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Zinc sulphide (ZnS) is an important semiconductor with widespread electronic and catalytic applications. The growth kinetics of
ZnS$ nanocrystals synthesized by the thermal decomposition of zinc ricinoleate carboxylates in an oleylamine:dodecanethiol (1:1)
solvent mixture isreported. Crystalline sphalerite ZnS nanocrystals with quantum dot sizes of 2.3-5.3nm were obtained at
temperatures higher than 240°C. The p-XRD patterns showed a clear relationship between the crystallite sizes and the peak
broadness at a temperature range of 250-300°C. The optical bandgap energies of the ZnS nanocrystals reduced from 4.27 eV to
3.73 eV as the time of reaction increased from 20 to 60 min at 250°C. The activation energy for the growth kinetics of the ZnS
nanocrystals was determined to be 36.24 kJ/mol which compares closely to those reported in the literature for aqueous systems.

1. Introduction

Zinc sulphide is a direct wide bandgap (II-VI) semiconductor
compound attractive for cathode-ray, catalytic, electrolumi-
nescence, solar cell, and UV laser applications [1-3]. It also
has excellent optical properties in the infrared (IR) and the
far-IR region [1, 4]. Thus, ZnS is a promising metal chal-
cogenide material that has attracted immense attention as a
valuable transparent semiconductor for various electronic
applications [5-9]. ZnS is a white to slightly yellowish ma-
terial, and it is mostly considered an alternative to cadmium
(Cd)-containing semiconductor chalcogenides (such as CdS,
CdSe, and CdTe) because it is nontoxic and more suitable for
biological applications [8, 10]. CdS, however, has been syn-
thesized using a greener approach [11].

ZnS nanoparticles are usually obtained by reacting a zinc
salt and sulphur using the coprecipitation method [12, 13].
Sulphur could be elemental sulphur or a sulphur-containing
compound such as sodium sulphide, thiourea, cysteine, and
dodecanethiol [5, 14, 15]. This method is based on the
precipitation of the ions in an aqueous solution. The pH of
the solution is critical to the precipitation to form the desired
nanomaterial. The coprecipitation method is cheaper than

the other conventional methods; however, it yields fewer
crystalline nanoparticles with many defects [16].

ZnS nanoparticles have received considerable research
on their growth kinetics because of their high structural
symmetry, which enhances the probability of an oriented
attachment growth mechanism [17]. When the size of a
nanoparticle is reduced, the electronic band structure is
modified due to the quantum confinement effect and results
in an increment of the bandgap energy of the nanocrystal.
Practically, this increment in bandgap energy is observed as
a blue shift in the absorption spectrum of the nanocrystal.
This provides an indication as to how to probe the kinetics of
the growth of the nanocrystal in solution by simply mon-
itoring the UV-Vis spectra. The time-dependent evolution of
UV-Vis absorption spectra has been extensively used to
study the kinetics of ZnS nanocrystals [17-19].

The Brus equation (1) gives a relationship between the
bandgap energy (E g) and the radius (r) of the nanocrystal
based on the reduced mass approximation:
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where AE is the difference between the bandgap energy of
the nanocrystal E,(,) and the bulk bandgap energy E -
The effective masses for the electrons and holes are m; and
m;. The ¢, and ¢ is the permittivity of a vacuum and the
dielectric constant of the material in question, respectively; h
is the Planck’s constant and r is the radius of the spherical
nanocrystal. The first term in equation (1) represents the
kinetic energy of the exciton and dominates when r is small.
The second term in equation (1) is the Coulombic inter-
action of the electron and hole [20]. For ZnS, E, ) =
3.6eV  (some publications used 3.54eV),m; = 0.34m,,
my, = 0.23m,, and & = 8.76 [20, 21].

Tiemann et al. [19] employed in-situ stopped-flow UV
absorption spectroscopy to investigate the growth of ZnS
nanoparticles in a supersaturated aqueous medium. Aqueous
solutions of ZnSO, and Na,S were injected simultaneously
into an observation cell with pressure-driven syringes and the
stopped-flow signal was triggered for data acquisition. This
study concluded qualitatively that the growth of ZnS nano-
particles within 40 milliseconds is governed predominantly by
the Ostwald ripening, though other mechanisms such as
coalescence may also occur. Using a similar technique, Huang
et al. [17] also investigated the role of oriented attachment of
ZnS$ crystal growth kinetics in both aqueous and mercap-
toethanol-water solutions. Using XRD, HRTEM, and kinetic
modeling, they were able to conclude that in both systems,
early crystal growth of ZnS nanocrystals occurs via a crys-
tallographically specific oriented attachment resulting in
different stacking orders and faults. However, at longer re-
action times, the surface irregularities are removed via a
diffusion-controlled growth mechanism, resulting in rounded
particles with complex internal structures.

