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Zinc sulfide nanoparticles: a mechanism of formation
in aqueous solutions and optical properties
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The formation of sols and precipitates of zinc sulfide as a result of the exchange reaction in
an aqueous solution was studied. The precipitates consist of aggregates of primary particles
about 3 nm in size. The primary ZnS particle size in aqueous sols increases with an increase in
the concentration of zinc sulfate and sodium sulfide, with the accumulation of the final reaction
product, and with temperature. This effect does not exceed an 1.5-fold increase. At the first
step, the particles with a considerable fraction of the amorphous phase are formed and undergo
intragrain crystallization. The photoluminescence properties of aqueous sols of zinc sulfide
were studied. They are caused by defects in the ZnS lattice and by the presence of the lattice

oxygen.
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Luminescent nanoparticles of the composition AITBVI,
the so-called "quantum dots," have intensively been stud-
ied for more than 20 years (see, e.g., Ref. 1). Many meth-
ods for their generation were proposed. The first syntheses
were carried out predominantly in reversed micellar sys-
tems (see review?), whereas more recently high-tempera-
ture (up to 200 °C) reactions in homogeneous organic
solutions using organometallic and organoelemental pre-
cursors became prevailing.34 This was related, in particu-
lar, to technological requirements and the necessity to
develop methods for the preparative space production of
quantum dots, which is difficult to accomplish in micellar
solution.

Impressive success was achieved in this direction; how-
ever, the methods developed suffer from a number of draw-
backs. These are, particularly, extreme conditions of syn-
thesis and a high cost of reagents. In addition, the synthe-
sis yields nanoparticles covered with a protective hydro-
phobic shell, for example, from triphenylphosphine oxide
or long-chain carboxylic acids, whereas hydrophilized par-
ticles are required for some applications.

Therefore, alternative methods for the synthesis of
quantum dots using aqueous solvents are developed in re-
cent years.5~7 They are based on the use of traditional
exchange reactions in solutions in the presence of various
modifiers, which are adsorbed on the surface of nanopar-
ticles formed and thus prevent their growth and aggrega-
tion. In particular, we have earlier shown3? that the inter-
action of zinc and copper salts with sodium sulfide in the
presence of cysteine and other amino acids affords stable
sols of nanoparticles of the corresponding sulfides with

the size about units of nanometers and a fairly narrow
particle-size distribution. Nanoparticles of ZnS ~2 nm in
size stabilized by glycine, methionine, or aspargic acid
have intense luminescence and exhibit the properties of
quantum dots.

The study of the "blank" process in the absence of
a stabilizing modifier is needed to understand the mecha-
nism of formation of these particles and the nature of their
luminescence. At first sight, the problem seems strange,
because the formation of the ZnS precipitate, which oc-
curs upon pouring together the corresponding salts, is
known since school-days and the ZnS sols have been stud-
ied in detail by specialists in colloid chemistry. However,
the trends of modern science prompt researcher to return
to the processes known long ago to carry out new studies
using new equipment and investigation methods and in
this way approach new challenges.

This work is aimed at studying the formation of zinc
sulfide sols and precipitates by the exchange reaction in an
aqueous solutions and the optical properties of ZnS parti-
cles that formed.

Experimental

Reagents ZnSO,-7H,0 (Khimmed, pure grade) and
Na,S-9H,0 (Sigma-Aldrich, 99%) were used. Distilled water
was used for the preparation of working solutions in all expe-
riments.

The images of zinc sulfide samples from precipitates were
obtained ona LEO912 AB OMEGA transmission electron micro-
scope (accelerating voltage 60, 80, 100, and 120 kV; illumination
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area 1—75 pum; illumination aperture 0.02—5 mrad; magnifica-
tion 80—500 000 times; image resolution 0.2—0.34 nm; inelastic
scattering energy resolution 1.5 eV; measurement region of in-
elastic scattering energy 0—2500 eV).

The X-ray phase analysis of precipitates was carried out with
a Stoe Stad P powder diffractometer in the 6/6 geometry using
CuKo radiation. The samples were scanned over the 15°<20<70°
range with an increment of 0.05° and a exposure to the dot of
10 s. The approximation method based on an analysis of
the integral width of diffraction maxima was used to deter-
mine the mean size (d) of the coherent scattering region
(CSR). The diffraction maximum (111) with an increment of
0.05° and a time of 50 s per dot was used to estimate the CSR of
sphalerite.

