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Polymer capping matrix plays an important role in the synthesis of quan-
tum dots via chemical methods. In this article, polyvinyl alcohol (PVA)
and polyvinyl pyrrolidone (PVP) polymers are used as capping matrix for
the synthesis of quantum dots. Quantum dots of zinc oxide are directly
synthesized from ZnO powder by thermal quenching methods on PVA and
PVP capping matrix, and standard characterization techniques are uti-
lized to characterize the samples. Thereafter, comparative analysis for the
properties of ZnO quantum dots for PVA and PVP is presented.

IlosimepHa IMOKPUMBHA MaTpUILA Bifirpae BalKJNBY POJIb y CHUHTE31 KBaHTO-
BUX TOUOK XEeMiUHMMM MeTomaMHu. ¥ daHiil cTaTTi moaimMepu mojiBiHiJIOBOTO
CIIUPTY Ta IOJiBiHIAMIPOMiZOHY BUKOPHCTOBYIOTHLCS AK IIOKPMBHA MAaTPUILA
UL CUHTe3U KBAaHTOBUX TOUOK. KBaHTOBi Toukm ZnO GesmnocepeHbO CUHTE-
3YIOTBCA 3 MOPOMIKY OKcuay IIMHKY MeTomaMu TepMiuHOTO rapTyBaHHS Ha
MMOKPUBHIN MaTpuni 3 moJjiBiHizoOBOoro cnupTy Ta NoJiBiHinmiposimony, a
CTaHZAPTHI MeTOAMW XapaKTepuaallil BUKOPUCTOBYIOTHCS IJISA XapaKTEePUCTH-
Ku 3paskiB. Ilicasa mboro mpeacraBiieHO HOPIBHAJNBHY aHAJNIi3y BJaCTUBOCTEN
KBaHTOBUX TOUYOK ZnO Ha MATPUI 3 HOJiBiHiJIOBOro COMpPTY Ta IMOJiBiHiJI-
mipoJigoHy.
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1. INTRODUCTION

In recent times, quantum dots (QDs) find their use in a wide variety
of applications in photonics, sensors, photovoltaics, and biomedical
applications [1-3].

Various methods are available to synthesize quantum dots such as
molecular beam epitaxy (MBE), electron beam lithography, RF sput-
tering, etc. [4, 5]. Most of these methods require sophisticated in-
struments [6]. On the other hand, the chemical synthesis method is
considered a more economical and straightforward method of quan-
tum dot synthesis [7, 17]. One of the vital requirements for the
chemical synthesis of quantum dots is the proper capping matrix or
capping solution [8]. The quantum dots are produced in the intersti-
tial gaps of the capping matrix in a controlled manner. The capping
matrix function is to restrict the size of QDs, but itself does not
take part in the reaction [9]. Two of the most commonly used cap-
ping layer materials are polyvinyl alcohol (PVA) and polyvinyl pyr-
rolidone (PVP). Table 1 indicates the physical properties, and Fig. 1
shows the polymer structures of both the PVA and PVP capping
materials, respectively [10].

Both PVA and PVP are noncorrosive and easily soluble in water
at room temperature. In addition, the size of the particle can be
modulated by regulating the reaction time, polymer concentration

TABLE 1. Physical properties of PVA and PVP.

Physical properties | PVA PVP
Melting point, °C 200 180
Specific gravity 1.30 2.3
Thermal conductivity, W/(m-K) 2.0 1
Specific heat, J/(gm-K) 1.66 0.7
Resistivity, Ohm-cm (3.1-3.38)-107 5107
pH Neutral or slightly acidic 3-8
Dielectric constant 2.0 7
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“n C\H
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Fig. 1. Structures of polymers: (a) PVA and (b) PVP.
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or temperature. This article aims to analyse the physical, crystallo-
graphic, and optical properties of common quantum dots synthe-
sized on both polymer matrices.

For this purpose, ZnO quantum dots have been synthesized using
the quenching method (Fig. 2) [11]. Quenching is a chemical method
for synthesizing quantum dots directly from the bulk powder of the
material. The bulk material in powdered form is sintered, for a long
time, in a thermal furnace at an extreme temperature as high as
1000°C. After heating, the sample is immediately dropped into the
polymer-capping matrix in an ice-cold condition. As a result of a
sudden cooling of the material immediately after being treated at a
very high temperature, it causes fragmentation in the material. Due
to this fragmentation of bulk material, quantum dot nanoparticles
of the material are produced. These particles having their size re-
duced to nanodimension enter into the interstitial gaps of the poly-
mer matrix during the reaction and, as a result, produce stable and
well-shaped quantum dots of the material.

