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Abstract: In this work, we report on the first attempt using size-controlled ZnO nanoparticles (NPs)
to analyze role of thioacetamide (TAA) in forming ZnS nanostructures from ZnO. The size-
controlled B(blue)_, G(green)_, Y(yellow)_ZnO QDs, and NC (nanocrystalline)_ZnO NPs were
synthesized by sol-gel process as well as hydrothermal method, respectively and then reacted with
an ethanolic TAA solution as sulfur source. After reacting with TAA, the formation of ZnS QDs was
observed over time. The chemical reactions were identified using X-ray diffraction (XRD),
Transmission Electron Microscope (TEM), UV-vis spectroscopy, and Photoluminescence (PL). All
results indicate that ZnS formation is due to direct crystal growth and/or chemical conversion of
ZnO to ZnS. Our results enable a broader understanding of the synthetic mechanisms involved in
the use of TAA as a sulfur source in forming ZnS nanostructures from ZnO.

Keywords: size-controlled ZnO nanoparticles; the formation of ZnS nanoparticles; quantum dots;
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1. Introduction

II-VI ZnO semiconductors have received considerable attention because of their advantages
such as a wide band gap (3.37 eV), large exciton binding energy (60 meV), high electron mobility
(=205 cm?/Vs), high optical transparency, low toxicity in Vivo, and a low price due to abundance of
resources [1-11]. Specifically, ZnO quantum dots (QDs) are a promising material type due to their
advantages, such as a size-tunable band gap and electrical properties without altering the
composition and a low-cost fabrication technique that is compatible with solution-processed methods
[12-16]. Therefore ZnO QDs have been most widely adopted as an electron transport layer (ETL) in
photovoltaic cells and light emitting diodes. Despite these many advantages, however, ZnO QDs
have difficulty controlling excessive trap levels and structural luminescence weakness in which a
direct band edge (band-to-band) emission is rapidly reduced due to surface defects [17,18]. Several
studies have demonstrated ways to improve the intrinsic properties of ZnQO, including control and
design of the point defect structures, as well as surface and interfacial structures [19-26]. More
specifically, the ZnO/ZnS nanocomposites is an attractive approach to modify the particle
characteristics and properties of ZnO [27,28]. The ZnO/ZnS nanocomposites, such as core-shell QDs,
nanorods, nanowire, nanobelt, nanocage, have been successfully prepared using various methods
[29-38]. Herein, the shell can acts as a barrier between the shell interior and the surrounding
environment, eliminate surface-related defect states, and improve physical and chemical stability. In
addition, the photoluminescence properties of the core can be improved by reducing the non-
radiative recombination of photogenerated electron-hole pairs [39]. To form ZnO/ZnS
nanostructures, Na:S and thioacetamide (TAA) are commonly used as sulfur sources, whereas few
results were reported for nanocomposites using TAA on ZnO. For example, Luo et al. have reported
Cd-doped ZnO/ZnS core/shell QDs and obtained ZnO/ZnS core/shell QDs with significantly reduced
visible emission by TAA [28]. Manaia et al. have also obtained ZnO/ZnS heterostructures prepared
with different concentration of the sulfur source (TAA) [40]. As these results regarding TAA-induced
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ZnS formation have not been clearly interpreted, a special approach is required to better understand
them.

In this work, we firstly attempt to use size-controlled ZnO NPs for analyzing the role of TAA in
the formation of ZnS nanostructures from ZnO. We prepared samples of the small-sized Y_, G_ and
B_ZnO QDs named according to the PL wavelengths such as blue, green, and yellow, and sample of
a few tenth nm size NC (nanocrystalline)_ZnO NPs. The samples of the B_, G_, and Y_ZnO QDs were
synthesized at low temperatures via a simple sol-gel method, as described in our previous reports
[41]. The NC_ZnO NPs were synthesized through hydrothermal method using a zinc acetate
dehydrate (ZAD) precursor solution [42]. The size-controlled B_, G_, Y_ZnO QDs, and NC_ZnO NPs
were reacted with the same amount of TAA solution and analyzed according to the reaction progress
time. Crystalline structure and crystallite size of nanocomposites were characterized by X-ray
diffraction (XRD) and Transmission Electron Microscope (TEM). UV-vis spectroscopy,
Photoluminescence (PL), and Photoluminescence excitation (PLE) were adopted to further estimate
the average particle size and to analyze the optical properties of the ZnO synthesized with/without
TAA. During all size-controlled ZnO NPs reacted with TAA, the ZnO NPs were completely
consumed and the ZnS QDs were newly formed, regardless of the sizes of ZnO NPs. Our results
enable a broader understanding of the synthetic mechanisms involved in the use of TAA as sulfur
source in forming ZnO/ZnS nanostructures.

