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Abstract—Nanocrystalline zinc sulfide (ZnS) powders are prepared via hydrothermal deposition from aque-
ous solutions of zinc nitrate and sodium sulfide in the presence of sodium citrate or Trilon B. The average
particle sizes of the product ZnS nanopowders ranging from 2 to 9 nm are tuned via varying the batch con-
centrations of the reagents. Air-annealing of as-prepared ZnS nanopowders at temperatures of 280 to 530°C
oxidizes cubic zinc sulfide to hexagonal zinc oxide. The oxidation of the finest-grained zinc sulfide nanopow-
ders having a particle size of 2 nm starts at 280—330°C, while the coarsest-grained nanopowder having a par-
ticle size of 9 nm starts to oxidize at 530°C. In the coarsest-grained ZnS powder, the particle size increases as
little as from 9 to 12 nm when temperature rises to 530°C, while the finest-grained nanopowders have their
particle sizes increase from 2 to 9 nm in response to the same rise in temperature.
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INTRODUCTION

The low-temperature cubic (space group F43m)
polymorph o-ZnS has the sphalerite cubic structure
(B3 type) and is stable at temperatures below 1290 K.
At 1293 K, the low-temperature cubic zinc sulfide
phase transforms to the high-temperature hexagonal
(space group P6ymc) polymorph B-ZnS with the
wurtzite structure. Bulk zinc sulfide under normally is
a wide-gap semiconductor. The bandgap E, of cubic
o-ZnS is ca. 3.50—3.76 eV, the E, of hexagonal wurtz-
ite B-ZnS is ca. 3.74—3.91 eV [1-3]. The exciton
diameter of bulk zinc sulfide is 4.8—5.2 nm [3]. Poly-
type structures typical of hexagonal wurtzite can
appear in nanosized zinc sulfide particles.

Zinc sulfide ZnS is one of the most used semicon-
ductor sulfides [4, 5] along with lead, silver, copper,
and cadmium sulfides. Zinc sulfide is used in ultra-
sound amplifiers and detectors, infrared sensors,
near- and mid-IR lasers. Especially often zinc sulfide
is used as a phosphor in luminescent devices, solar
cells, LEDs, and liquid crystal displays [3—8]. The
electronic properties of nanocrystalline zinc sulfide,
as the properties of other sulfide semiconductors, too,
differ significantly from the properties of the respec-
tive bulk material [3]. Zinc sulfide nanoparticles with
<10 nm sizes are manufactured in liquid media, spe-
cifically in microemulsions [9], in aqueous colloidal
solutions of zinc nitrate or zinc sulfate and sodium sul-
fide using 3-mercaptopropyltrimethoxysilane as a sta-
bilizer [10], or in aqueous solutions of zinc nitrate and

sodium sulfide [11] with Trilon B (ethylenedi-
aminetetraacetic acid) as a stabilizer.

The thermal stability of the size of ZnS nanoparti-
cles and their phase assemblage is a critical parameter
for the usefulness of nanocrystalline ZnS. Nanocrys-
talline zinc sulfide can oxidize under heating. There-
fore, in order to expand the application of nanocrys-
talline zinc sulfide, one needs to know how stable the
size and phase composition of ZnS nanoparticles are.
The relevant information on nanocrystalline zinc sul-
fide is scarce. Shanmugam et al. in their study of the
behavior of ZnS nanoparticles [ 12] found out that zinc
sulfide nanoparticles fully oxidize to zinc oxide at
500°C. Mohamed and Abdel-Kader considered the
effect of temperature on the stability of optical proper-
ties of PVA/ZnS nanocomposites [ 13]; annealing tem-
peratures higher than 300°C caused the decay of opti-
cal properties of the nanocomposites. Queiroz et al.
[14] considered the behavior of bulk ZnS and found
out that oxidation started at rather high temperatures
(>610°C). Osuntokun and Ajibade [15, 16] showed
that the thermal stability of a nanocomposite compris-
ing ZnS nanoparticles embedded in a polyvinyl alco-
hol (PVA) polymer matrix was higher than the thermal
stability of individual PVA.

Here, we were the first to study the effect of tem-
perature on the compositional stability of zinc sulfide
nanoparticles and to determine the effect of the
nanoparticle size on the oxidation onset temperature.
The thermal stability of the particle size was studied in
zinc sulfide nanoparticles having as-prepared sizes
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Table 1. Batch compositions, unit cell parameter a and average particle size D in the prepared ZnS nanopowders

Batch concentrations of the reagents, mmol/L D+05. nm
" - e | D
Zn(NO;3), Na,S Na;Cit EDTA-H,Na, ( )
1* 50 50 — 0.5357 2
2% 100 100 - — 0.5332 2.5
3* 50 50 6.25 — 0.5333 3.5
I S 50 100 5 0.5395 9

* The exposure time of ZnS nanoparticles prepared in batches 1 and 3 was 2—3 min. ** The exposure time of ZnS nanoparticles prepared
in batch in batch 2 was 20 h. ***The exposure time of ZnS nanoparticles prepared in batch 4 was 70 h.

from 2 to 9 nm, manufactured with various concentra-
tions of precursors. The choice of sodium citrate as the
stabilizer was dictated by the fact that it is the most
popular and chemically unhazardous antioxidant and
would provide the formation of a single sulfide phase,
in our case, ZnS. As to Trilon B, this is a universal
complex former to provide small-sized nanoparticles.

