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The bulk and surface properties of mechanochemically synthesized ZnS nanoparticles were stud-
ied. XRD, SEM, TEM (HRTEM), AFM; UV-VIS, low temperature nitrogen sorption as well as TPR
characterization methods have been applied. Cubic ZnS|nanocrystals (2—4 nm) with characteristic
blue shift have been obtained by high-energy,milling: There is an evidence of the nanocrystal aggre-
gates formation in products of milling. The surface -uniformity, homogeneity as well as enhanced

uptake of hydrogen have been documented.
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1. INTRODUCTION

Nanoparticles are distinguished from bulk due to the high
surface to volume ratio that causes the structural and elec-
tronic changes, which in turn, induce other properties to
become different from that of the bulk. Unique photophys-
ical, photochemical, photoelectronic, and photocatalytic
properties can occur in semiconductor nanoparticle 'sys-
tems. The differences can be found at both equilibrium
and nonequilibrium states including thermodynamics, and
kinetics. They critically depend on particle size, shape and
surface characteristics. The decrease of particle size leads
to an extremely high surface area to volume ratio. This
results in an increase in surface specific active sites for
chemical reactions and photon absorption to enhance the
reaction and absorption efficiency. The enhanced surface
area also increases surface states, which changes the activ-
ity of electrons and holes, and affects the chemical reaction
dynamics.!

In recent years, the preparation and characterization of
different chalcogenides have attracted considerable atten-
tion due to their important unique physical and chemical
properties.” These properties become specially pointed up
if the solids are in nanocrystalline dimensions with grain
sizes of about 10 nm. ZnS, as a very important direct wide-
bandgap semiconductor material with the highest E, value
(3.66 eV) among all II-VI compounds, has been attracting
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extensive interest in material science due to its special
electronic and optical properties. This semiconductor is
used in various applications such as optical coatings, field
effect transistors, sensors, transductors and in many other
optoelectronic devices such as blue-emitting diodes, elec-
troluminescence devices and solar cells.? Therefore, much
research on ZnS particles and their physicochemical prop-
erties has been carried out and many methods have been
used for the preparation of these nanoparticles*® even as
one-dimensional nanostructures'® in our group.

This paper is focused on study of the properties of
ZnS nanoparticles synthesized by a simple mechanochem-
ical route using high-energy milling. Application of this
processing route in mechanochemistry leads to prepara-
tion of various nanosized particles.!! The differences in
the nanoparticle structure and the corresponding properties
become critical when the use of mechanochemical meth-
ods is applied, consequently the use of new transmission
electron microscopy methods have opened the perspectives
to understand clearly the variables that influence properties
of the solid under study.!?!3

2. EXPERIMENTAL DETAILS

Mechanochemical synthesis of ZnS nanoparticles was
performed in a Pulverisette 6 planetary mill (Fritsch,
Germany). The following milling conditions were used—
loading of the mill: 50 balls of 10 mm diameter; weight
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charge of the total powder mixture in the mill: 14.2 g; ball
charge in the mill: 360 g; material of milling chamber and
balls: tungsten carbide; rotation speed of the planet car-
rier: 500 rpm; milling time 5, 10 and 20 minutes using an
argon atmosphere as a protective medium in the mill.

The nanoparticles were prepared by high-energy milling
of zinc acetate and sodium sulphide mixture according to
the reaction

(CH,CO0),Zn - 2H,0 + Na,$S - 9H,0
— ZnS +2CH,COONa + 11H,0 (1)

The reaction is thermodynamically feasible at ambient
temperature, as the enthalpy change is negative. The
value AH5, = —171 kJ mol™! was calculated from ther-
modynamic data.'® After the completion of reaction (1)
the obtained nanoparticles have been washed, decantated
and dried according to the procedure described earlier.!’
The properties of mechanochemically synthesized ZnS(M)
were compared with the chemically precipitated ZnS(C)
(Fluka, 98%). The XRD measurements were performed by,
employing an X-ray diffractometer Siemens D5000 bear-
ing Bragg-Brentano geometrical configuration (Siemens,
D5000). The X-ray radiation source was a Cu with
A = 1.5406 A. Measurements were made for 26 values over
20-70° in steps of 0.03° with a count time of 5 s. The
Profile software supplied by Bruker/Socabin was used in
the pattern decomposition (profile fitting) procedures and in
the extraction of the parameters. The profile fitting proce-
dure and principles of the methods were discussed in detail
in our earlier papers.'®!" The specific surface area was
determined by nitrogen sorption method at liquid nitrogen
temperature, using a Gemini 2360 apparatus (Micromerit-
ics, USA). The synthesized samples were analyzed ysing
FE-SEM LEO 1550 scanning microscope in order “to

investigate the surface morphology of the nanoparticles. !