The thermal decomposition of metal carboxylates or metal
fatty acid salts (MFASs) in suitable organic solvents has also
become attractive for the synthesis of ZnS nanoparticles and
other very important nanoparticles because of the following
reasons: (i) it yields good quality crystalline nanoparticles, (ii) it
is reproducible, (iii) it is attractive for large scale synthesis, and
(iv) it creates the opportunity to employ different naturally
existing fatty acids [22-25]. MFASs are polyvalent metal soaps,
prepared either by (i) metathesis of sodium or potassium fatty
acid salt with metal salts in aqueous or polar solvents, (ii)
dissolution or fusion of metal oxides (or hydroxides, oxy-
hydroxides, hydrocarbonates, carbonates) in hot fatty acids, or
(iii) direct reaction of metal with hot fatty acids [24]. Though
the MFASs route produces very good quality monodispersed
crystalline nanoparticles than the coprecipitation method, the
kinetics of ZnS nanoparticle growth using this route has not
been vividly studied. The study of nanocrystal growth is
fundamental to understanding the manipulation of material
properties to tailor them for a specific application. This work
reports the growth kinetics of ZnS nanoparticles synthesized by
the thermolysis of zinc (II) ricinoleate carboxylate complex.

2. Materials and Methods

2.1. Materials. Zinc acetate dihydrate (98%, Sigma-Aldrich),
dodecanethiol (<100%, Sigma-Aldrich), oleylamine (<100%,
Sigma-Aldrich), sodium hydroxide (297%, Fisher
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Scientific), hexane (=97, Honeywell/Riedel Haen), toluene
(99.7%, Sigma-Aldrich), ethanol (>99.8%, Sigma-Aldrich),
and acetone (>99%, Honeywell/Riedel Haen) were all used
without further purification. The ricinoleic acid was isolated
from castor oil (Sigma-Aldrich) using a previously published
method by Vaisman et al. [26] and used to prepare the zinc
(II) ricinoleate complex (the TGA pattern is shown in
Figure S1).

2.2. Methods

2.2.1. Syntheses of ZnS Nanoparticles. The ZnS nanoparticles
were synthesized following the method previously published by
Mensah et al. [24]. Zinc (II) ricinoleate complex (0.91 mmol
and 0.6 g) was dissolved in a 1:1 solvent mixture of dodeca-
nethiol (41.75mmol and 10ml) and oleylamine (30.39 mmol
and 10ml) in a three-necked flask under a nitrogen gas at-
mosphere. The reaction temperature was raised to 300°C and
maintained for an hour. The resulting solution was cooled to
room temperature to obtain a white precipitate of ZnS
nanoparticles. The precipitate was washed with ethanol several
times to remove the excess oleylamine and dodecanethiol. The
ZnS$ nanoparticles were dispersed in toluene before analysis.

2.2.2. Kinetics of ZnS Nanoparticles. The kinetics of the
growth of the ZnS in the oleylamine: dodecanethiol (1:1)
solvent mixture was studied by withdrawing aliquot samples
from the reaction flask at 0, 10, 20, 30, 40, 50, and 60 minute
intervals and at different temperatures of 240, 250, 260, 270,
280, 290, and 300°C.

2.2.3. Characterization. The powder X-ray diffraction pat-
terns were obtained with a Bruker D8 diffractometer using
Cu-Ka radiation (A=15418A, 30kV, 40mA, 20 range
(10-70°), with a scan speed of 2.0 deg/min and a step size of
0.05. The absorption spectra were obtained using a UV-1800
Shimadzu UV spectrophotometer. A micrograph of ZnS
nanoparticles synthesized at 300°C was obtained using a
JEOL 1010 transmission electron microscope (TEM) with an
accelerating voltage of 100kV and equipped with a Mega-
view III camera and Soft Imaging Systems iTEM software.
The nanoparticle sizes from the TEM image were analyzed
using the Image]/Fiji software package.

