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Under hydrothermal conditions and extremely high NaOH activity, ZnS forms nanostructures with
complex morphologies that are based upon individual or interpenetrating nanosheets. Nanostructure
morphology is independent of the size of the ZnS precursor (3 nm, 20 nm, or bulk) but varies systematically
with NaOH concentration, producing compact microspheres, open nest- and flowerlike structures, and
finally, individual nanosheets. The observations are consistent with a concept of nanostructure morphology
controlled by a single parametersthe interfacial free energy of the ZnS (001) face. The synthesis of
thermodynamically stable nanostructures open opportunities for new synthetic routes of materials with
complex architectures.

Introduction

Size, shape, and crystal structure are crucial factors in
determining the chemical, optical, and electrical properties
of nanoscale materials.1,2 One of the most important goals
of modern materials chemistry is the development of simple
chemical methods for the large-scale synthesis of nanoma-
terials with full control of size and morphology. One way
to achieve this goal is by controlling the rates of nanoparticle
nucleation and the rates of growth of different crystal faces,
for example, by introducing organic surfactants during
synthesis. From a thermodynamic point of view, surfactants
can change the surface free energy of different crystal faces,
leading to their preferential growth or elimination. Many
researchers have discovered that diverse nanoparticle mor-
phologies can be produced in this way.3–9

Nanoparticles are generally metastable relative to the
equivalent bulk material, and the introduction of surfactants

during synthesis is required to arrest the crystal growth via
surface adsorption and thus limit particle size and shape.
Because of the inherent thermodynamic tendency for growth,
a finite size and shape distribution of metastable nanoparticles
is inevitable, despite the development of sophisticated
controls on growth kinetics.10–13 A desirable alternative
strategy would be to realize an equilibrium system in which
a nanophase with a certain size and shape is thermodynami-
cally stable, so that precursors with any other sizes and
shapes will transform into this nanophase spontaneously.
Recently, we described an experimental system in which a
nanoscale ZnS material is thermodynamically favored and
can be formed at the expense of bulk ZnS.14 We showed
that this observation is consistent with a theoretical descrip-
tion involving a negative effective interfacial free energy
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(IFE) for one termination surface of the ZnS structure. The
conceptual issues associated with this interpretation are
discussed in detail in ref 14. Preferential formation of ZnS
nanosheets occurs under conditions of very high NaOH
concentration, indicating that it is the strong interactions of
NaOH that cause a negative effective IFE of the ZnS (001)
face. This demonstrates the possibility of large-scale nano-
material synthesis using thermodynamic control of size and
shape by attaining a negative IFE of one or more faces.

ZnS is an important wide band gap II-VI semiconductor
(3.6ev), and has been extensively investigated because of
their special properties and potential application. It has been
investigated for application in electroluminescence,15 pho-
toluminescence,16 photocatalysis,17 etc. Recent studies show
ZnS nanomaterials with various morphologies exhibit inter-
esting optical properties, and considerate efforts have been
made to synthesize ZnS nanocrystals and to explore their
novel properties.18–20 In this work, we present a systematic
investigation of morphology and crystal structure evolution
of ZnS nanomaterials synthesized under conditions in which
the effective IFE of the ZnS (001) face ranges from
approximately zero to negative. We observe the formation
of a series of complex nanostructures and show that their
morphology can be described by a simple model of a single
parameter, the IFE of the (001) face.

Experimental Section

Nanoparticle Synthesis and Transformation. Three nm ZnS
nanoparticles were synthesized in water by the dropwise addition
of 0.01 M Na2S to 0.01 M Zn(NO3)2 ·6H2O at room temperature.14