Thus, one can easily conclude that the polymer-capping matrix
plays a vital role in the quantum-dots’ chemical synthesis process.
The quenching-method main advantage is that the size of the quan-
tum dot can be controlled by varying the sintering temperature,
heating period, and temperature of the polymer matrix during
quenching [12]. It is a straightforward method and, as the nanopar-
ticles are obtained due to the fragmentation of pure bulk powder,
hence, high-purity quantum dots can be obtained. This is not possi-
ble in the case of normal chemical route synthesis techniques. In
addition, the quenching method, like the usual chemical method,
has an additional advantage that it is suitable for large-scale pro-
duction of samples.

The reason for choosing ZnO for the synthesis is that ZnO is

Zn bulk powder

Heated at 1000°C 6 hours

Hot ZnO

Ice cold < b C == Ice cold
PVA PVP

stirri n‘g@ @qti rring

Zn0O-QD/PVA Zn0-QD/PVP

Fig. 2. Flow diagram of quenching process.
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readily available in the powdered form [13].

This paper has been organized as follows. In Section 2, the syn-
thesis of quantum dots used for this research work is described.
Section 3 has the analysis and discussion of the model. Finally, Sec-
tion 4 concludes the work and recommends the future aspects of the
work.

2. EXPERIMENTAL

To prepare the PVA capping matrix solution, PVA (4% by weight)
powder (99.9% pure, by E Merck) is taken and added into double
distilled water with mild stirring and heating to form a vicious and
transparent solution of PVA. Similarly, in another beaker, the PVP
solution is prepared by adding PVP powder (99.9% pure, by
E Merck) into double distilled water to form 4% aqueous solution
by weight. The solutions are then kept in a freezer for six hours to
make them ice cold.

Thereafter, to prepare the ZnO quantum dots by the chemical-
synthesis quenching method, 2 gms of bulk ZnO powder are heated
in a crucible inside the thermal furnace at 1000°C for about 6
hours. The white-hot powder ZnO is taken out, separated into two
equal portions and immediately put into the ice-cold solution of
PVA and PVP. The solution is then stirred continuously at about
170 rpm, for half about an hour, at normal room temperature. Both
the solutions are then left undisturbed in a dark chamber for 6
hours for stabilization. After 6 hours, the solutions are cast into
thin films on glass slides and dried by mild heating the glass slides
at 40°C.

The synthesized samples have been tested by UV/Vis spectropho-
tometer (PerkinElmer Lambda 35 ultraviolet—visible (UV—Vis) spec-
trophotometer), x-ray diffraction spectrometer study (Bruker AXS,
x-ray source: CuK,), scanning electron microscopy (SEM), and high-
resolution transmission microscopy.

3. RESULTS AND DISCUSSIONS

The UV-Visible absorption spectra for ZnO QDs in PVA and PVP
polymer matrix are shown in Fig. 3. It is noted from the absorption
plot that the absorption edge in the quantum dots are at 215 nm
and 210 nm for ZnO:PVA and ZnO:PVP, respectively. The band
edges in the UV—Vis absorption plot is determined by drawing tan-
gent on the curve, which meets the x-axis at the corresponding val-
ue of absorption edge. From the absorption edge, the value of nano-
band-gap, i.e., E,, is determined by the energy—wavelength relation
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Fig. 3. Absorption spectroscopy of ZnO quantum dots in: (a) PVA capping
layer, and (b) PVP capping layer.

(E = he/)). Here, wavelength value is the corresponding absorption
edge value of the sample as obtained from the UV-Vis absorption
spectroscopy. For estimating particle size from absorption edge val-
ue in UV-Vis spectroscopy, we have utilized the theoretical hyper-
bolic band model (HBM), which is written as [16]:

212
R *2n£zEgb2 , @
m (Egn —Eg,,)

where R is the quantum-dot radius, E, (of 3.20 eV) is the bulk
band-gap of ZnO, E,, is the quantum dot band-gap, % is Planck’s
constant, m” (of 2.45-107® kg) is the effective mass of electron for
ZnO [15]. The data obtained from the absorption-spectroscopy study
for ZnO quantum dots are shown in Table 2.

Figure 4 shows the XRD pattern for ZnO quantum dots in PVA
and PVP. From x-ray diffraction of the synthesized samples, aver-
age diameter of particle is obtained by using the Debye—Scherrer
formula [17, 18]:

_0.9%
Wecos0

Here, D is the diameter or the size of the quantum dots to be esti-
mated, A is the wave-length of x-ray, which has a constant value of
0.1541 nm, 6 (theta) is the glancing angle as seen in XRD in the x-
axis, and W is known as the full width at half maxima, which is
abbreviated as FWHM [19, 20]. Considering all the peaks in the
XRD patterns in Fig. 4, a, b and calculating their glancing angle
from the x-axis (20 in degree), the average size of quantum dots is

(2)
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TABLE 2. Data from UV-Vis absorption spectroscopy.

