


geneous ZnS or SiO2 spheres.29 In addition, the relative
L-stopgap is also larger than in the case of a crystal from
SiO2 core-ZnS shell particles or even hollow ZnS shells.30

Coating of colloidal particles with a silica layer has many
advantages, because such a shell is chemically inert and
optically transparent. Furthermore, the colloid chemistry
of silica is well understood,31 and many possibilities for
surfacemodificationareavailable.Finally, coatingbysilica
in a seeded growth process32-34 leads to a decrease in the
polydispersity of the particles and reduces the van der
Waals attraction, which enhances the colloid stability and
ability to form colloidal crystals. A silica coating has
already been applied to CdS35 and ZnS36 semiconductor
nanocrystals and metal,5,37-42 inorganic,8,43 and polymer44

colloidal particles. The thin silica layer increases the
mechanical stability, makes possible a transfer into
organic solvents, provides for a capping layer on the
semiconductor nanocrystals, and protects metal particles
against oxidation. Finally, we recently invented a way to
turn the spherical SiO2 and ZnS particles into ellipsoidal
particles by ion irradiation.45

In the present work, we will describe the coating of ZnS
colloidal particles of different sizes with a SiO2 layer and
vice versa using seeded growth procedures. ZnS and SiO2
cores were completely dissolved leaving SiO2 and ZnS
shells, respectively, filled with solvent. The optical prop-
erties of the particles were studied by means of static
light scattering (SLS) and extinction measurements and
compared with scattering theory.

Experimental Section

Materials.Zn(NO3)2‚4H2O, ammonia (30 wt % NH3), and nitric
acid of analytical reagent quality were purchased from Merck,
fluorescein-isothiocyanate (FITC, isomer I) was purchased from
Sigma, and thioacetamide (TAA), hydrofluoric acid (HF), and
tetraetoxysilane (TES) of puriss grade quality were obtained from
Fluka. Absolute technical grade ethanol (Nedalco) or analytical
grade ethanol (Merck) and Milli-Q water were used in all
preparations. All solvents and chemicals were used as received.

Particle Characterization. Transmission electron micros-
copy (TEM) and scanning electron microscopy (SEM) were carried
out on Philips CM10 and Philips XL30 FEG microscopes,
respectively. The relative width of the size distribution (the
polydispersity δ) was determined by image processing; typically,
around 200 particles were counted. SLS measurements on dilute
suspensions in ethanol were performed on a Fica 50 or a

homemade light scattering apparatus. Extinction spectra were
measured in ethanol using a Cary 100E UV-vis spectropho-
tometer. The optical path in the suspension was 1.00 cm.
Suspensions were sufficiently diluted (<10-5 vol %) to avoid
interactions between particles and to keep multiple scattering
contributions negligible. Fitting of the spectra was performed
using the computer algorithm developed by Bohren and Huff-
man,46 adapted to take size polydispersity into account.

Silica Core Synthesis. Monodisperse SiO2 particles were
synthesized following the Stöber-Fink-Bohn procedure.47 A
fluorescent dye (FITC) was incorporated into the silica spheres
as described by van Blaaderen et al.28

ZnS Core Synthesis. Zinc sulfide colloidal particles of
different sizes were obtained by homogeneous precipitation-
aggregation from acidic zinc nitrate aqueous solutions using the
thermal decomposition of TAA as a source of sulfide ions.22,24,25,48

