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Zinc-oxide nanoparticles have been synthesized by using an easy, cheap, and
rapid green method, namely, hydrothermal method with the assistance of
stainless-steel autoclave at two different temperatures (100°C and 150°C),
and their structural, optical, and chemical properties are investigated. XRD
analysis identified the hexagonal wurtzite-type structure of ZnO nanoparti-
cles as well as indicated that the crystallite size increased from 10.08 nm to
37 nm along with the elevated growth temperature from 100°C to 150°C. The
transmittance spectra showed a sharp decrease in the transmittance after
crossing a certain wavelength that was the strong evidence of cut-off wave-
length for the transmittance of ZnO nanoparticles. The observed band gaps
from the Tauc plot were of 3.60 eV and 3.05 eV at growth temperature 100°C
and 150°C, respectively. The FTIR spectrum showed the incomplete removal
of organic solvent. However, more organic-solvent presence was observed at
high growth temperature indicating existence of more impurity compared to
lower growth temperature.

HamouacTuHKM OKCHAY IIMHKY OyJM CHHTE30BaHi 3a JOIOMOIrOI0 IPOCTOi,
IeImieBoi Ta IMBUAKOI 3eJeHOI MeToAu, a caMme, TigpoTepMiuHOI MeToau 3a
JIOTIOMOT'0I0 aBTOKJIaBY 3 HeipskaBifiHOl KpuIli 3a JBOX Pi3HUX TeMmepaTyp
(100°C ra 150°C), a ixHi CTPYKTYpPHi, OIITHYHI Ta XeMiuHi BJIACTHUBOCTI JOC-
JimxyoTbesa. PenrrenorpadgiuHa aHasmiza BUsSBMJIA I'eKCATOHAJBHY BIOPTILH-
THOTO TUITY CTPYKTYPY HamouacTMHOK Zn0, a TakoK IMMoKasaJja, IIf0 Po3Mip
KpucrajitiB 30imbmusea Big 10,08 um mo 37 HM pasoM i3 IigBHUIIEHOIO Te-
mrepatyporo pocty Bim 100°C go 150°C. CoeKTpu IpoOmyCKaHHS IIOKa3ajiu
pisKe 3MeHIIEHHSA NPONYCKAHHA IMiCJA IepPeTUHY NEeBHOI AOBKUHU XBUJI,
10 CTaJI0 BaroMUM CBiJUeHHAM TIPaHWYHOI MAOBKWHU XBWUJI JJIA IIPOITyC-
kKamua HaHouacTuHkamMu Zn0O. Cmocrepe:xkyBaHi IMIupWHU 3a00poHEHOI (eHe-
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pretuunoi) 3oHM Ha Taykosili mimaHmi cranoBuau 3,60 eB i 3,05 eB 3a Te-
mueparypu pocty y 100°C i 150°C Bigmorizuo. IH(pauepBoHMl creKkTep Ha
ocHOBI @yp'e-IepeTBOPY MOKA3aB HEIOBHE BUAAJEHHS OPraHiuYHOTO PO3UMH-
Huka. OgHaK crocrepirasmocda 6isibllle TPHUCYTHOCTH OPraHiYHOTO PO3UMHHU-
Ka 3a BHCOKOI TeMIepaTypu POCTY, IIIO0 BKa3ye Ha HASABHICTH OiJbIIOi Kijb-
KOCTH JOMIIIIOK IIOPiBHSAHO 3 HUKYOIO TeMIIEPATypPOI0 POCTY.

Key words: ZnO nanoparticles, hydrothermal method, autoclave, optical
properties, XRD, FTIR.
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1. INTRODUCTION