Transmission electron microscopic studies were: made:by
applying the high angle angular dark field (HAADF). Low
magnification TEM and high resolution TEM (HRTEM-
Philips Tecnai 200 operated at 200 kV), have demon-
strated to be together an excellent method to study metal
sulfide semiconductor nanostructures, where core—shell or
stochiometric systems can be distinguished.?*! The sam-
ples were left uncovered from any conductive material as
to keep their original properties. Atomic force microscopy
(AFM) analyses were performed using a multi-mode scan-
ning probe microscope (SPM) (Nanoscope IV, Digital
Instruments). Temperature-programmed reduction (TPR)
was carried out in an apparatus described earlier.?! A H,—
N, mixture (10 mol% of H,) was used to reduce samples
at a flow rate of 17 cm® min~'. The temperature was lin-
early raised at a rate of 20 °C min~! up to 850 °C. Optical
studies were carried out using UV-VIS spectrophotome-
ter HELIOS GAMMA (Great Britain) in the range 200—
600 nm in quartz cell by dispersing of synthesized particles
in absolute ethanol by ultrasonic stirring.
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3. RESULTS AND DISCUSSION

The XRD patterns of the chemically precipitated ZnS(C)
and mechanochemically synthesized ZnS(M) are shown
in Figures 1 and 2, respectively. The XRD analysis of
the ZnS(C) confirmed the presence of hexagonal wurtzite,
a-ZnS (JCPDS 36-1450) and cubic sphalerite, [-ZnS
(JCPDS 5-566). Clearly, the occurrence of a weak reflec-
tion peak (200) at 33.4° and a very small peak at 69.9°
indicates the cubic phase. In addition, the investigation of
the relative intensity and comparison with those in JCPDS
database revealed the relatively higher intensities of reflec-
tions associated with both phases. However, it should be
noted that the wurtzite is the main phase in the sample and
only a small amount of sphalerite is present in the ZnS(C).

In contrast, the XRD patterns of the ZnS(M) show
mainly the reflections of cubic phase, which is also sup-
ported by relative intensity. No reflection peaks was found
at 39.6° and 69.9°, which are typical for the hexagonal
form. The (200) reflection of the cubic phase at about
33.4° is probably masked due to a large broadening of the
reflection (111). The peaks associated with the hexagonal
phase disappear with milling and only the cubic structure
is evident in the diffraction pattern. The mechanochemical
transformation of wurtzite to sphalerite can be attributed
to the motion of dislocations in the activated solid. The
obtained results agree with the observations of Imamura
and Senna.”* However, BaldZ et al. in their preliminary
study'” reported presence of both cubic and hexagonal
phases in the product of mechanochemically synthesized
ZnS. There are some differences in comparison with the
present results which can be caused by non-detailed XRD
analysis of XRD patterns owing to the absence of the

. proper software for XRD evaluation. The higher back-

ground ‘on the XRD pattern of ZnS(M) in this work implies
the! formation of some amorphous material. This X-ray
amorphization is frequently observed in mechanochemi-
cally treated solids.!!
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Fig. 1. XRD patterns of chemically precipitated ZnS nanoparticles.
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synthesized ZnS

The Williamson-Hall analysis has been applied to'ascer-
tain the nature of any structural imperfection ‘in 'zinc sul-
phide samples. Figures 3 and 4 show the Williamson-Hall
plots for chemically precipitated and mechanochemically
synthesized samples, respectively. The scatter of the B}z
values for the ZnS(C) with low correlation coefficient indi-
cates that the crystallite shape differs from a spherical one.
In addition, deviation of reflection (102) can be related to
the difference in module elasticity between reflection (102)
and other reflection. The Williamson-Hall plot yields very
small slopes close to zero which implies the precipitated
sample is approximately free of strain. For this sample the
average volume weighted crystallite size calculated using
the intercept of the corresponding lines, is 27.7 nm.