3. Results and Discussion

3.1. Formation and Growth of ZnS Nanoparticles. The ZnS
nanoparticles were formed by decomposing the [Zn(Ra),]
complex in a hot dodecanethiol:oleylamine (1:1) solvent
mixture at reaction temperatures above 240°C. The thermal
decomposition of transition metal carboxylates has been
reported to occur via the cleavage of the M-OCOR and MO-
COR bonds (where M is the metal ion) in the metal car-
boxylates to release radical species (as shown in the reaction
scheme in Figure 1) [27]. In the presence of dodecanethiol,
the generated radical species react with the sulphur (in
dodecanethiol chemical structure) to form the ZnS nano-
particles (Figure 1).
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The oleylamine used as a solvent is said to enhance the
reactivity of the metal carboxylate precursor via aminolysis
reaction, thereby lowering the reaction temperature for the
metal sulphide formation [28]. Oleylamine is a primary amine
that can act as an electron donor at high temperatures.
Oleylamine controls nanoparticle morphology and crystal-
linity by exhibiting affinity to metals through its NH, func-
tional group [29]. It was observed that at reaction
temperatures below 240°C, there was no formation of crys-
talline ZnS nanoparticles. Instead, a white powdered sub-
stance was obtained at the lower temperatures and showed no
X-ray diffraction, suggesting it was an amorphous material.
The p-XRD did not detect the formation of zinc oxide in any
of the synthesized samples, implying that the samples ob-
tained above 240°C were pure ZnS nanoparticles.

3.2. p-XRD and TEM Analyses of ZnS Nanoparticles. The
p-XRD pattern of the ZnS nanoparticles synthesized at
300°C is shown in Figure 2(a). A pure phase of ZnS was
obtained. The diffraction pattern strongly corresponds to a
face-centered cubic B-ZnS with sphalerite (Zinc blende)
crystal structure (JCPDS 03-065-0309). The p-XRD pattern
showed three distinct peaks at 2theta values of 28.55°,
47.54°, and 56.44°, matching the X-ray diffraction at hkl
(111), (220), and (311) planes in ZnS. The lattice parameter
calculated was approximately 5.4064 A, which compares
with 5.4060 A for a standard ZnS (JCPDS 03-065-0309).
The TEM image showing the morphology of the ZnS
nanoparticles synthesized at 300°C is shown in Figure 2(b).
From the TEM image, the average particle size of the ZnS
nanoparticles was calculated to be 4.84 ( + 1.56) nm, which
agrees closely with the crystallite particle size of 5.3 nm
calculated from the XRD pattern. The absorption spectrum
and Tauc’s plot of the ZnS nanoparticles synthesized at
300°C are shown in Figure S2.

3.3. Effect of Temperature on p-XRD Patterns of ZnS
Nanoparticles. The p-XRD patterns of the ZnS nano-
particles synthesized at different temperatures (240-300°C)
are shown in Figure 3. No ZnS crystal phase change was
observed with increasing reaction temperature (within the
chosen temperature range).

The diffraction pattern of the ZnS nanoparticles syn-
thesized at 240°C appeared broadened compared to those
synthesized at 300°C. This broadening of the diffraction
peaks was observed to be decreasing as the reaction tem-
perature was increased. Scherer reports the broadening of
XRD diftraction peaks to be inversely proportional to the
size of the crystallites [30]. The full-width-half-maximum
(FWHM) of the diffraction peaks of the ZnS nanoparticles
was reduced by 57% as the reaction temperature was in-
creased from 240°C to 300°C. This observation agrees with
the fact that the ZnS crystallite size increased with increasing
reaction temperature. The crystallite sizes of the ZnS
nanoparticles increased from 2.3nm to 53 nm as the re-
action temperature increased from 240°C to 300°C (The
correlation between particle sizes determined by XRD and
UV-Vis is shown in Figure S3). The percentage increment in

(1) Decomposition of zinc (IT) diricinoleate complex to generate radicals

[¢]

n ‘‘‘‘‘‘
VO 4> Zn* + 2°0
Y HO,

Zinc (II) diricinoleate complex Radicals species
(2) Formation of ZnS nanoparticles

H,N-R!

Zn®* 4+ HS-R 4A» * + Liquid byproducts

Alkylthiol ZnS$ nanoparticles

FIGURE 1: Reaction scheme showing the thermal decomposition of
zinc (II), ricinoleate complex, and the formation of ZnS nano-
particles in dodecanethiol:oleylamine (1:1) solvent mixture at
temperatures >240°C.

the particle size was calculated to be 130% which corre-
sponds to the 57% reduction in the FWHM of the diffraction
peak (reflection at (111) plane) as the temperature was in-
creased to 300°C. Comparatively, Huang et al. [17] obtained
2.0nm and 2.4 nm particle sizes of ZnS nanoparticles syn-
thesized via the hydrothermal method using water and
mercaptoethanol-water as solvents, respectively.