The absorption spectra of zinc sulfide sols in water were
recorded in quartz cells with an optical layer thickness of 10 mm
on a Shimadzu UV-1800 spectrophotometer in the wavelength
range 200—400 nm.

The luminescence spectra of zinc sulfide sols were measured
in quartz cells with an optical layer thickness of 10 mm on
a Flyuorat-02-Panorama spectrofluorimeter (OOO Lyumeks).
The luminescence excitation wavelength was chosen from the
obtained absorption spectra.

Preparation of sols. Zinc sulfide as aqueous sols was obtained
from the stock 0.5 M aqueous solutions of zinc sulfate and Na,S
by the double drop method at room temperature. For this pur-
pose, equal volumes of the initial reactants were simultaneously
added dropwise to a flask containing the necessary amount of
distilled water from two burettes with permanent magnetic stir-
ring of the reaction mixture. The average flow rate of reactant
supply was 4 drop min~!. In the case of formation of ZnS sols
under the conditions of an excess (fivefold) of zinc ions (sulfur),
5 drops of a 0.5 M solution of ZnSO, (Na,S) and then a drop of
a 0.5 M solution of Na,S (ZnSO,) were added to water. The
volume of water in the flask was calculated from the volumes of
the drops in the burettes in such a way that the dilution of each
drop to the 10~2—10% molar reaction concentration was at-
tained. Zinc sulfide sols were prepared at room temperature in
air, argon, or oxygen.

Preparation of precipitates. To prepare ZnS precipitates, 3 mL
of'the starting reactants were added using the double drop method
to the necessary volume of water pre-heated to 25, 50, or 80 °C.
The obtained precipitates were centrifuged, washed with water
3—5 times, and dried in air to a constant weight.

Results and Discussion

The double drop method was used for the unification
of the conditions for the synthesis of both sols and precip-
itates.>10 The method is based on the slow simultaneous
addition of concentrated (0.5 M) solutions of zinc sulfate
and sodium sulfide to a large volume of an aqueous solu-
tion. By adding each portion of the reactants the solution
is diluted 2—4 orders of magnitude, and this dilution re-
mains almost unchanged during the whole synthesis. In
addition, each new portion of zinc sulfide is formed under
the same conditions in the absence of "extra” Zn?" and
S2- ions capable of specific adsorption on the surface of
the formed particles.

The ZnS precipitates obtained at various reaction con-
centrations of the reactants were studied by transmission
electron microscopy (TEM) and X-ray diffraction analy-
sis. One of the most characteristic TEM images is pre-
sented in Fig. 1. It is seen that the zinc sulfide precipitate
consists of aggregates of varying sizes and shapes, and the
aggregates, in turn, consist of finer and more uniform in
shape and size "primary"” particles. The mean size of these
particles depends on the reaction concentration of the re-
actants, increasing from 2.4 to 3.8 nm with an increase in
the concentration [Zn?"] = [S2~] from 10~*to 10~3 mol L!.
The data spread is +0.5 and *+0.7 nm, respectively, al-
though this estimate is rather conventional for the system
studied because of the irregular particle shape and diffi-
culties encounted in the analysis of the images.

According to the X-ray diffraction data, the obtained
zinc sulfide precipitates are characterized by the crystal
structure corresponding to the cubic modification of ZnS
(sphalerite). The mean size of the coherent scattering re-
gion (CSR) of the primary ZnS particles estimated from
the Debye—Scherrer formulal! is 2.4 nm for the reaction
concentrations [Zn?*] = [S27] = 1-103 mol L~!. This
agrees satisfactorily with the TEM data that are, as a rule, in
excess of the results calculated from X-ray diffraction analysis.

In addition to the concentration of the reactants, the
synthesis temperature can affect the size of the formed
particles. In this work, we showed that the mean CSR
size of the primary particles in the ZnS precipitates ob-
tained at 25, 50, and 80 °C and the reaction concentration
[Zn2T] = [S?~] = 1-10~3 mol L~! increases with the tem-
perature of the synthesis, being 2.4+0.1, 2.8+0.1, and
3.2+0.2 nm, respectively.

