis by TGA, XRD,
TEM, EDX, XPS, TEM, UV-Vis, and PL.

2.3 Characterization

The synthesized (NiO), 4 (Ag,0)q NPs were analyzed
using different characterization techniques (TGA, XRD,
TEM, EDX, XPS, UV-Vis, and PL). A PerkinElmer ther-
mogravimetric analyzer (TGA 4000) was used for thermal
analysis. The analysis was operated by using N, as purging
gas, at a heating rate of 10 °C min~! within a tempera-
ture range from 30 °C to 900 °C. The structural properties
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of the synthesized NPs were studied by X-ray diffraction
(XRD), energy-dispersive X-ray spectroscopy (EDX), and
X-ray photoelectron spectroscopy (XPS). XRD was inves-
tigated the crystal structure and the crystalline size of NPs.
An XRD diffractometer (Rigaku-smart lab, Japan) with
an X-ray source of Cu-Ka radiation of 0.154 nm, running
at 40 kV and 30 mA, was employed for this purpose. All
samples were scanned in the region between 3° and 90°.
EDX was applied to identify the elemental composition
of the prepared samples. It was carried out using an EDX
spectrometer (Hitachi SU8020). XPS was also used to
study the elemental composition, chemical and electronic
states of elements found in the prepared NPs. The analysis
was performed using Kratos Axis Ultra X-ray photoelec-
tron spectrometer. Hitachi HT7700 transmission electron
microscopy (TEM) was operated at an accelerating volt-
age of 200 kV to study the dimensions and morphology
of the synthesized NPs. The optical properties of the pre-
pared NPs were studied using UV—Vis spectrophotometer
from PerkinElmer model (LAMBDA 1050). The optical
reflection of the samples was recorded in a wavelength
range between 200 and 850 nm, and its resolution reaches
0.05 nm. Also, the optical features were studied from pho-
toluminescence (PL) measurements. The analysis was car-
ried out using the PTI QuantaMaster™ 60 fluorescence
spectrophotometer that equipped with xenon illuminator
(75 Watts), xenon flash lamp, LEDs, and laser diodes.

Fig. 1 Mechanism of reaction
between precursors and PVP

to produce binary (NiO), , N
(Ag,0)y6 NPs N - |

3 Results and discussions

3.1 Mechanism of formation of binary metal oxide
nanoparticles

The mechanism occurred for preparing binary (NiO) 4
(Ag,0),6 NPs is shown in Fig. 1. An interaction happened
between ions (Ni** and Ag™) and PVP in the solution. The
powerful ionic bonds held all constituents together includ-
ing the amide groups of the polymer chains and the metallic
ions of the oxides. The metal precursors were dissolved with
the existence of amide groups (in pyrrolidone rings) and
methylene groups (in the polymer). Polymers are assumed to
have an important role as a capping agent to the metallic ions
when they were adsorbed to the surface. Initially, these short
chains of the polymer were constructed due to the breakage
has happened inside the stabilizer (PVP). In fact, homoge-
neous dispersion of metallic ions was certainly occurred
throughout the polymer due to its short chain. While dry-
ing, water was removed, and hence, the mobility of metallic
ions was frozen. Due to the oxidization of Ni** and Ag™ ions
during heat treatment, (NiO),, 4, (Ag,0), ¢ NPs had produced.
The reaction that occurred between NiO and Ag,0 under
heat treatment initiated the formation of the binary phases.
Organic matter was eliminated, and NPs started merging
as the temperature increased which caused the particle size
with minimum surface energy to enlarge. The final role for
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PVP in this study was the nucleation of (NiO), , (Ag,0)¢¢
NPs during calcination. However, the use of PVP with a high
molecular weight value (> 10,000 g mol~!) has an advantage
of minimizing the aggregation of smaller NPs due to the
existence of polyvinyl groups, which have produced repul-
sive forces [48].