2. Materials and Methods

2.1. Materials

ZAD (99.0%), lithium hydroxide (LiOH, 98.0%), N, N-Dimethylformamide (DMF, 99.9),
thioacetamide (TAA, 99%), n-hexane, and anhydrous ethanol (EtOH), were purchased from Sigma
Aldrich and used without any further purification.

2.2. Synthesis of ZnO NPs

All size-controlled ZnO NPs were prepared using a previously reported similar methods with
modifications. The ZnO QDs were synthesized at low temperatures via a simple sol-gel method [41].
Solution of ZAD and LiOH were prepared in EtOH, and stirred at 60°C for 1 day. The LiOH solution
was added dropwise to the ZAD solution in a 250 mL flask at 70°C and stirred for 1 h. In order to
synthesize B_, G_, and Y_ZnO, LiOH/ZAD solutions with molar ratio of 1.2, 1.6, and 2.16,
respectively, were used. The NC_ZnO NPs were synthesized through hydrothermal method using a
ZAD solution [42]. The ZAD 0.92 g prepared in 200 mL of DMF were stirred at 110°C for 5 h. The
resulting solutions were subjected to further purification by repeating the two-step purification
process to remove the residue.

2.3. Synthesis of ZnO/ZnS nanocomposites

The ZnO/ZnS nanocomposites were prepared using a previously reported similar methods with
modifications [28,40]. Both 1.317 g of ZAD and 0.3 g of TAA were dissolved in EtOH and stirred at
40°C until fully dissolved. A given amount of the solution and an equal volume of the ZnO solutions
were mixed at room temperature under constant stirring. The TAA solution was added to the ZAD
solution and B_, G_, Y_ZnO QDs, and NC_ZnO NPs at 40°C for 1 h, respectively. The solutions were
repeatedly washed with n-hexane to remove the residue.

2.4. Characterization

X-ray diffraction (XRD) patterns of the samples were recorded using an X-ray diffractometer
(Rigaku ATX-G) with Cu Ka radiation of wavelength A = 1.5406 A. Using a transmission electron
microscope (TEM, TalosF200X), the morphology, size, and elemental composition of the samples

were investigated. TEM samples were prepared by dispersing ZnO dry powders in deionized water
or EtOH to form a homogeneous suspension. The size distribution of ZnO samples was analyzed
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using TEM Imaging & Analysis software (FEI Co.). UV-Vis absorption data were recorded by a
PerkinElmer Lambda 18 UV-vis spectrometer with QS grade quartz cuvettes. PL and PLE data were

recorded by a Hitachi F-7000 fluorescence system with QS-grade quartz cuvettes.

3. Results and discussions

The chemical reaction of ZnO NPs and ZnS QDs are presented in Scheme 1. After base-catalyzed
hydrolysis and condensation reactions from ZAD precursors to ZnO particles, as shown in reaction
(1) [43-45], TAA solution used as a sulfur source was then added to the size-controlled ZnO NPs, as
shown in reaction (2), respectively. The TAA, used as a sulfur source, can be induced the conversion
of ZnO to ZnS by complex and many chemical reaction. When acetate moieties in ethanolic ZAD
solutions are released, acetic acid, esters or additional water can be formed reacting with ethanol.
TAA can be decomposed by water formed from ZAD, releasing acetamide and S ions. Here, with a
sufficient amount of TAA, full chemical conversion of ZnO to ZnS could be expected according to
their respective solubility constants. [28,40,43,46].

OH™
ZnAc, - 2H, O N AcO —Zn—0Ac —HO —Zn— OH+HO — Zn— OH
ZAD
—HO—-Zn—0—-Zn— OH—Zn0y) (1)
CH3CSNHy +H,0 — CH3CONH;, + H,S
TAA
Zn?* + H,S — ZnSgs) + 2HY(2)

Zndc, 2H, 0 ZnAc, - 2H, 0

ZnO. —_— %nS’
LiOH - H,0 v TAA

Scheme 1. Schematic illustration of the synthesis of ZnO and ZnS QDs.