To reveal the mechanism of formation of zinc sulfide
nanoparticles, we applied absorption spectrometry to study

Fig. 1. TEM images of the ZnS precipitate prepared by the double
drop method.
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the ZnS sols formed. It is known!2 that for semiconductor
nanoparticles, including ZnS, the ratio between the opti-
cal absorption coefficient o and the energy 4v absorbed
during irradiation is described as follows:

(ahv) = A (hv — E)", 1)

where A is coefficient, E; is the forbidden band of the
semiconductor nanoparticle, and the value of » depends
on the type of electron transition from the valence band to
the conductance band in the semiconductor upon excita-
tion. For ZnS, n = 1/2 was used.!3 This makes it possible
to estimate the value of the forbidden band E; of nanopar-
ticles in the sols, which is related to the particle size d = 2r
as follows12—14;

AE= E;— E, = h’n3/2ur?, )

where AE is the difference between the forbidden band gap
of a nanoparticle (E;) and the forbidden band gap of a
bulky crystal (E,) (in the case of ZnS, E, = 3.65 eV), A is
the reduced Planck’s constant (7 = (h/2m), eV's), u is the
reduced mass of an exciton (for ZnS, u = 0.176 m,),"4 m,
is the mass of an electron equal to 9.1+ 103! kg, and r; is
the radius of a nanoparticle under the assumption of its
spherical shape.

The typical UV absorption spectrum of the zinc sulfide
sol, its transformation into the dependence a2E? = f(E),
and the determination of E; from the inclined region of the
absorption edge of the obtained curve are shown in Fig. 2.
The spectra of all sols obtained in this work were pro-
cessed similarly. The insertion of the corresponding values
of E; into Eq. (2) made it possible to estimate the sizes of
the primary ZnS particles in the sol.

Some of the obtained results are given in Table 1. The
method of absorption spectroscopy confirmed the above

Table 1. Mean size of primary particles in the ZnS sols under
different concentration conditions of sol preparation

Entry Conditions Reaction d/nm
of sol preparation*® concentration
Vznso,= VNas Vo [Zn?T1=[8*7] [ZnS]
ml mol L~!
1 0.04 200 1-10~4 1-10~4 2.1
2 0.20 200 1104 5-1074 2.4
3 0.40 200 1-104 1-1073 2.6
4 0.04 40 5-10-4 5-104 2.3
5 0.04 20 1-1073  1-1073 2.5
6** 0.04 6 3.3.1073 33-1073 26
Vi 0.04 2 1-1072 1-1072 3.1

*[Zn2T]=[S2"1=0.5mol L-!
** Immediately after formation, the sols were diluted with water
to the concentration [ZnS] = 10~4 mol L.
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Fig. 2. UV spectrum of the ZnS sol at [Zn?"] = [S27] =
=1-10"*mol L~!in the coordinates A(1) (a) and f(E) = a2E2 (b).

notion that the zinc sulfide primary particles tend to grow
with an increase in the reaction concentrations of the pre-
cursors (entries 7, 4—7). This is also accompanied by the
growth of the particles during the accumulation of the
final reaction product at unchanged reaction concentra-
tions of ZnSO, and Na,S (entries /—3). Thus, two pro-
cesses occur in the solution: the formation of new particles
and the precipitation of already existing particles on the
surface. The estimations show that the former process pre-
vails. It should be expected that the mean sizes of the
primary zinc sulfide particles in the precipitates should be
larger than those in the sols.

Since the practical use of zinc sulfide is mainly related
to its optical properties, at the next stage of the work we
studied the luminescence properties of the ZnS sols ob-
tained by the synthesis method used. For this purpose, the
starting reactants were added to the necessary volume of
water with permanent stirring at room temperature in air,
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Fig. 3. Change in the fluorescence intensity of the ZnS at inter-
vals of 1 (1), 3 (2), 7 (3), and 11 min (4); [Zn?"] = [S?] =
=1-10"3mol L1

after which an aliquot with the sol was rapidly transferred
to the cell of the luminometer. As can be seen from Fig. 3,
the zinc sulfide sol has the fluorescence properties, and its
emission spectra are presented by a broad band with the
radiation intensity maximum at Ay = 425 nm.

It is known11:15 that fluorescence of zinc sulfide (which
was not specially alloyed) is caused by intrinsic defects of
its crystalline lattice, such as vacancies of zinc and sulfur
atoms (Vz, and V) and interstitial zinc and sulfur atoms
(Iz, and Ig). The fluorescence intensity maximaat A =416
and 424 nm correspond to the optical transitions from the
levels of the interstitial sulfur and zinc atoms, respectively
(see Ref. 16), and those at A =430 and 438 nm correspond
to the optical transitions from the levels of sulfur and zinc
vacancies, respectively. A comparison of these data with
our results clarifies the large width of the fluorescence
band, which is a superposition of isolated closely lying
bands corresponding to the described optical transitions.