Twenty nanometer ZnS was purchased from Aldrich. Bulk ZnS
was obtained by treating 3 nm nanocrystalline ZnS in 4 M NaOH
aqueous solution for a week at 230 °C and 2.8 MPa in hydrothermal
autoclaves. ZnS nanomaterials were obtained by treating 3 nm, 20
nm, and bulk ZnS in different NaOH aqueous solutions at 230 °C
and 2.8 MPa in hydrothermal autoclaves. The times for sample
treatment are prolonged to ensure the attained products present the
characteristic nanostructures under the specific ionic situations. After
hydrothermal treatment, samples were quenched to room temper-
ature. The solid material was separated by centrifuging and quickly
washed with excess water and ethanol to remove the basic solution,
without altering the nanosheets. ZnS is poorly soluble in NaOH,21

and we ensured that ZnS was present in excess in each experiment
(0.2 g of ZnS in 15 mL of NaOH solution at different concentra-
tions). Partial dissolution of the solid ZnS formed a saturated
solution within 6 days14 in which the solid ZnS transformed to the
complex nanostructures described below. (Supporting Information
Figure S1 provides an example showing the shapes and structure
of microspheres do not significantly change further after 7 days.)

X-ray Diffraction. A PANalytical X′ Pert PRO diffractometer
with Cu KR radiation (45 kV, 40 mA) was used to identify the

crystal structures of initial and treated samples. If the full width at
half-maximum (fwhm) intensity of each peak equal to the machine
resolution, the sample can be regarded as bulk material.

Scanning Electron Microscopy. SEM analyses were performed
using JSM-6700F scanning electron microscopy (SEM) equipped
with an Oxford-INCA energy dispersive X-ray (EDX) spectroscopy.

High-Resolution Transmission Electron Microscopy. HRTEM
analyses were performed using a JEOL JEM2010 HRTEM. Samples
were prepared for HRTEM study by dispersing ZnS powders onto
a holey carbon support.

Results

Figures 1 and 2 show SEM images of ZnS nanomaterials
produced by hydrothermal treatment of 3 nm ZnS in different
concentrations of NaOH. As shown in Figure 1a, the 3 nm
ZnS nanoparticles coarsen to form faceted, solid ZnS crystals
in 6 M NaOH. With a NaOH concentration of 8 M, the main
product is also bulklike ZnS crystals, but some laminar
structures are found extending out from the crystal surfaces,
indicating the beginning of the growth of nanosheets (Figure
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Figure 1. (a) SEM image of the ZnS nanocrystals obtained in different
NaOH concentrations at 230 °C and 2.8 MPa in hydrothermal autoclaves:
(a) 6 M NaOH, 188 h; (b) 8 M, 188 h; (c) 9 M, 47 days; (d) single
microsphere formed at 9 M; (e) high-magnification image of the surface of
a microsphere formed at 9 M; (f) high-magnification image of a fractured
microsphere formed at 9 M; (g) 10 M, 41 days; insert, single microsphere;
(h) high-magnification image of the surface of a microsphere formed at 10
M; (i) fractured microsphere at 10 M.

Figure 2. SEM images of ZnS microspheres formed in 11–20 M NaOH:
(a) 11 M, 34 days; (b) high-magnification image of microspheres formed
at 11 M; (c) 12 M, 30 days; (d) single microsphere formed at 11 M; (e) 14
M, 188 h; (f) 16 M, 36 days; inset, high-magnification image of intersecting
nanosheets at the surface of a microsphere formed at 16 M; (g) 17 M, 28
days; (h) single-microsphere formed at 17 M; (i) 20 M, 30 days.
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1b). At NaOH concentrations of 9 M and above, the initial
ZnS material was entirely transformed into complex spherical
microstructures (9 M, Figure 1c; 10 M, Figure 1g). High-
resolution imaging revealed that each microsphere is com-
posed of numerous ZnS nanosheets that are densely inter-
penetrated (9 M, images d and e in Figure 1; 10 M, Figure
1h). Atomic force microscope (AFM) observations found the
thickness of these nanosheets to be 30–40 nm. Analysis of
microspheres that were fractured revealing interior structure
showed that the nanosheets extend outward from the center
(9 M, Figure 1f; 10 M, Figure 1i). At these concentrations,
the diameter of the microspheres ranges from 1 to 10 µm
and is controlled by the time of hydrothermal treatment,
whereas the thickness of the nanosheet components is
constant. The morphology of the ZnS microspheres evolves
further when the NaOH concentration is increased to 11 M
and above. As shown in Figure 2, there is a clear trend to
more open, flowerlike structures at higher NaOH concentra-
tion, with consequently less dense nanosheet packing.