EXPERIMENTAL

Nanocrystalline zinc sulfide powders were manu-
factured by chemical deposition from aqueous solu-
tions of zinc nitrate Zn(NO;), and sodium sulfide
Na,S. Aqueous solutions of sodium citrate
(Na;C¢Hs0, = Na;Cit) and disodium salt of ethylene-
diaminetetraacetic acid (EDTA-H,Na, = Trilon B)
served as complex-forming agents and stabilizers. The
details of the synthetic procedure to prepare ZnS
nanopowders are described elsewhere [11].

The batch compositions were as shown in Table 1.
The batch concentration of Zn(NO;), was 50 or
100 mmol/L. Aqueous solutions were sonicated for
30 min using a Bandelin SONOPULS HD 2070 ultra-
sonic homogenizer for providing a uniform distribu-
tion of the synthesized nanoparticles. The synthesis
temperature was 298—323 K. The exposure time of
nanoparticles in the batch was 2—3 min for samples 1
and 2, 20 h for sample 3, and 70 h for sample 4.

The prepared powders were washed by decantation
and then freeze-dried in an Alpha 1-2 LDplus (Martin
Christ) freeze-dryer at an ice condenser temperature
of —55°C (218 K). The dried nanocrystalline zinc sul-
fide powders were stored in a Sanplatec MB Vacuum
Desiccator under a residual pressured of 13.3 Pa
(0.1 mmHg).

The microstructure, size, and elemental chemical
composition of ZnS nanoparticles in colloidal solu-
tions were determined by transmission -electron
microscopy (TEM) on a Jeol JEM-2010 electron
microscope with a grating resolution of 140 pm (1.4 A).
The elemental chemical composition of ZnS nanopar-
ticles was studied using the same microscope supple-
mented with a Phoenix (EDAX) energy-dispersive
spectrometer (a Si(Li) detector with the 130-eV energy
resolution). For use in experiments, colloidal solu-
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tions of ZnS nanoparticles were spread over a copper
grid pre-coated with one or two layers of collodion
glue (a colloxylin solution in ethanol). After the adhe-
sive coating dried, a carbon-containing mesh with
voids remained. The details of the TEM experiments
are described elsewhere [17].

The thermal stability of zinc sulfide was deter-
mined as follows: a sample of weight m was placed in a
muffle furnace preheated to the required temperature
and exposed to this temperature under air for 2 h;
then, the annealing-induced weight change Am was
determined.

The as-deposited sulfide powders and the same
powders after air-annealing at various temperatures
were studied by X-ray diffraction on a Shimadzu
XRD-7000 diffractometer (the details of the measure-
ment procedure are described elsewhere [18]). The
final structure refinement for the synthesized sulfide
powders was carried out using the X’Pert Plus software
package [19]. The qualitative and quantitative phase
composition of the precipitated powders was estimated
using the Match Version 1.10b software package [20].

RESULTS AND DISCUSSION

High-resolution transmission electron microscopy
(HRTEM) served to estimate the particle sizes of the
ZnS nanoparticles prepared in batches 1—4. Figure 1
shows the HRTEM images of agglomerated ZnS
nanoparticles prepared in batches 1 and 3, which have
average particles sizes of ca. 2 to ca. 4 nm, respectively.
The highlighted areas in the HRTEM images corre-

spond to cubic (space group F43m) zinc sulfide with
the sphalerite (a-ZnS) structure.

The zinc and sulfur concentrations as probed by
energy-dispersive X-ray analysis in the zinc sulfide
powders washed by distilled water and vacuum-dried
are 67.0 £ 0.3 wt % Zn and 32.8 £ 0.3 wt % S in the
powders with average particle sizes of ca. 2 nm, and
67.1 £0.3wt % Znand 32.7 £ 0.2 wt % S in those hav-
ing average particle sizes of ca. 9 nm; these concentra-
tions correspond to stoichiometric ZnS.