It is seen from Fig. 3 that the fluorescence intensity of
the sol increases ~3 times within the first ~10 min. Then
the fluorescence intensity decreases slowly with aggrega-
tion and coagulation (this groups of spectra is omitted).
The relationship between the fluorescence and defects of the
crystalline lattice of zinc sulfide assumes that the increase
in the signal intensity with time is due to the accumulation
of defects in the zinc sulfide particles. It is possible that, at
the first moment, particles with a considerable fraction of
the amorphous phase are formed as a shell on the core of
the crystal nucleus, and then the particle "ripens" via the
mechanism of the so-called intragrain recrystallization of
the substance.!! The growth of the crystalline core within
each primary particle can be presented by Scheme 1.

According to Scheme 1, the internal part of the primary
particle increases with time and the thickness of the non-
equilibrium disordered external layer decreases whereas
overall diameter of the particle remains relatively con-
stant. It is most likely that these fine processes are reflect-

Scheme 1

ed in the dynamics of the signal intensity in the fluores-
cence spectra.

To elucidate the influence of intrinsic defects on the
optical properties of aqueous sols of zinc sulfide, we car-
ried out an additional series of experiments. In these ex-
periments, sol formation was investigated under the con-
ditions that involved either a fivefold excess or deficiency
of zinc or sulfur ions at the equal concentration of zinc
sulfide in the reaction medium. Since the position of the
intensity maximum of the signal in the absorption spectra
of the ZnS sols formed in zinc ion excess (Fig. 4, curve 2)
is observed at A = 280 nm, whereas in sulfur ion excess it
lies at A = 290 nm (Fig. 4, curve 3), the corresponding
fluorescence spectra were recorded at an interval of 3 min
at the both excitation wavelengths (Fig. 5).

The maxima are detected at the fundamental absorp-
tion edge, indicating the presence of energy levels inside
the forbidden crystal band caused by defects of different
nature. As can be seen from the fluorescence spectra (see
Fig. 5), the maximum intensity of the signal and the highest
value of its maximum are observed for the ZnS sol formed
with Zn2" excess and detected at the optimum excitation
wavelength A, = 280 nm. With S~ excess, the maximum
fluorescence intensity (A, = 290 nm) decreases three-
fold, and at the equimolar ratio of Zn?" to S~ this value
occupies some intermediate position. All these data sug-
gest that the luminescence of the obtained sols is due pre-
dominantly to the defect character of the ZnS crystal struc-
ture related to the zinc ions.

240 260 280 300 320 340 360 380 A/nm

Fig. 4. UV spectra of the ZnS sols formed at Zn:S=1:1 (1),
5:1(2),and 1:5(3);[ZnS] =5-10"*mol L.
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Fig. 5. Fluorescence spectra of the ZnS sols formed at Zn: S =
=1:5(),1:1(2),and5:1(3);[ZnS]=5-10"*mol L.
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Fig. 6. Fluorescence spectra of the ZnS sols obtained in water
saturated with air (/) or oxygen (2) and distilled under argon (3);
Zn:S=1:1,[ZnS]=1-10"3mol L1, A, = 290 nm.

In addition to intrinsic defects, oxygen also plays an
important role in generating the optical properties of zinc
sulfide,!” because it is an isoelectronic admixture intro-
ducing defects to the semiconductor structure. To reveal
this problem, the sols were synthesized in water distilled in
air or in argon. A number of syntheses were accomplished
in water stored in oxygen under 5 atm for 24 h. All sols
were formed under the conditions of Zn/S = 1/1 at room
temperature. Figure 6 shows that in an anaerobic medium
the fluorescence intensity of the ZnS sols is sharply de-
creased compared to that in aerobic media.

This study showed that the zinc sulfide precipitates
obtained by the double drop method are aggregates of
nanoparticles about 3 nm in size. The mean particle size
increases with an increase in the concentration of the re-

actants and temperature, but this effect is insignificant
(a 1.5-fold increase). At the first step, particles with a con-
siderable fraction of the amorphous phase are formed and
undergo intragrain crystallization within at least 10 min.
The ZnS nanoparticles that formed have the luminescence
properties predominantly caused by the defect character
of the crystalline lattice related to zinc ions and to oxygen
admixtures.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 09-03-00875a).
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