Semiconducting nanomaterials have unique optical, mechanical,
electrical, magnetic, electrical properties, which make promising
application in the field of solar cells (photovoltaic cells), optical
planar waves’ guides, electronics, catalysis, optical communication,
energy storage, sensing, data storage, transmission, environmental
protection, cosmetics, and light emitting devices (LEDs) [1-3].
Among all of the classes of semiconducting nanomaterials, prepara-
tion and applications of the metal-oxide nanostructures play a vital
role in many areas of chemistry, physics, and materials science [4, 5].
Zinc-oxide nanoparticle is one of the II-VI materials, and it has
some of the advantages over the other semiconducting materials [6]
such as high electron mobility with undoped state, high thermal
conductivity, good transparency, large breakdown field due to high
band gap. It can also be used in the high-temperature operation due
to its thermal stability. It is a direct band-gap material having the
direct band gap of 3.37 eV at room temperature, and its binding
energy is of 60 meV [7], whereas the binding energy of GaN is of
28 meV [8]. All these novel properties of ZnO nanoparticles have
attracted the researchers to focus on synthesis, characterization and
device application of ZnO nanomaterials. ZnO nanostructures have
high demand in the technological application, and this demand en-
forces the researchers and scientists for the development of the syn-
thesis techniques of high-quality zinc-oxide nanostructures. All of
the synthesis techniques of nanomaterials can be classified in two
classes. If the small building blocks congregate to form a larger
structure, then it is called ‘Bottom Up’ method where the main con-
trolling parameters are morphology, crystallinity, particle size, and
chemical composition [9]. Another synthesis technique is named as
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‘Top Down’ method where the larger objects are altered into smaller
structures [10]. The variety of nanostructured materials such as,
nanowires [11], nanotubes, nanorings, nanotetrapods have been syn-
thesized by chemical vapour deposition method [12], thermal evapo-
ration method [13], sol-gel method [14], co-precipitation method
[15], hydrothermal method [16—20], electrodeposition method [21],
and chemical bath deposition method [22].

This research mainly focuses on the hydrothermal synthesis tech-
nique for ZnO nanoparticles to control over size. The hydrothermal
method is a synthesis technique that grows crystals and nanocrys-
tals using reactions in a liquid medium at elevated temperatures
and pressures. There are numerous advantages of the hydrothermal
method including aggregate reduction resulting in monodispersity,
ability to morphological control of the final products, and crystal-
line product [23]. The main interest of this research work focuses
on the growth parameters, which influence the synthesis of ZnO
nanostructures in a significant scale.

2. EXPERIMENTAL

The ZnO nanomaterials were synthesized by using autoclave assist
hydrothermal process. The total synthesis process was maintained
under low temperature. We designed a desired shaped (cylindrical)
autoclave for low-cost production of ZnO nanoparticles. We made
such an arrangement that prevented any kind of leakage inside the
autoclave, which is necessary for the production of ultrafine metal-
oxide nanoparticles.

Firstly, stock solutions of Zn(CH,COO),2H,O (0.1 M) was pre-
pared in 50 ml methanol under stirring. To this stock solution, 25
ml of NaOH (0.3 M) solution prepared in methanol was added under
continuous stirring. Then, these solutions were transferred into
stainless-steel autoclaves and maintained at various temperatures in
the range of 100-150°C for 6 hours under autogenous pressure. It
was then allowed to cool naturally to room temperature. After the
reaction was complete, the resulting white solid products were
washed with methanol, filtered and then dried in air in a laboratory
oven at 60°C.

All of these steps can be described as follows:

Zn(CH,CO0), + NaOH —> Zn(CH,COO)OH + CH,COONa ,
Zn(CH,COO)OH + NaOH —> ZnO + CH,COONa + H,0 .

To get fine grain powders to maximize surface area, to reduce
particle size and to get a homogeneous mixture, powder was milled.
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3. RESULTS AND DISCUSSION

The ZnO nanomaterials were synthesized by using autoclave at two
different temperatures (at 100°C and 150°C) and characterized by x-
ray diffractometry (XRD), UV-Vis Spectroscopy and Fourier-
transform infrared spectroscopy (FTIR) for structural, optical, and
chemical properties’ study, respectively.

3.1. X-Ray Diffraction Analysis

Structural analysis of the sample has been done by powder x-ray
diffraction method using a computer-controlled GBC EMMA x-ray
diffractometer with CuK, radiation (under operating voltage of
40 kV, current of 40 mA and maximum temperature of 1600°C) us-
ing wavelength of 1.5406 A. The scanning angular range was
10° <20 < 70° to get possible fundamental picks for each sample.
The results of x-ray diffraction for increasing growth tempera-
tures are shown in Fig. 1, a. The XRD spectra show typical hexago-
nal wurtzite-type structure of ZnO with respect to standard card
(JCPDS No. 79-0208). The crystallite sizes of ZnO were calculated
using the Debye—Scherer's formula [24]: D = 0.9)/(Bcos0), where A,
0 and B are the x-ray wavelength (1.54056 A), Bragg’s diffraction
angle and line width at half-maximum of the ZnO (101) diffraction
peak, respectively. The crystallite size of the ZnO nanoparticles in-
creased from 10.08 to 37 nm with an increase in growth tempera-
ture from 100 to 150°C. It was observed that the XRD-peak broad-
ening decreases, while the intensity increases confirming an im-
proved crystal quality with increased growth temperature. Expan-
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Fig. 1. (a) X-ray powder diffraction pattern and (b) comparison of changes
in peak intensity and positions for ZnO nanoparticles prepared at 100°C
and 150°C growth temperature.
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sion of the lattice due to increased growth temperature is responsi-
ble for increase in lattice parameters a and ¢ determined by the fol-
lowing equation:

&2 3

1 4(R+hk+E I’
).,
where d is interplanar spacing, h, k, [ are the Miller indices, a, ¢
are the lattice parameters. For hexagonal structure, a=b+#c and
a=p=90° y=120°.