3.2 Thermal analysis

Thermal analysis of nickel nitrate, silver nitrate, and PVP
was conducted by thermogravimetric (TGA) and differential
thermal (DTG) analyses to identify the calcination optimal
initial temperature. Figure 2 shows TG-DTA curves for the
synthesized NPs, containing PVP (MW =29,000 g mol~)
and bimetallic nitrate before calcination. After calcina-
tion, four stages for loss of weight were appeared. The first
loss was happened for trapping moisture from the sam-
ple, which observed above 200 °C. Two other small peaks
resulted from the breakdown of organic compounds that
appeared at 300 °C and below 400 °C. Finally, the majority
of PVP had been broken down, so the highest weight loss
was recorded at 424 °C. It was noticed that the variation
in weight loss against temperature became insignificant at
464 °C, which indicates that the remainder of the PVP was
decomposed completely into carbonaceous products. No
additional weight loss was found above 464 °C. The removal
of carbonaceous matter had happened within the range of
424-464 °C. The color was changed from green to dark gray,
indicating the formation of high-purity NPs.

3.3 Structural characterizations

XRD diffraction patterns for (NiO), 4 (Ag,0), ¢ NPs before
and after calcination are shown in Fig. 3. No diffraction

Fig.2 TGA and DTG derivative 110 L inanan
curves for bimetallic nitrate and [
PVP at a heating rate of 10 °C/ 100
min 90
80
70

Weight (%)
w
S

peaks were appeared for NiO and Ag,0O at room tempera-
ture, which indicates that the sample is amorphous. After
calcination, the crystals were formed so many diffraction
peaks were appeared for both NiO and Ag,0O which are
labeled by (*) and (#) symbols, respectively. The diffraction
peaks of NiO were appeared at 20 of 37.2°, 43.2°, 62.8°,
75.3°, and 79.2° which were indexed to (111), (200), (220),
(311), and (222) plane indices, respectively. Conversely, the
diffraction peaks of Ag,O were found at 20 of 38.1°, 44.2°,
64.4°,77.3°, 81.5°, and 97.8° which were related to (111),
(200), (220), (311), (222), and (400) plane indices, respec-
tively. These results revealed that the synthesized nanopar-
ticles by thermal treatment method is pure since no other
peaks of impurities were appeared. It is also observed that
the crystallinity of the sample was enhanced as the tempera-
ture increased from 500 to 800 °C. The intensity of the peaks
increased and hence the crystallite size was grown from 25.4
to 37.0 nm (Table 1). In fact, the crystallite size was evalu-
ated through the Debye—Scherrer’s equation:

0.941
D=
pcosé @)

where D is the crystallite size (A), A is the wavelength of
X-ray source (nm), /3 is the intensity full width half maxi-
mum (FWHM) at (111) in this research, and 4 is the diffrac-
tion angle [49, 50]. Cubic phase were found for NiO NPs
which correlated with (DB card number 00-047-1049). Also,
Ag,0 NPs contain cubic phase which are correlated with
(DB card number 01-071-4613). So, (NiO), , (Ag,0), c NPs
were formed in a combination of these two cubic phases.

EDX analysis was done to confirm the formation of
(NiO) 4 (Ag,0)6 NPs and also to determine its elemental
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Fig.3 XRD patterns of (NiO), , (Ag,0), ¢ NPs synthesized at a room temperature, b 500, ¢ 600, d 700, and e 800 °C

composition that were calcined at 700 °C. The spectra
proved the existence of Ni, Ag, and O via the equivalent

peaks appeared in Fig. 4. The reason for the appearance =~ method [48].
of small carbon peaks might be due to the EDX holder

during test the sample. However, minimal loss of elements
was verified which reflects the degree of efficiency of this
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Table 1 XRD and TEM results for (NiO), , (Ag,0), ¢ NPs at different
calcined temperatures

Calcined temperature (°C) Particle size (nm) Crystallite
size (nm)