Typical starting conditions used in our experiments were 0.001-
0.05 M Zn2+, 0.01-0.10 M HNO3, [Zn2+]/[TAA] ) 4-10, and a
constant temperature in the range of 60-70 °C. The TAA was
first dissolved in water, and the solution was heated to the
reaction temperature; then, a mixture of Zn(NO3)2 and HNO3
solution was quickly added, and the reaction vessel was immersed
in a water bath set at the reaction temperature. The precipitation
reaction was carried out in two stages because this turned out
to provide more monodisperse particles. In the first stage, a
population of particles was obtained as described above and in
the literature.22,24,25,48 However, in some experiments, following
Wilhelmy and Matijevic,22 the solution was first kept at room
temperature for 5 h and then placed in the water bath at an
elevated temperature. After a certain period of aging, in which
the primary particles reached the desired radius, the precipitation
reaction was quenched by cooling the vessel in cold water (∼15
°C) accompanied by vigorous agitation. The decrease in tem-
perature and the mechanical agitation led to a secondary
nucleation. In some cases, the first population of big particles
was separated from the solution by centrifugation. The mother
liquor with the second population of nuclei was placed again in
the warm water bath, and the reaction continued, until the
secondary particles reached the desired size. The final radius of
the particles was controlled by the heating time, which ranged
from 30 min to 3 h. The particles were separated from the mother
liquid by centrifugation, washed twice with water, and redis-
persed in ethanol by utrasonification. Suspensions were stored
and remained stable in ethanol.

Coating of ZnS Cores with SiO2. A direct coating of the ZnS
particles with a silica layer was performed in two steps, based
on a modification of the original Stöber method47 to seeded
growth.32-34 In the first step, concentrated ammonia (30 wt %
NH3) was added to a vigorously stirred ZnS suspension in ethanol
(with a particle concentration n of ∼109 cm-3) to a concentration
of 0.10 M in NH3. Subsequently, a certain amount of TES was
added. Some of the experiments were performed with an
additional amount of water added to a total concentration of 1.00
M. The amount of TES was calculated to cover the particle with
a silica layer of thickness ∼50 nm. Typically, when no additional
amount of water was added the condensation of TES was slow
and took more than 5 h.34

In the second step, the ammonia concentration was increased
to 0.60 M, and the water concentration was adjusted to 2.00 M.
The TES was added in small portions, to prevent a secondary
nucleation of pure silica particles.32 The final core-shell particles
were separated by centrifugation, washed twice with ethanol,
and then redispersed by ultrasonification in pure ethanol.

SiO2 Shells. Hollow silica shells were obtained after dissolving
the ZnS cores using a mineral acid. Typically, 0.001 M nitric acid
was added to a dilute (<0.1 vol %) water (50 vol %)-ethanol (50
vol %) suspension of ZnS core-SiO2 shell particles at moderate
stirring. A higher acid concentration induced aggregation. For
a ZnS core of radius ∼125 nm, the dissolution process was carried
out for 24 h. Depending on the core-shell particle morphology,
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SiO2 shells filled with solvent or a silica replica of the pores in
the ZnS cores was obtained.

Coating of SiO2 Cores with ZnS. SiO2 core-ZnS shell
particles were obtained by homogeneous precipitation of ZnS
onto silica seeds in water-ethanol solutions using the thermal
decomposition of TAA as a source of sulfide ions. The same
concentration range of Zn2+, HNO3, and [Zn2+]/[TAA] ratio as for
producing of the ZnS cores was used. An ethanol suspension of
fluorescently labeled SiO2 seeds of radius ∼202 nm (n ∼ 1010

cm-3) was mixed with an equal volume of water containing the
dissolved TAA. Then, the mixture of Zn2+ and HNO3 was quickly
added, and the reaction vessel was placed in a water bath at 60
°C. The reaction was carried out for 2-3 h at slow stirring. The
final particles were separated by centrifugation, washed twice
with ethanol, and then redispersed by ultrasonification in pure
ethanol. As in the case of pure ZnS particles, suspensions were
stored and remained stable in ethanol.

ZnS Shells. Solvent-filled ZnS shells were obtained after
dissolving the SiO2 cores using hydrofluoric acid. Typically, 1 wt
% HF in water was added to a dilute (<0.1 vol %) suspension of
SiO2 core-ZnS shell particles in ethanol at moderate stirring.
Silica cores were dissolved within ∼5 min. The ZnS shells did
not dissolve within the reaction time and remained as hollow
shells.