A parameter that is suitable to describe the evolution in
microsphere morphology is the nanosheet “branching ratio”,
which we define as the average number of neighboring
nanosheets that are incident on given a nanosheet in a
microsphere. As shown in Figure 2c-h, the branching ratio
of the nanosheets decreases as the NaOH concentration is
raised, thus the nanosheet area between branching points
increased. At lower branching ratios, the microspheres are
significantly less compact and resemble loose nest- or
flowerlike structures instead of spheres. In 20 M NaOH,
although some nanosheets are interweaved or overlapped,
the majority are found as independent flat nanosheets. AFM
observation reveals that the thickness of single flat nanosheets
formed at 20 M is between 10 and 20 nm.

In summary, we found that NaOH concentration plays a
key role in controlling the degree of branching and morphol-
ogy of the composite microstructures. nanocrystals. The open
face areas, the nanosheet thickness and the degree of
interweaving are regularly varied depending on the concen-
tration of NaOH.

As shown in Figure 3, X-ray diffraction analysis shows
that the ZnS sample produced from 6 M NaOH is a standard
sphalerite phase, the cubic polytype of ZnS (JCPDS card
77–2100). However, at NaOH concentrations of 8 M and
above, a peak at 27.2° appears, which can be indexed as the
(100) reflection of wurtzite, the hexagonal polytype.22 This
indicates the existence of hexagonal crystallographic packing
in the structure of the nanosheets under conditions of extreme
NaOH activity. Simultaneously, the s(111) shows an very
noticeable broadening, which can be interpreted as arising
from a collapse of the nanostructure occurring on the
sphalerite-to-wurtzite phase transformation with increasing
NaOH activity.

Figure 4a-c shows transmission electron microscope
(TEM) analysis of the ZnS nanocrystals prepared at 12 M
NaOH, revealing that the microspheres are composed of
nanosheets, consistent with SEM observations. Figure 4b is
the HRTEM image and the selected area electron diffraction
(SAED) pattern of a piece of nanosheet ultrasonically
exfoliated from a microsphere. The SAED pattern shows the
individual nanosheet to be a single crystal, with a hexagonal
or trigonal symmetry axis perpendicular to the plane of the
sheet. Close inspection of the HRTEM image shows that
the nanosheet phase exhibits only the hexagonal close-packed
ZnS structure, but that it is subdivided into domains of
incoherent lattice orientations. Thus, the nanosheets formed
in 12 M NaOH are poorly crystalline, as confirmed by
Fourier transform (FT) analysis of the HRTEM image (inset
to Figure 4c). The orientational disorder leads to the
formation of almost complete rings in the reciprocal image.

Figure 4d is a TEM image of ZnS nanosheet prepared at
17 M NaOH. The SAED patterns indicate that the nanosheets
are single crystal, and also can be indexed as the [001] zone
axis of hexagonal wurtzite-type ZnS crystal (Figure 4e). In
contrast to the material formed at 12 M NaOH, HRTEM
shows that the structure of the nanosheet is very complete,
and no lattice disorder is observed (Figure 4f). Moreover,
the FT image of HRTEM of the 17 M sample shows
singular reciprocal points that are sharp and clear (inset
to Figure 4f).

Spectra g and h in Figure 4 present typical energy-
dispersive X-ray (EDX) spectra of the nanomaterials, which
reveal the presence of Zn, S, and O, plus Cu from the TEM
grid. We attribute the small amount of detected O to surface
zinc hydroxyl groups, which are known to form on the
surface of ZnS nanoparticles synthesized under basic condi-
tions,23 as well as NaOH not completely removed by the
washing steps.14 Together with the above results, we deduce

(22) In this work, we have used a large amount of water, instead of ethanol,
as the post treatment solvent. We found the water-washed nanosheet
does not have the series super-lattice peaks in the [001] direction as
the ethanol-washed nanosheet does.14 The disappearance of the super-
lattice structure of nanosheets may caused by the more complete wash
of NaOH on the nanosheet surfaces. For more details, please see the
Supporting Information.