Figure 1 presents the XRD patterns of ZnO samples synthesized without TAA and with TAA for
1 h. The ZnO had a hexagonal wurtzite structure with diffraction peaks of (100), (002), (101), (102),
(110), (103), and (112) crystalline planes and the ZnS had a cubic zinc blende structure with diffraction
peaks of (111), (220), and (311) crystalline planes. The positions of XRD patterns of the ZnO are
marked with dashed black lines while those indicative of the ZnS are marked with dashed red lines.
Absence of impurity peaks can be expected for high purity of the sample. Here, all diffraction peaks
of the ZnO samples synthesized without TAA are in good agreement with those of hexagonal
wurtzite ZnO (PDF No. 36-1451). The narrowing of peaks in the diffraction patterns of all the
synthesized products clearly indicates the formation of big-sized NCs from small-sized QDs. In the
case of the NC_ZnO NPs, which shows relatively clear grain crystal characteristics, the average size
of particles could be estimated using the Debye—Scherrer relation and the crystallite sizes were about
45 nm [47]. Whereas, all diffraction peaks of the ZnO samples synthesized with TAA is consistent of
the ZnS phase (PDF No. 05-0566). For the ZnO NPs synthesized with TAA for 1 h, the remarkable
XRD patterns of ZnO has not been identified. These results indicate that the wurtzite ZnO particles
synthesized with TAA can be consumed and the cubic zinc blende ZnS formed [40].
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Figure 1. XRD patterns for ZnO QDs with/without TAA. (a) B_ZnO QDs, (b) G_ZnO QDs, (c) Y_ZnO
QDs, and (d) NC_ZnO NPs.

TEM images of the ZnO samples synthesized without TAA and the ZnO samples synthesized
with TAA are presented in Figure 2. As is apparent from Figure 2(top), B_, G, and Y_ZnO QDs
synthesized without TAA present approximately spherical shapes with approximate diameter of
about 2.6, 2.9, and 3.2 nm, respectively. It is noteworthy that G_ and Y_ZnO QDs well dispersed
whereas the B_ZnO QDs are agglomerated because of their high surface energy. The NC_ZnO NPs
synthesized without TAA present approximately distorted hexagonal shapes with approximate
diameter of more than 40 nm which agrees well with the calculated value of about 45 nm using
Debye-Scherrer equation in XRD. On the other hand, the B_, G_, Y_ZnO QDs, and NC_ZnO NPs
synthesized with TAA finally vanished, and only spherical ZnS QDs with similar diameters of 2.2
nm were observed in all samples, as shown in Figure 2(bottom). Here, the NC_ZnO with the largest
was consumed without trace, as shown in Figure 2(inset). This can be interpreted as the consumption
of the ZnO regardless of the particle size with the simultaneous formation of ZnS QDs [40] and is in
good agreement with our XRD results.

Figure 2. TEM images for ZnO synthesized without TAA (top) and with TAA (bottom). (a) B_ZnO
QDs, (b) G_ZnO QDs, (c) Y_ZnO QDs, and (d) NC_ZnOs (Inset shows low-magnification of TEM

images).

UV-Vis absorption spectra of different reaction times with/without TAA are presented in Figure
3. With decreasing particle size, a blue-shift of excitonic absorption and an increase of band gap are
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well-known characteristics of QDs. In the absorption spectra, the difference for the particle size of B_,
G_ Y_, and NC_ZnOs are clearly observed, respectively. The B_, G_, Y_ZnO QDs, and NC_ZnO NPs
synthesized without TAA exhibited the absorption peak at 297, 322, 333, and 370 nm, respectively.
According to the equation reported by Meulenkamp [48], the particle size the ZnO QDs except for
NC_ZnO NPs can be estimated at the measured absorption wavelengths as much as 2.6, 3.2, and 3.5
nm for B_, G_, and Y_ZnO QDs, respectively, which is consistent with the results measured from
TEM. No dramatic change in ZnO particle size was observed as the reaction proceeds with TAA. In
the absorption spectra of B_ZnO QDs, after synthesizing for 5 min with TAA a new absorption peak
at 266 nm except the peak at 322 nm newly occurred which indicates that the new material was
formed. And then the peak at 322 nm completely disappeared after synthesizing for 10 min with TAA
and a new broad peak at around 290 nm additionally appeared. The excitonic peaks at about 266 nm
and 290 nm are well-known as characteristic peaks of ZnS QDs, respectively [40,49]. Therefore it is
believed that ZnO and ZnS QDs are co-existed in the B_ZnO QDs after synthesizing for 5 min with
TAA. Absorption spectra for both Y_ZnO and G_ZnO QDs show similar behavior as like those of
B_ZnO QDs. In case of NC_ZnO NPs, after synthesis with TAA the absorption peak at 290 nm instead
of that at 266 nm is more dominantly observed. From the above results, it can be suggested that the
absorption peaks of the B_, G_, Y_ZnO QDs, and NC_ZnO NPs related to ZnO rapidly decrease with
the reaction for 5 to 10 min with TAA and finally vanish as the reaction proceeds. On the other hand,
the absorption peaks related to ZnS QDs at 266 (Figure 3a—c) and 290 nm (Figure 3d) only remained
clearly as the reaction proceeds. This can be interpreted as the consumption of the ZnO regardless of
the particle size with the simultaneous formation of ZnS QDs and is in good agreement our above
results.
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0.9 (a) B_Zno ——TAA Smin 09} ——TAA Smin
——TAA 10 min ——TAA 10 min
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Figure 3. UV-Vis absorption spectra of size-controlled ZnO NPs synthesized with/without TAA
measured at the indicated reaction times. (a) B_ZnO, (b) G_ZnO, (c¢) Y_ZnO QDs, and (d) NC_ZnO
NPs.