Results and Discussion

ZnS Cores. By use of the above-described procedure,
spherical ZnS particles with a narrow size distribution
(<8%) were obtained. The final particle radius, depending
on the reaction time and conditions, varied from 80 nm
up to 1.4 µm (Table 1). Examples of electron micrographs
of ZnS cores demonstrating the range of sizes obtained
with the method are shown in Figure 1. The particles
were prepared using different experimental conditions,
but in all cases the particle size was controlled through
the reaction time. The mechanism of ZnS precipitation-
aggregation and particle morphology are well under-
stood.48,49 The ZnS particles are aggregates consisting of
small (∼10 nm) nanocrystals mainly of cubic â-ZnS. The
crystalline structure and crystal size were inferred from
X-ray diffraction measurements.24,49 Because of the ag-
gregation mechanism, ZnS particles are porous and consist
of ∼50 - 80% ZnS.18 The porosity and the average density
depend on the particle size, and reaction conditions and
light scattering results discussed below indicate that the
larger particles do not have a homogeneous density
distribution.

Polydispersity is an important parameter if colloidal
particles are used as a model system to study crystal-
lization, melting, or the glass transition.50 In contrast to
previously reported results,22,23 a significantly lower
polydispersity was achieved without additional purifica-
tion of the TAA. In general, the polydispersity was below
8%, but in some cases in which a low initial Zn2+

concentration was used, a polydispersity of ∼1% was
reached (Figure 1b). The initial and the secondary
nucleation influence the final size distribution of ZnS.
The nucleation process is very sensitive to impurities and
thermal or mechanical fluctuations. The secondary nucle-
ation is caused by an excess of Zn2+ and S2- ions, which
were not consumed during the primary particle growth.
The secondary particles were generally observed to have
a lower polydispersity and higher concentration. A possible
explanation is that the secondary nucleation takes place
in a more homogeneous medium and at a higher concen-
tration of S2- in the solution. The higher concentration of
sulfide ions in the solution leads to a higher concentration
of nuclei. A secondary nucleation could both be induced
by agitation or cooling the reaction vessel. Once generated,
the secondary particles were further grown to a desired
size. The main disadvantage of the method is the difficult
control over the final particle size. However, by use of
seeded growth (see below), this problem is overcome.

The stability of an aqueous ZnS suspension has been
studied in detail,51,52 but to our knowledge no data are
available on stability in organic solvents. It is our finding
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references therein.

Table 1. Radius (R) and Polydispersity (δ) of ZnS Cores
Obtained after a Secondary or Primary Nucleation Burst

(See Text) As Determined by TEM

sample code R [nm] δ % nucleation burst

50SN 81 8 secondary
56SN 84 5 secondary
55SN 103 3 secondary
57SN 133 6 secondary
32 270 9 primary
54SN 346 6 secondary
61SN 818 7 secondary
13 1415 1 primary

Figure 1. TEM (a) and SEM (b) micrographs of spherical
monodisperse ZnS particles obtained through homogeneous
precipitation-aggregation from aqueous solutions of zinc
nitrate demonstrating the range of sizes possible: (a) sample
55SN, R ) 103 nm, δ ) 3%, scale bar 400 nm; (b) sample 13,
R ) 1.414 µm, δ ) 1%, scale bar 2 µm. The size and polydispersity
were determined by TEM.
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curves (Figure 10) were in agreement with the extinction
curves (Figure 9a) and showed no indication of particle
aggregation.