The Warren-Averbach analysis provides detailed infor-
mation regarding to crystallite size, lattice strain'and their

distributions. The results of the ZnS(C) using the Warren- & |

Averbach and Scherrer approaches for different reflections
are given in Table I. Since the ZnS(C) is free of strain,
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Fig. 3. Williamson-Hall plot of
nanoparticles.

chemically precipitated ZnS
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Fig. 4. Williamson-Hall plot of mechanochemically synthesized ZnS
nanoparticles.

the Scherrer equation can be applied successfully for cal-
culation of the weighted crystallite size. From the Warren-
Averbach method, the average surface weighted crystallite
size was) estimated as 28 nm, corresponding to the vol-
ume weighted crystallite size of 30.5 nm obtained using
Scherrer equation. The results gained by the Scherrer equa-
tion shows directly good agreement with the results of the
Williamson-Hall plots because both the methods measure
the volume weighted crystallite size. Hence the obtained
results from the Warren-Averbach method and Williamson-
Hall plots are comparable.

Regarding the ZnS(M), the presence of non zero slope
and intercept reveals that both size and strain components
exist in the sample (Fig. 4). The plot shows high correla-
tion coefficient (r = 0.96) and negligible scatter in the B;iz,

| suggesting uniform crystallites. The ZnS(M) yields larger

broadening compared to the ZnS(C). The volume weighted
crystallite size and maximum lattice strain calculated are
3.7 nm and 7.5 x 1072 respectively.

For the ZnS(M) (cubic phase), the Warren-Averbach
method was applied to calculate both strain and crystallite
size components. The three intensive reflections were used
for calculation. The average surface weighted crystallite
size obtained was 1.8 nm and the root mean square

Table I. The obtained crystallite sizes for precipitated synthesized ZnS
nanoparticles using Warren-Averbach and Scherrer methods.

Reflections Scherrer (nm) Warren-Averbach (nm)
(100) 42.0 46
(002) 332 39.8
(101 18.1 18.5
(110) 475 11.9
(103) 11.2 12.5
(200) 35.4 36.9
(112) 352 38.5
(201) 21.6 24.2
Average 30.5 28.5
(102) 3.7 11.5
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strain (RMSS) at L =1 nm, (&7_, ,.)"/?, accounted for
2.6 x 1072,

The specific surface area of ZnS(C) which accounts
7 m?g~! is substantially lower in comparison with ZnS(M)
where this value is 97-128 m?g~! depending on milling
time. This increase is related to smaller particles obtained
by milling in comparison with surface area of the precipi-
tated sample.

Surface morphology of the ZnS(M) with estimated size
from 10-20 nm is depicted in Figure 5(a) showing irreg-
ular particles. From the surface analysis it is revealed that
there is a homogeneous distribution of the particles and the
surface is smooth. Individual nanoparticles have tendency

Mag = 200.00 K X
WD= 3mm

EHT = 20.00 kV
Signal A = InLens

Fig. 5. Microscopic analysis of mechanochemically synthesized ZnS
nanoparticles by SEM (a), and AFM evaluating the height by a 3D image
(b) and the homogeneity with a deflection-mode image (c).
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to form nanoparticle agglomerates during milling process
and both entities can be clearly seen. In order to analyze
the surface characteristics in more detail, sampling meth-
ods of AFM in contact mode were used. Figure 5(b) shows
a three-dimensional representation of the image obtained
from the surface of the ZnS(M) nanoparticles. A homoge-
neous distribution of crystalline domains can be observed
from the image. The deflection image of the ZnS(M)
nanoparticles surface is shown in Figure 5(c), from which
the crystalline distribution was observed to be uniform
and regular. From the comparison of the deflection image
(Fig. 5(c)) and the altitude topography (Fig. 5(b)) it is
observed that the crystallites were of the same size. We
obtained the information from the sample surface, which
is shown in Figure 5(c), where the effect of homogeneity
is proportional to the altitude information.

Moreover, the way how the material is produced can
be studied from the local analysis of the produced aggre-
gates. In this way, HAADF signal gives information about
Zn contrast. In Figure 6, a TEM analysis help us to iden-
tify regions with pure zinc or sulphur, or homogeneous
ZnS. distribution. In the bright field image (Fig. 6(a))
the morphology looks like an aggregate produced by
smaller clusters compacted during milling, which in case
of the HAADF image (Fig. 6(b)) shows that the different
wideness with multiple internal boundaries and aparently
homogeneous appearance are contrasting. A higher mag-
nification of the zone (Fig. 6(c)) allows recognizing the
differences between the contrast produced by the wideness
of the aggregate and the homogeneity produced by the
similar elemental composition of the material. In this way,
the material is determined as homogeneous ZnS aggre-
gates. While the corresponding structural analysis requires

Fig. 6. TEM analysis of mechanochemically synthesized of ZnS
nanoparticles: (a) bright field, (b) HAADF and (c) higher magnification
HAADF images.
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Fig. 7. HRTEM analysis of mechanochemically synthesized ZnS
nanoparticles: (a) identification of nanoparticle with size around 3 nm,
(b) determination of structure with help of the interplanar distance -mea-
surement, (c) hexagonal profiles for fcc-like nanoparticles and (d) exam-
ple of fractures induced in the material.

a higher resolution, the HAADF allows to conclude the
formation of ZnS nanocrystals.