Figure 2 shows representative X-ray diffraction
patterns of the zinc sulfide powders deposited from
batches 1—4 (Table 1). All nanopowders give signifi-
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cantly broadened diffraction reflections due to the
small ZnS particle sizes. The particle size D of ZnS
nanopowders derived from the diffraction reflection
broadening is 2 to 9 nm (Table 1). Our quantitative
analysis and comparison with the literature data [21,
22] showed that the observed set of diffraction reflec-
tions correspond to single-phase zinc sulfide with the

sphalerite-type cubic (space group F43m) structure.
The lattice period ag; of the synthesized ZnS nano-
powders is ca. 0.5332—0.5395 nm.

The annealing temperature, which changes the
composition and structure of products, accordingly
affects the X-ray diffraction patterns of zinc sulfide
nanopowders. To illustrate this, Figs. 3 and 4 show the
X-ray diffraction patterns for zinc sulfide nanopow-
ders 1 and 4 with the finest and coarsest nanoparticles,
respectively.

Figure 3 shows the evolution of the X-ray diffrac-
tion patterns of zinc sulfide nanopowder 1 with an as-
synthesized particle size of ca. 2 nm induced by air
annealing at temperatures in the range from 180 to
530°C. The particle size remains almost unchanged
after annealing at temperatures up to 180°C. When the
annealing temperature rises to 230 and 330°C, the zinc
sulfide particles grow in size to 3 and 5 nm, respec-
tively. Our quantitative analysis and comparison to the
related literature [21—23] showed that the oxidation of
zinc sulfide nanopowders to yield hexagonal (space
group P6;mc) ZnO during annealing starts at 280°C,
when weak (002),,, and (101),,, reflections appear in
the X-ray diffraction pattern (Fig. 3). At annealing
temperature above 280°C, the number of zinc oxide
diffraction reflections becomes progressively greater
and they grow in intensity. When the annealing tem-
perature is 480°C, the amount of the oxide phase
(ZnO) and the particle sizes of the oxide and sulfate
phases become slightly greater. After annealing at
530°C, the amount of the oxide phase reaches 21 wt %
and the ZnS and ZnO particle sizes become ca. 10 and
ca. 20 nm, respectively. At 530°C, the oxide phase
amounts to 30 wt % and the ZnS and ZnO particle
sizes are ca. 20 and ca. 30 nm, respectively. It is perti-
nent to mention here that in the X-ray diffraction pat-
terns of nanopowder 1 recorded after it was annealed
at 480 and 530°C, there is a line to the left of the
(111)4,¢ line around 26 = 27.1° that can be indexed as

the (100), ,,, reflection from hexagonal wurtzite ZnS
of the 2H polytype [24], although wurtzite can exist at
temperatures above 1020°C. This can be due to the
formation of a polytype structure in nanosized zinc
sulfide.

Figure 4 illustrates the evolution of the X-ray dif-
fraction patterns of zinc sulfide nanopowder 4, whose
as-prepared particle size was ca. 9 nm, induced by
annealing in air at temperatures up to 530°C. The
nanoparticle size remains almost unchanged until the
sample is annealed at 380°C. Annealing at 430°C
increases the particle size to ca. 10 nm. The oxidation
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Fig. 1. HRTEM images of agglomerated nanocrystalline
ZnS particles produced from (a) batch 1 and (b) batch 3.
The highlighted areas refer to cubic (space group F43m)
zinc sulfide with the sphalerite o-ZnS structure. The
observed interplanar distances (ca. 0.310—0.311 nm) coin-
cide with the distances between the (111) atomic planes of
cubic (space group F43m) zinc sulfide o-ZnS. The bot-
tom left insets in panels (a) and (b) show magnified high-
lighted areas.

of nanopowder 4 to form zinc oxide starts only at
530°C. At this annealing temperature, the ZnS parti-
cle size increases to ca. 12 nm, and the ZnO particle
size at 530°C is ca. 27 nm. The ZnO percentage in
nanopowder 4 at 530°C is 13 wt %.

The X-ray diffraction patterns of zinc sulfide nano-
powders 2 and 3 with an as-prepared particle size of
ca. 2.5 and ca. 3.5 nm, annealed in air at temperatures
up to 480 and 530°C, respectively, are intermediate
between the X-ray diffraction patterns of nanopow-
ders 1 and 4. A specific feature of nanopowder 2 is its
nearly constant particle size until it is annealed at
430°C, while in nanopowder 3, the particle size starts
increasing at 280°C. The oxidation of nanopowders 2
and 3 to yield ZnO starts at 330—380°C. The ZnS par-
ticle size in nanopowder 3 at 530°C is ca. 12 nm, and
the ZnO particle size is ca. 25 nm. The ZnO percent-
age in nanopowder 3 at 530°C is 22 wt %.
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Fig. 3. Evolution of the X-ray diffraction pattern of nanocrystalline zinc sulfide powder 1 having an as-prepared particle size of
ca. 2 nm upon a rise in annealing temperature from 180 to 530°C. The long black and short red strikes indicate the reflection posi-

tion for cubic (space group F43m) zinc sulfide ZnS and hexagonal (space group P63mc) zinc oxide, respectively.