Sample Absorption edge|Energy gap in|Enhancement in [Quantum dot
p in quantum dot | quantum dot | band-gap in QD size, D
(a) ZnO:PVA 215 nm 5.77 eV 2.63 eV 11 nm
(b) ZnO:PVP 210 nm 5.86 eV 2.69 10.2 nm
:: 300 g 5 300 é‘ Zn0:PVP
. ~ < ~ —_
; 200 £ 200 §
:Jé -a v
g 100 g 100-
E E _ .
30 40 50 60 30 40 50 60
20, degree 20, degree
a b

Fig. 4. XRD of ZnO quantum dots in: (a) PVA capping layer, and (b) PVP
capping layer.

calculated. In both cases (ZnO:PVA and ZnO:PVP), the average
crystallite size is of around 11 nm. Along with an estimation of size
of the prepared quantum dots, the XRD pattern also gives an idea
about the crystallographic structure of the sample. Further, analys-
ing the XRD pattern by comparing it with the standard Interna-
tional Center Diffraction Data (ICCD) database, it has been found
that ZnO quantum dots are having a wurtzite-type crystalline struc-
ture. The data for XRD study is shown in details in Table 3.

The scanning electron microscopy (SEM) images for the prepared
ZnO quantum dots are shown in Fig. 5. The SEM provides an idea
about the overall distribution and uniformity of the quantum dots
formed in the polymer-matrix gaps [21, 22]. From the SEM in Fig.
5, it has been observed that, in case of ZnO:PVA (Fig. 4, a), the
PVA polymer matrix has provided uniform gaps among the formed
quantum dots. The quantum dots on PVA are very closely arranged
to each other and uniformly distributed in an array on the capping
layer.

Therefore, it can be stated that the quantum dots formed on PVA
capping layer are of uniform size and orderly arranged close to one
another.

From an analytical point of view, it can be stated that, as the
quantum dots synthesized on PVA capping matrix are very closely
distributed, hence, it is challenging to study the property of indi-
vidual quantum dots in this case. Whereas in the PVP case, the
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TABLE 3. Data from x-ray diffraction study.

Sample XRD peaks (20) Quantum dot size (diameter)
(@) ZnO:PVA (002), (101), (102) 10.1 nm
(b) ZnO:PVP (002), (101), (102) 9.4 nm
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Fig. 5. SEM images of ZnO quantum dots in: (a) PVA capping layer, and
(b) PVP capping layer.

gapes in the PVP capping layer are well arranged and round. As a
result, quantum dots synthesized on polymeric PVP are round in
shape and adequately distributed on the matrix. In addition, for in-
dividual study of quantum dots, PVP is a better option as a capping
polymer. In addition, the time taken in the synthesis of same quan-
tum dots using PVA takes longer duration than that of PVP. More-
over, after weekly analysis of the samples under SEM, it is observed
that the ZnO quantum dots on PVP are more stable compared to
that of ZnO quantum dots on PVA capping layer.

The high-resolution transmission electron microscopy (HRTEM)
images of the synthesized ZnO quantum dots in samples on PVA
and PVP are shown in Fig. 6, a, b, respectively. The size of all
quantum dots is of around 10—11 nm in both the cases. This is in
close agreement with the size of ZnO quantum dots estimated from
the absorption spectra from the XRD pattern. The HRTEM images
also confirm the successful formation of quantum dots by quench-
ing method.

4. CONCLUSIONS

The ZnO quantum dots have been successfully synthesized on PVA
and PVP using the quenching method. The absorption characteris-
tics of the prepared samples are studied using UV-Vis spectropho-
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Fig. 6. HRTEM images of ZnO quantum dots in: (a¢) PVA capping layer,
and (b) PVP capping layer.

tometry, and the crystalline structure is studied by x-ray diffrac-
tion spectrometry. The overall distribution and uniformity of the
Zn0O quantum dots embedded in polymer capping layers of PVA and
PVP are analysed by scanning electron microscopy.

The size and the successful formation of ZnO quantum dots are
confirmed by high-resolution transmission microscopy. It has been
observed that both PVA and PVP can be used for the preparation of
quantum dots. However, the preparation of quantum dots on the
PVA matrix takes longer time than that of PVP. The quantum dots
embedded in polymeric capping layers of PVA and PVP matrix are
uniformly arranged in the orderly manner of array. Quantum dots
are observed to be very closely distributed in the PVA matrix, mak-
ing it challenging to study the properties of individual quantum
dots on the PVA capping layer compared to that of PVP. In addi-
tion, PVP polymer matrix is more stable than that of PVA.

These conclusions come in handy while using PVA or PVP poly-
mers in the nanoparticles’ synthesis [17, 23]. Although, in this
case, the quantum dots prepared are of ZnO, and the synthesis
technique utilized is quenching, the results can help material re-
searchers in case they go for other chemical-synthesis methods.
Polymer capping layers like PVA and PVP are common in most
chemical synthesis methods [24]. Thus, depending on their require-
ment, one can choose the ideal capping solution between PVA and
PVP.
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