PL spectra of ZnO NPs synthesizing at different reaction times with/without TAA are presented
in Figure 4. For the optical mechanisms underlying their PL of ZnO NPs synthesized without TAA,
the visible light emission is due to trap-induced defects on the surface and UV luminescence
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corresponds to band-to-band emission [17,18]. The B_, G_, Y_ZnO QDs, and NC_ZnO NPs exhibited
the PL peak centered at 466, 528, 538 and 378 nm, respectively. These PL results for B_, G_, and Y_ZnO
QDs are good agreement with the occurrence of a blue-shift of PL wavelength as the particle size
decreases. After reacting with TAA for 5 min, PL peaks of ZnO QDs were gradually disappeared, but
instead new peak around 420 nm appeared clearly in all the samples. The PL peak at about 420 nm
are well-known as characteristic of ZnS QDs [40,46,49]. In addition, the PL characteristics of visible
luminescence corresponding to ZnO were significantly decreased for B_ZnO QDs, moderately
decreased for G_, and Y_ZnO QDs, and slightly decreased for NC_ZnO. The PL characteristics of
relatively small-sized B_ZnO QDs disappeared faster than other G_ and Y_ZnO QDs, which can be
considered as the rapid consumption of smaller particles. In general, in most core/shell QDs, the PL
property of the inner QDs could be improved by shelling with other materials which reduces the
dangling bonds or structural defects distributed at the surface. In our cases, the expected
enhancement of excitonic emission in ZnO NPs with the suppression of visible luminescence could
not be seen as the increase of reaction time with TAA, but the improved PL intensity of ZnS QDs was
clearly seen. After reacting with TAA for 60 minutes, only the PL characteristics of ZnS were observed
in all the samples. This indicates that the reaction of ZnO NPs with TAA resulted in the formation of
ZnS QDs rather than the surface shelling effect of ZnO NPs. The PL results are also in good agreement
with our all results.

Zn0O without TAA 5 min with TAA 60 min with TAA
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Figure 4. PL characteristics of size-controlled ZnO NPs synthesized with/without TAA measured at
the indicated reaction times; Inset shows excitation and emission map for PL (Left: without TAA; Inset
pictures show the luminescent images of ZnO NPs under UV excitation at 365 nm, middle:
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synthesized for 5 min with TAA, right: synthesized for 60 min with TAA). (a) B_ZnO QDs, (b) G_ZnO
QDs, (c) Y_ZnO QDs, and (d) NC_ZnO NPs.

4. Conclusions

In order to investigate the role of TAA in forming ZnS nanostructures from ZnO NPs, we
synthesized size-controlled Y_, G_ and B_ZnO QDs by sol-gel method and a few tenth nm NC_ZnO
NPs by hydrothermal method. In the reaction of all size-controlled ZnO NPs with TAA, the ZnO NPs
were consumed and the ZnS QDs were formed, regardless of the sizes of preparation method of ZnO
NPs. Our results enable a broader understanding of the synthetic mechanisms involved in the use of
TAA as sulfur source in the formation of ZnO/ZnS nanocomposites.
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