3.4. Effect of Reaction Time on the p-XRD Pattern of ZnS
Nanoparticles. The p-XRD patterns of the ZnS nanoparticles
synthesized at different time intervals at 270°C are shown in
Figure 4. The crystallinity of the ZnS nanoparticles improved
as the reaction progressed for a longer time (60 minutes). The
material obtained at 10 minutes of reaction at 270°C showed
no X-ray diffraction, indicating that the material was less
crystalline. Increasing the reaction time to 60 minutes resulted
in a comparatively more crystalline material.

The evolution of the optical spectra of the ZnS nano-
particles synthesized at different time intervals at 250°C is
shown in Figure 5(a). The corresponding Tauc’s plot esti-
mation of the optical bandgap energies is also shown in
Figure 5(b). The ZnS nanoparticles showed interesting time-
dependent evolution of absorption spectra (Figure 5(a)).
Good quality ZnS nanoparticles were obtained after the first
20 minutes of reaction at 250°C. The time-dependent ab-
sorption of ZnS nanoparticles has been employed by Tie-
mann et al. [19] and Li et al. [31] for the study of the
coarsening kinetics of ZnS in aqueous systems.

The bandgap energy obtained for the ZnS nanoparticles
synthesized at 250°C after the first 20 minutes of reaction was
4.27 eV and 3.73 eV after 60 min. This redshift of the optical
spectra of the ZnS nanoparticles to a higher wavelength (or
to lower energy) is due to the increase in the particle size
with reaction time. This observation has been widely re-
ported on ZnS nanoparticles and very important metal
chalcogenide nanoparticles such as CdS and CdSe [31-37].

3.5. Activation Energy of ZnS Nanoparticle Growth. The
coarsening kinetics of the ZnS nanoparticles in solution
considering the Ostwald ripening and oriented attachment
kinetic models is given by equation (2) [18, 38-40].
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FIGURE 2: (a) The p-XRD pattern and (b) the TEM image of ZnS nanoparticles obtained by decomposing the zinc ricinoleate carboxylate
complex in oleylamine: dodecanethiol (1:1) solvent mixture at 300°C for 1 hour. The red lines are the standard pattern for sphalerite ZnS

(JCPDS 03-065-0309).
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FIGUurRe 3: p-XRD patterns of ZnS nanoparticles obtained by
decomposing ricinoleate carboxylate precursors in oleylamine:
dodecanethiol (1:1) solvent mixtures at different temperatures for
1 hour. The blue lines are standard patterns for sphalerite ZnS
(JCPDS 03-065-0309).
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FIGURE 4: The effect of reaction time on p-XRD patterns of ZnS
nanoparticles synthesized by the thermal decomposition of the zinc
ricinoleate precursor in oleylamine/dodecanethiol (1:1) solvent
mixture at 270°C.

where D is the particle diameter at time ¢, D, is the initial
particle diameter, and k; and k, are reaction rate constants
for the two-step reaction in the crystal growth reaction.
However, the growth component is the second term of
equation (2) that dominates the coarsening activity over a
longer period of a reaction than the first term, which di-
minishes rapidly in the reaction. Thus, k, dominates over k;,
and it is reported as the rate constant for ZnS nanoparticles’
crystal growth. The plot of ZnS nanoparticles sizes against
reaction time at different temperatures is shown in Figure 6.

At 280°C, the particle size increased rapidly during the
first 30 to 40 minutes and stabilized afterwards. This suggests

85UB01 T SUOWILLOD BAIIERID 3ded| [dde ay1 Aq pauenob a2 s9joile YO ‘SN JO S8|nJ 10} ARIq1T8UIUO A1/ UO (SUONIPUOD-PUE-SLLIBYW0D A8 1M AleIq 1[pulUO//SANY) SUOTIPUOD PUe SWS 1 8L 89S " [1202/£0/9T] Uo AriqIT8uljuo AB(IM 91 8 19S JO AlUN YewnIiN awemyi Aq Z65r8E6/2202/SSTT 0T/I0p/woo A | im Afeldjeul|uoy/sdny wouy pspeojumod ‘T ‘2202 ‘2962



Journal of Chemistry

F4--4--% -1 -—|--» Red shift

Absorbance (a.u.)