The volume of the unit cell was calculated by using the following
formula [24]:

B

V=""d%.
2

Zn—0-bond length was calculated by using the following relation [25]:

where the u parameter for the wurtzite-type structure is given by

2
U= _10.25.
3c

Now, different measured properties of nanostructured ZnO materi-
als have been calculated and tabulated in Table. The c¢/a ratio is ob-

TABLE. Different measured properties of ZnO nanoparticles.
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served to decrease with the increasing the growth temperature. The
average ratio of lattice parameters, c/a, is of approximately 1.60525
that is slightly greater than the ASTM standard value (1.60215). The
interplanar spacing has been decreased due to small shift in 20 due to
increase in growth temperature. The unit-cell volume and Zn—0-bond
length were found to be increased with the increase of synthesis tem-
perature. Similar trend was observed from the particle size data. It is
observed that the values of lattice parameters, volume of unit cell and
interplanar spacing are in good agreement with the ASTM standards.
Again, the values of Zn—0-bond length are also in good agreement with
the result obtained by Ilican et al. [26].

Figure 1, b shows how the peak intensity of the particles decreas-
es continuously with the increase in growth temperature and as
width of the peaks gets narrower. Maximum emission intensity was
observed for growth temperature of 150°C, while maximum peak
width was at 100°C. As the particle becomes thicker, the crystalline
quality is improved, and preferred orientation of the grain is en-
hanced. The decrease of the FWHM with increasing growth temper-
ature could be due to the coalescence of grains at higher tempera-
tures leading to increase in the average crystallite size. According
to Ostwald ripening, the increase in the particle size is due to the
merging of the smaller particles into larger ones [27].

3.2. Optical Properties Analysis

The optical properties of the synthesized ZnO nanoparticles have
been studied by using the UV-Vis spectroscopy. The absorbance,
reflectance and transmittance are recorded with the variation of in-
cident-photon wavelength in the range from 190 nm to 1100 nm
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Fig. 2. UV-Vis (a) absorption spectra and (b) transmission spectra of ZnO
nanoparticles prepared at temperatures of 100°C and 150°C.
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with 1 nm wavelength step. By using the absorbance, reflectance
and transmittance data, the extinction coefficient, optical band gap,
refractive indices, and dielectric constants have been calculated.

UV-Vis spectrum in the absorption mode is measured at room
temperature for different ZnO samples while dispersed in methanol
and shown in Fig. 2, a.

Absorption peaks are centred at 373 nm, 365 nm at 100°C and
150°C temperatures, respectively, that are considerably blue-shifted
relative to the absorption onset of bulk ZnO because of the quantum
size effects were found. This UV-absorption peak confirms the for-
mation of nanosize zinc-oxide particles [28].

Figure 2, b shows the transmittance spectra for the ZnO nanoparti-
cles. The sharp drop in transmission at relatively short wavelengths
compared to the bulk material is indicative of the formation of ZnO
nanocrystals. The transmittance spectra show a sharp decrease in the
transmittance, and after crossing a certain wavelength, it does not
show the same character and becomes almost straight line.

The optical transition involved in the thin films can be deter-
mined on the basis of the dependence of absorption coefficient (o)
on hv by using the Tauc relation: ahv = B(hv - E,)", where E, is the
optical energy gap between the bottom of the conduction band and
the top of the valence band, the value of B is a constant, and n is
the index, which can assume value of 0.5 for indirect transition and
2 for direct transition.

The energy band gaps E, for all the samples were obtained from the
plot of (ahv)? against hv by superimposing an extra-plotted line on the
energy axis at straight line portion, as shown in Fig. 3, a. The values of
E, obtained were of around 3.60 eV and 3.05 eV at two different tem-
peratures. It was observed that, by increasing the temperature, the
grain size of the particles increases but the band gap decreases (Fig. 3,
b). It is also a size-dependent property of nanomaterials, which testi-
fies to that, by decreasing the size of nanomaterials, the band gap of
the particles increases in a significant way [29].