HRTEM images allows the determination of size of
the nanoparticles,?* the type of structures produced® and
also the possible induced morphologies.?® In Figure 7
four different micrographs are shown. In Figure 7(a) an
area of 16 nm x 16 nm is observed, where several clus-
ters are clearly identified, and particularly three of them

where it is found a square contrast in the center of the
micrograph with interplanar distances of 0.27 and 0.28 nm
that implies a region with an axis zone near to the [0, 0, 1].
Figure 7(c) shows a well defined cluster of ~4 nm with
an hexagonal profile and rhombic internal contrast that are
characteristic of a truncated octahedron particle observed
in the [0, 1, 1] zone axis. The HRTEM images allow find-
ing defects in the nanocrystalline material as marked with
an arrow in Figure 7(d), which have been reported for the
mechanosynthesized nanostructures.!!

Temperature-programmed reduction (TPR) patterns of
the ZnS(M) and ZnS(C) in Figure 8 consist of four reduc-
tion stages with maxima at 390, 465, 585 and 775 °C
which could be ascribed to the reduction of zinc sul-
phide with different dispersion and reducibility. The H,
consumption on the ZnS(M) (3.141 Mmol H, g7!) is
3-times higher in comparison with the ZnS(C)
(1.325 Mmol H, g7'). Most probably it is related to the
increase of specific surface area as well as to the very active
centers on surface of ZnS(M) created by milling. The
TPR results show that the ZnS(M) is reduced substantially
easily comparing to the ZnS(C).

The UV-VIS optical absorption spectrum of the ZnS(M)
nanoparticles is shown in Figure 9. The spectrum is dis-
tinctly different compared to the well-known featureless
absorption edge of bulk ZnS that appears approximately
at 340 nm. The spectrum is structured with the absorp-
tion.maximum at 309 nm. Compared with that of the
bulk ZnS (E, = 3.66 eV), the corresponding band gap of
nanosized ZnS(M) is 3.99 eV with the blue shift about
0.33 eV.?’ This can be explained as a quantum size effect,
due to electron-hole confinement in a small volume. It is
clear from the experimental spectrum that there is a large

are measured with sizes of 2.6, 3.7 and 3.4 nmi In! fact! | ISl'}ift.‘erﬁhe absorption maximum of the ZT}S(M) towards
the corresponding fast Fourier transform (FFT) denotes-a shorter wavelength. The relation between this shift and the

polycrystalline material, which must be composeh by the

crystallite size is defined by Brus equation.”® According

nanocrystals. Higher magnification allows deterrﬁfﬂing HIBHEHE

lattice distance of the material as in case of Figure 7(b),
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Fig. 8. TPR patterns of mechanochemically synthesized (1) and precip-
itated (2) ZnS nanoparticles.
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Fig. 9. UV-VIS spectrum of mechanochemically synthesized ZnS
nanoparticles.
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to this equation we calculated the crystallite size 2.1 nm
which is in a good agreement with XRD and HRTEM
analysis.

4. CONCLUSIONS

ZnS nanoparticles of size 2-4 nm have been success-
fully synthesized by mechanochemical route in the plan-
etary mill. The cubic structure for the peaks associated
to (111), (220) and (311) planes were clearly identified.
The mechanochemically synthesized ZnS nanoparticles in
comparison with chemically synthesized ZnS are distin-
guished by their physicochemical properties. The main
advantages of mechanochemical synthesis is the produc-
tion of uniform crystallites compared with precipitation
chemical route. The absorption spectrum showed a blue
shift compared with that of the bulk material indicat-
ing its quantum confinement. Investigation by microscopy
methods also revealed the surface uniformity and homo-
geneity of mechanochemically synthesized nanoparticles.
Mechanochemical synthesis of ZnS nanoparticles is ‘an
alternative solid-state way to prepare nanostructures. The
process is solvent-free, does not need high temperatures
and long reaction times and is able to manufacture nano-
materials at capacities of ten kilograms per hour.
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