The above results show that the finest-grained zinc
sulfide nanopowders 1 and 2 start to oxidize at lower
temperatures when annealed in air (the diffraction
reflections from zinc oxide ZnO in sample 1, where
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the particle size is ca. 2 nm, appear when the annealing
temperature is 280°C, while in sample 3, where the
particle size is ca. 3.5 nm, oxidation starts when the
annealing temperature is 330°C). Thus, the onset oxi-
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Fig. 5. Weight change of ZnS powders after air-annealing at 180—530°C. The nanopowders are numbered to match their num-
bering in Table 1.

dation temperature of the finest-grained zinc sulfide ture elevation brings about an increase in particle size
nanopowders is 280—330°C, against as high a tem- from 2 to 9 nm, i.e., nearly by five times.

perature as 530°C for the coarsest-grained nanopow- The subject matter of this work is the thermal sta-
der. The particle size of the coarsest-grained ZnS bility of ZnS nanoparticles. The effect of the batch
powder increases as little as from 9 to 12 nm (by ca. ratio of the precursors on the ZnS nanoparticle size
30%) when the temperature rises to 530°C, while in  was studied previously [11]; also see works on the ther-
the finest-grained nanopowders, the same tempera- mal stability and oxidation of lead sulfide [25, 26].
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In all cases, annealing of ZnS powder samples leads
to weight loss Am, which increases as the annealing
temperature rises (Fig. 5). Part of the weight loss is due
to the oxidation of some ZnS to ZnO, whose formula
weight is smaller than the ZnS formula weight. The
ZnO percentage in samples 1, 3, and 4 after annealing
at 530°C, as determined by X-ray powder diffraction,
is 30, 22, and 13 wt %, respectively, in match with the
oxidation-induced weight loss of ca. 5.0, ca. 3.6, and
ca. 2.1 wt %, respectively. Apparently, the rest of the
observed weight loss is mainly due to the evaporation
of the air moisture adsorbed by nanopowders.

Indeed, nanopowders are very hygroscopic, and
their water uptake is the greater, the smaller is their
particle size [27, 28]. The water vapor uptake by GaN,
PbS, and CdS nanopowders from the air increases as
their particle sizes decrease and the relative air humid-
ity rises [29—31].

In view of the weight losses of nanopowders mea-
sured upon ZnS oxidation to ZnO and the literature
data on the water uptake and hygroscopicity of sulfide
and nitride powders [29—31], we may suggest that the
weight loss from zinc sulfide powders 1—4 is due to
removal their adsorbate water, which ranges between
about 9—10 and about 3—4%. The weight changes
imply that the finest nanopowders 1—3 with particle
sizes of 2.0—3.5 nm contain greater amounts of adsor-
bate water, while the coarsest-grained nanopowder 4
with a particle size of ca. 9 nm has the least water
uptake from the air. Some weight loss from ZnS nano-
powders is also due to partial oxidation of sulfur and its
elimination in the form of gaseous SO,, as observed in
the oxidation of silver sulfide nanopowders [32].

CONCLUSIONS

Nanocrystalline powders of cubic zinc sulfide ZnS
with the average particle sizes ranging from 2 to 9 nm
have been prepared via hydrochemical deposition
from aqueous solutions of zinc nitrate and sodium sul-
fide in the presence of sodium citrate or Trilon B. The
finest-grained ZnS nanopowders having particle sizes
of 2—3 nm have been prepared from zinc nitrate and
sodium sulfide solutions free of complex formers and
stabilizers with the shortest deposition times (2—3 min).
We have been the first to study the thermal stability of
the phase composition and particle size in zinc sulfide
nanopowders. The air-annealing of ZnS nanopowders
at temperatures ranging from 280 to 530°C changes
their phase composition due to the oxidation of cubic
zinc sulfide to hexagonal zinc oxide. The finest-
grained zinc sulfide nanopowders start to oxidize at
280—330°C, and the zinc oxide percentage in these
nanopowders annealed at 530°C amounts to ca. 30 wt %.
The coarsest-grained ZnS nanopowder with an as-
prepared particle size of 9 nm starts to oxidize at as
high the temperature as 530°C. When the ZnS particle
sizes decrease to the nanometer scale, their oxidation
onset temperature lowers by ca. 250—300°C compared
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to that in bulk zinc sulfide powders, whose oxidation
onset temperature is ca. 610°C [14, 33]. Unlike bulk
ZnS powders, which hold their particle sizes almost
unchanged when heated under air to 600—700°C, ZnS
nanoparticles have their sizes increasing upon heating
to the same temperature to an extent that is the greater,
the smaller is the size of as-prepared nanoparticles.
The different thermal behaviors of nanosized and bulk
ZnS powders in air are largely due to the highly devel-
oped surfaces of nanopowders.
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