300 325 350 375 400
Wavelength (nm)

—— 20 min —— 50 min
—— 30 min —— 60 min
—— 40 min

()

(ahv)?(a.u.)

Energy (eV)

(®)

FiGure 5: The effect of reaction time on (a) absorption spectra and (b) estimation of optical bandgap energy of ZnS nanoparticles
synthesized by thermal decomposition of the zinc ricinoleate precursor in the oleylamine/dodecanethiol (1:1) solvent mixture at 250°C.

5.0 4

4.5 +

4.0

3.5

Particle size (nm)

3.0

0 10 20 30 40 50 60

Time (min)
—a— 240°C —— 270°C
—eo— 250°C —o— 280°C
—— 260°C

FIGURE 6: A plot of the average particle size of ZnS nanoparticles
(obtained from UV-Vis spectra) against reaction time at different
temperatures.

the possible size focusing mechanism occurs after the first 40
minutes of the reaction. During size focusing, according to
the diffusion-controlled model, the larger particles grow
slowly, whereas the smaller particles grow rapidly due to the
large supply or diffusion of monomers/solutes to their
surface. At 240°C and 250°C, the particle size grew gradually
or slowly and at 260°C and 270°C the particle size increased
rapidly and stabilized briefly and then increased rapidly
again (Figure 6). The Ostwald ripening and oriented at-
tachment mechanisms coexist for reactions at 240°C to
270°C. In the Ostwald ripening mechanism, the larger
particles grow at the expense of the smaller particles. This is
explained by assuming that the concentration of the solutes
at the surfaces of the bigger particles is low compared to that

1.8
°

1.6
g
= 1.4 4
B
2 1.2 4
=
b y=9.34032 - 4.35873*x
2 104 AE,=36.24 kJ/mol

0.8 4

1.75 1.80 1.85 1.90 1.95
1000/T (K1)

FIGURE 7: Arrhenius plot of in (D) against the reciprocal of
temperature for ZnS nanocrystal growth in the oleylamine:
dodecanethiol (1:1) solvent mixture. The nanocrystallite sizes were
obtained from the XRD patterns at different reaction temperatures
(Figure 3). (The correlation between particle sizes determined by
XRD and UV-Vis is shown in Figure S3).

of the smaller particles, and thus, solutes diffuse from the
surfaces of the smaller particles to the bigger particles,
resulting in the growth of the bigger particles. The oriented
attachment mechanism assumes the coalescence of adjacent
particles that share a common crystallographic orientation.

The activation energy (AE,) of the coarsening reaction
was calculated by employing the Arrhenius equation in the
form reported by Kuo et al. [41].

In(D) = —ﬁ“ +1In(A), (3)

where D is the nanocrystallite size (in nm), R is the ideal gas
constant, T is the temperature in Kelvin, and A is the
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preexponential factor. A plot of In (D) against the reciprocal
of the temperature is shown in Figure 7. The activation
energy is calculated by multiplying the slope (obtained from
the linear fit) and R. The AE, value obtained for the growth
of ZnS nanoparticles in a mixture of oleylamine and
dodecanethiol (1:1) solvent mixture was 36.24 kJ/mol. This
value agrees with the 42.4kJ/mol reported by Huang et al.
[17] for the coarsening of ZnS nanoparticles in an aqueous/
mercaptoethanol medium. Tiemann et al. [18] also obtained
AE, of 25.7 k]/mol for the coarsening of ZnS nanoparticles in
an aqueous medium. The AE, value obtained in this work
considers all the possible crystal growth mechanisms
accounted for in equation (2).

4. Conclusion

The thermal decomposition of zinc ricinoleate carboxylate
complex in the oleylamine: dodecanethiol (1:1) solvent
mixture shows the synthesis of ZnS nanoparticles. Pure
crystalline sphalerite monodispersed ZnS nanoparticles with
quantum dot sizes between 2.3 and 5.3 nm were obtained at
temperatures higher than 240°C. The particle size and optical
bandgap energy of the ZnS nanoparticles were found to be
dependent on temperature and time of reaction. This syn-
thesis route yielded clear time and temperature-dependent
UV-Vis spectra and p-XRD patterns, valuable kinetics data.
The activation energy for the nanocrystallite growth kinetics
of Zn$S nanoparticles in an oleylamine:dodecanethiol (1:1)
solvent mixture was determined to be 36.24 kJ/mol.
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