For both SLS and extinction efficiency spectra, good
agreement with Mie scattering theory was found for ZnS
particles (cores) up to ∼300 nm in radius. However, in the
case of larger ZnS particles a good fit could not be obtained,
probably because of an inhomogeneous distribution of ZnS
in the particles (Figure 9b). The extinction curves of the
smaller ZnS cores (Figure 8a) are not sensitive to an
inhomogeneous distribution of ZnS. This is understand-
able, as the inhomogeneities have to be smaller than the
wavelength. To give an idea of the effect of inhomogeneities
for larger particles, we calculated a curve (Figure 9a) for
a ZnS core with a radius of 350 nm in which the most
simple inhomogeneous distribution, that of a core-shell,
was assumed. Arbitrarily, we chose the core to have a
radius of 200 nm with a filling fraction of 0.49 and the
outer shell of 150 nm to have a filling fraction of 0.60.
These values give a volume-averaged filling fraction that
is the same (0.58) as that obtained from fitting the ZnS
cores assuming a homogeneous particle. The curve
calculated for a homogeneous distribution is closer to the
measured values but is also not a perfect fit. The
differences in both calculated curves make it clear that
small inhomogeneities cannot be excluded. However, as
no exact model is available for the radial dependence of
the refractive index, we did not refine our calculations, as
obtaining this function from scattering is an ill-defined
problem.46 The optical properties of the core-shell par-
ticles can be tuned by changing the thickness of the SiO2

(ZnS) shell with respect to the core radius. This is an
important property, which can be employed to control the
filling fraction of the high dielectric material in a photonic
crystalmade fromcolloidal crystal of core-shellparticles.65

Figure 8. Experimental (solid line) and calculated (dotted line)
extinction efficiency spectra: (a) ZnS cores (sample 56SN) of
radius Rc ) 84 nm, δc ) 6% (from TEM); (b) ZnS core-SiO2
shell particles (sample 56SN-S1-S, Figure 3a), consisting of
the same ZnS core, with total radius R ) 128 nm, δ ) 5% (from
TEM). The extinction efficiency spectra were calculated using
the following parameters: Rc ) 92 nm, δc ) 5%, R ) 128 nm,
and δ ) 5%. The filling fraction of ZnS in both cases is 0.62 (neff
) 1.92 at λ ) 589 nm).

Figure 9. Experimental (solid line) and calculated (dotted line)
extinction efficiency spectra: (a) ZnS particles (sample 54SN)
of radius 346 nm and δ ) 6% (from TEM). The extinction
efficiency spectra were calculated using the following param-
eters: R ) 350 nm, δ ) 6%, and ZnS filling fraction of f ) 0.58
(neff ) 1.88 at λ ) 589 nm). The dashed line represents the
calculated extinction efficiency of pure ZnS particles of total
radius of 350 nm (δ ) 6%) assuming a low-dense core (Rc ) 200
nm, fc ) 0.49, δc ) 6%) and a high-dense shell (fs ) 0.49) with
a volume averaged filling fraction of 0.58; (b) highly modulated
scattering by large monodisperse ZnS particles (see Figure 1b).
The theoretical curve (dotted line) was calculated using R )
1450 nm, f ) 0.72, and δ ) 0.5%.

Figure 10. Experimental SLS spectra (solid line) of ZnS
particles (sample 54SN) measured at λ ) 546 nm. The
theoretical curve (dotted line) was calculated using the same
parameters (with neff ) 1.89) as for the extinction efficiency
spectra (Figure 9a).
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Conclusions

We demonstrated that ZnS colloids covering most of
the colloidal size range can be directly coated with a SiO2
layer or vice versa to produce well-defined monodisperse
core-shell particles. The coating procedure is performed
without using a coupling agent and should be applicable
to a variety of metal sulfides. The method produces
monodisperse core-shell particles with a tunable core-
to-shell size ratio and total radius. Both the ZnS and SiO2
cores can be dissolved to produce hollow silica and ZnS
shells, respectively. The optical properties of small (R <
300 nm) ZnS cores and ZnS core-SiO2 shell particles are
well described by an effective refractive index for the ZnS
core. Larger ZnS particles cannot be described well as

homogeneous scatters. Because of the monodispersity and
the high refractive index of the ZnS core (shell) and the
availability of many coating procedures, the particles are
ideal optical tracers, for instance, in light scattering66 or
optical tweezers studies,8 and are suitable building blocks
for photonic crystals.13
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