The extinction coefficient, &, can be calculated from o using the
relation: o =4mnk/)\, where, A is the wavelength. The variations of &
with hv for copper-oxide nanoparticles at different temperatures are
shown in Fig. 4, a. It is seen from the plot that the extinction coef-
ficient, k, decreases with the increase in photon energy.

The refractive index (n) of the nanoparticles was calculated from
the following equation:

1+R 4R b2
n= + s—k|
1-R \1-R)

where R is the reflectance and k is the extinction coefficient.
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From the graph (Fig. 4, b), it was observed that the refractive
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Fig. 3. (a) Band gap determined from the Tauc plot and (b) relation between
band gap and particle size of the ZnO nanoparticles at different temperatures.
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for ZnO at different temperatures.
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Fig. 5. Incident-photon wavelength-dependent (a) real and (b) imaginary
dielectric constants for ZnO nanoparticles at different temperature.

index of the particles decreases exponentially by increasing the
wavelength of the incident photon.

The dielectric constant of material is a quantity related to the
refractive index. It is a measure of insulation. The dielectric con-
stant of ZnO nanoparticles can be expressed by the relation:

e=g¢g, +ig;,

where ¢, and ¢; are the real and imaginary parts of the dielectric
constant, respectively. The real and imaginary dielectric constants
can be calculated with the equations as follow below:

e, =n’—Fk, g =2nk.
Now, we can see the figure of dielectric constant vs. wavelength

in Fig. 5, a, b. It is observed that real dielectric constant increases
with the increase in wavelength.

3.3. Fourier-Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy study of ZnO nano-
particles at different temperature was performed for the composi-
tional study of ZnO nanomaterials. The FTIR spectra of the samples
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Fig. 6. FTIR spectrum of ZnO nanoparticles at temperatures of 100°C and
150°C.

were recorded at room temperature using the IR Tracer-100 in the
wave-number range of 400—-4000 cm™ and presented in Fig. 6. Ab-
sorption peaks were found approximately at 485, 1022, 1406, 1587
and 3406 cm™ from FTIR spectrum. In the given figures on the ax-
is of wave number, the absorbance peaks around 3400 cm™, approx-
imately 1587 cm™, 1022 cm™, and approximately 485 cm™ are the
peaks representing the hydroxyl (—OH) groups, organic group of
carbon (carbonyl carbon C=0), probably due to the nitrate (NOyi)
group, and zinc and oxygen (Zn—0) [30, 31] groups, respectively.
The results show the incomplete removal of organic solvent. Howev-
er, more organic-solvent presence is observed at high growth tem-
perature, indicating presence of more impurity compared to lower
growth temperature. Therefore, it can be concluded that no signifi-
cant impurities are present in the sample.

4. CONCLUSIONS

The ZnO nanoparticles have been synthesized by using an easy,
cheap, and rapid green method, namely, hydrothermal method with
the assistance of stainless-steel autoclave at two different tempera-
tures maintained at furnace. The influences of temperature and
some other growth parameters on structural, optical and some
chemical properties of metal-oxide nanoparticles (ZnO) were inves-
tigated by using some advanced techniques like x-ray diffraction
(XRD), UV-Vis spectroscopy and Fourier-transform infrared (FTIR)
spectroscopy. XRD analysis identified the hexagonal wurtzite-type
structure of ZnO nanoparticles and indicated that the grain size of
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the crystal increased from 10.08 nm to 37 nm along with the ele-
vated growth temperature from 100°C to 150°C. It was also ob-
served that the XRD-peak intensity decreased with the higher
growth temperature that confirmed an improved crystallinity at
lower temperature. From the UV—-Vis spectroscopy, it was observed
that the absorption peaks are centred at 373 nm and 365 nm at
100°C and 150°C temperatures, respectively, that is considerably
blue-shifted. The transmittance spectra showed a sharp decrease in
the transmittance after crossing a certain wavelength that was the
strong evidence of cut-off wavelength for the transmittance of ZnO
nanoparticles. The UV-Vis-study depicted increase in grain size,
but the decrease in band gap with the elevated temperature that is
the obvious indication for the size-dependent property of nano-
materials. The transmission of FTIR spectra confirmed the presence
of the hydroxyl (—OH) groups, organic group of carbon (carbonyl
carbon C=0), probably due to the nitrate (NOsl) group, and zinc
and oxygen (Zn—0) groups, respectively. The results showed the in-
complete removal of organic solvent. However, more organic-solvent
presence was observed at high growth temperature, indicating pres-
ence of more impurity compared to lower growth temperature.
Hence, it can be concluded that the size of the ZnO nanoparticles
can be controlled by the synthesis temperature.
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