500 26.0 254

600 29.5 29.9

700 355 342

800 38.5 37.0

Fig.4 EDX spectra of the (NiO), 4 (Ag,0), NPs calcined at 700 °C

XPS technique determined the chemical state, purity,
and composition of the prepared NPs. The XPS pattern of
(NiO)g 4 (Ag,0), ¢ NPs calcined at 700 °C is shown in Fig. 5.
The XPS spectra show two main peaks of 3d at 374.3 and
368.3 eV binding energies, which corresponded to Ag par-
ticles. Also, four peaks were found for 2p at 880.9, 872.9,
862.0, and 855.5 eV, which were assigned for Ni. One main
peak was found for 1 s O at an energy of 529.4 eV. The
binding energies of Ag 3ds,, at 368.3 eV [51, 52] and Ag

@ Springer

3d,,, at 374.3 eV were corresponded to Ag,0 [52]. Binding
energies of 855.5 and 872.9 were related to Ni 2ps,, and Ni
2p, », respectively, for 2 + oxidation state [53]. Also, binding
energies of 862.0 eV and 880.9 eV were correlated with Ni
2ps,, (satellite) and Ni 2p,, (satellite) [51]. In oxygen, the
binding energy of 529.4 eV confirms the existence of two
oxygen types. This means that NiO and Ag,0O have pure
oxidation states [53].

3.4 Morphological characterization

Four samples were investigated and analyzed by TEM after
thermal treatment and removal of PVP at four different cal-
cined temperatures. As found earlier by XRD, crystallinity
was enhanced as the temperature increased, and hence, NPs
were formed as shown in Fig. 6. Homogeneous morphology
is also observed from TEM images in Fig. 6a-d. Uniform
spherical shape was also verified from which the particle
size was calculated for each calcined sample. The particle
size and particle size distribution of (NiO), 4 (Ag,0), ¢ NPs
were gradually increased from 26.0 nm at 500 °C to 38.5 nm
at 800 °C (Fig. 6a’, d’ and Table 1). In fact, the particles
were enlarged due to the effect of increasing temperatures
which caused a coalescence and adhesion to the particles.
Also, higher temperatures caused surface melting to the
particles producing NPs with larger sizes at 800 °C or gen-
erally at other higher temperatures. Based on the results,
thermal treatment was successfully produced uniform binary
(NiO)y 4 (Ag,0) ¢ NPs. Also, it is worth mentioning that
PVP has an important role in the formation of NPs through
a restraining effect that controlled the particle size and pre-
vented agglomeration.

3.5 Spectroscopic properties

UV-Vis analysis was performed to determine the optical
band gap of the prepared NPs. The reflectance spectra of
(NiO), 4 (Ag,0)( ¢ NPs were calcined at 500, 600, 700, and
800 °C in a range of 200-850 nm. The optical band gaps
were calculated using the Kubelka—Munk equation:

(F(R,).hv)* = A(hv — E,) )

where F(R_) is the Kubelka—Munk function, Av is the
incident photon energy, A is a constant and R, is the dif-
fuse reflectance. To determine the band gap, the values of
(F(Ry)- hv)? were plotted against (hv) as shown in Fig. 7.
The optical band gap was evaluated by drawing a straight
line to fit the experimental band gap curve and extrapolating
that line to intercept the (hv) axis [48, 54, 55]. The results
showed the energy band gap (E,) values were decreased as
the temperature increased. Two band energies were found for
each calcined sample that related to NiO and Ag,0 which
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Fig.5 XPS photoelectron spectra of the (NiO), 4 (Ag,0)q ¢ NPs calcined at 700 °C for: a Ni 2p, b Ag 3d, ¢ O 1 s, and d spectra for all regions

confirmed the production of binary (NiO), 4 (Ag,0), ¢ NPs
(Table 2). The values of E, for (NiO), 4, (Ag,0),¢ NPs were
~(3.05,2.45), (2.85,2.30), (2.75, 2.09), and (2.70, 1.95) eV
at temperatures of 500, 600, 700, and 800 °C, respectively.
These results were found to be compatible with findings by
TEM analysis. As the temperature increased, Eg values were
decreased while the particle size increased. These findings
could be affected by the quantum confinement effect, which
is the size quantization due to the position of electrons and
holes in a confined volume of NPs [48, 53, 55].

PL analysis was conducted after excitation at 320 nm to
all samples prepared at 500, 600, 700, and 800 °C, respec-
tively. Broad emission peaks were found between ~423 and
771 nm. In the PL spectra (Fig. 8), two emission peaks were
appeared for each temperature. This was taken as evidence
for the formation of binary (NiO),, (Ag,0), ¢ NPs. These
prominent peaks were positioned at 551-595, 551-595,

547-591, and 551-595 nm at 500, 600, 700, and 800 °C,
respectively. It was found that PL intensity increased as the
calcined temperature increased (Table 3). Higher tempera-
tures enhanced the crystallinity, so the maximum PL inten-
sity and hence the optimal crystallinity were found at 800 °C
[48, 55]. In fact, the reason for the emission of visible light
in oxide NPs was due to the presence of free carriers that
were originated from oxygen vacancies and intrinsic defects
[56]. Also, the two peaks were produced due to movement
that happened between the recombination of electron—hole
pairs, oxygen vacancies, and metal ions [48]. The transition
for the most intense peak in each sample emitted photons
with green light, whereas the less intense peak emitted pho-
tons of orange light (Table 3). Generally, PL spectra can be
used as a significant tool to determine the effectiveness of
charge carrier trapping and movement. The intensity which
results from the recombination of electron—hole pairs is an

@ Springer
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Fig.6 TEM images (at scale

of 50 nm) and related particle
size distribution histograms for
(NiO), 4 (Ag,0)( ¢ NPs calcined
at (a, ') 500, (b, b) 600, (c, ¢)
700, and (d, d) 800 °C
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Fig.7 Energy band gap of (NiO),, (Ag,0), NPs calcined at a 500,
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Table 2 energy band gap (eV) of (NiO), 4, (Ag,0), ¢ NPs at tempera-
tures from 500 to 800 °C

Temp. (°C) 500 600 700 800
(NiO)y 4 3.05 2.85 2.75 2.70
(A2,0)p 2.45 2.30 2.09 1.95
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Fig.8 PL spectra of (NiO),, (Ag,0)y¢ NPs synthesized at a 500, b
600, ¢ 700, and d 800 °C

Table 3 PL data for (NiO),, 4 (Ag,0), ¢ NPs prepared at different tem-
peratures

Temp. (°C) Wavelength  Intensity (counts/s) Color in
(nm) visible
light
800 551 122,727.078 Green
595 108,364.773 Orange
700 547 120,664.914 Green
591 104,584.563 Orange
600 551 1,203,349.95 Green
595 102,544.324 Orange
500 551 117,489.477 Green
595 101,175.156 Orange

indication of the degree of photocatalytic activity for NPs
[57]. In this study, the highest photocatalytic activity was
found at high calcined temperature (800 °C).

4 Conclusions

In this study, the synthesis of (NiO), 4 (Ag,0), ¢ NPs was
carried out by a facile thermal treatment method. The PVP
behaves as a capping agent during the formation of nanopar-
ticles that prevented the occurrence of agglomeration. XRD
results showed that good crystallinity was achieved at a cal-
cined temperature of 800 °C. The particle size was increased
from 26.0 nm to 38.5 nm with increasing calcined tempera-
ture. EDX analysis confirmed the purity of the produced NPs
by determining the atomic composition of silver, nickel, and
oxygen. Good optical properties were found for the prepared
NPs which were confirmed from PL and UV-Vis analyses.
Two band gaps were observed in the prepared NPs, which
allow the absorption of certain wavelengths of solar energy.
So, these NPs can be used in many solar cell applications.
In fact, the thermal treatment method has many advantages;
simple, not expensive, no need to use many chemicals and
equipment, and no toxic materials or other by-products can
be produced during preparation. Also, the properties of the
prepared NPs can be controlled by varying the temperature.
Other parameters such as concentrations of precursors and/
or PVP can be investigated in the next research. It is also
highly recommended to use this eco-friendly method to pre-
pare other metal oxides NPs, which have wide and useful
applications.
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