(23) Gilbert, B.; Huang, F.; Lin, Z.; Goodell, C.; Zhang, H. Z.; Banfield,
J. F. Nano Lett. 2006, 6, 605–610.

Figure 3. XRD patterns of ZnS nanostructures produced under hydrothermal
conditions at different concentrations of NaOH. The samples were quenched
to room temperature and thoroughly washed with water before analysis.
More details about the structural analysis of water-washed nanosheet can
be seen in the Supporting Information, Figure S2.
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that the nanostructure consists of a ZnS polytype structure.
To summarize, highly concentrated NaOH stabilizes a
wurtzite type structure of ZnS and the higher the NaOH
concentration, the greater the crystallinity of the nanosheet.

In agreement with our previous studies, we found that our
results are independent of the size and shape ZnS precursors.
As shown by the SEM images in Figure 5, by using 20 nm
ZnS and bulk sphalerite ZnS as starting materials, the
transformed nanomaterials have the same final morphology
and crystal structure as the ZnS nanomaterials produced from
3 nm ZnS at the same NaOH concentration. Hence, ZnS
precursors from different sizes (3 nm, 20nm or bulk) can be
transformed into structural series in which ZnS nanosheets

form microspheres, nestlike, flowerlike, and individual sheets
according only to the concentration of NaOH.

Discussion

Relationship of NaOH Concentration and Negative
IFE. Previously, we have shown that nanosheets with a
hexagonal polytype structure represent the thermodynami-
cally stable phase of ZnS under hydrothermal conditions at
17 M NaOH (see ref 14 and the Supporting Information,
Figure S3). Because we obtained nanosheets in which a
single crystallographic dimension ([001]) was stabilized in
the nanoscale range while the ab plane grew without
restriction, we concluded that the IFE of the ZnS (001) face
was effectively negative under these conditions, whereas the
IFE of all other faces remained positive.

In the present experiment, we explored the nanostructures
that are formed when the NaOH concentration is varied, and
the new results are also consistent with the concept that the
NaOH controls the IFE of the (001) face. At relatively low
concentrations of NaOH (0–6 M), ZnS precursors of any
size will grow directly into bulk crystal, indicating that the
IFE of all faces are positive. When the concentration reaches
8 M, ZnS nanosheets begin to grow from the surface of bulk
crystal, indicating that the (001) IFE is lowered below zero.

At the critical concentration (8 M NaOH), nano and bulk
phases are found to coexist, even after long treatment times.
This and other experimental observations may be explained
by an illustration of the interfacial contribution to the total
free energy of bulk and nanosheet phases, as presented in
Figure 6a. Relative to a bulk phase with the same structure,
the Gibbs free energy of a nanophase includes an additional
interfacial term that is the product of γ, the IFE, and the
surface area, A

Gnano )Gbulk + γA (1)

A nanoparticle may undergo structural changes in response

Figure 4. Transmission electron microscope (TEM) images of ZnS microstructures formed at 230 °C in 12 and 17 M NaOH: (a) Low-magnification image
of a typical microstructure formed in 12 M NaOH. (b) TEM image of a ZnS nanosheet assembly shed from microstructures; inset, selected area electron
diffraction (SAED) pattern acquired from this sample. (c) High-resolution TEM image of an individual ZnS nanosheet; inset, Fourier transform (FT) of the
HRTEM image. (d) TEM image of a ZnS nanosheet assembly formed in 17 M NaOH. (e) SAED pattern of sample shown in (d). (f) HRTEM image of an
individual ZnS nanosheet; insetn FT of the HRTEM image. (g) Energy-dispersive X-ray (EDX) spectrum from the ZnS material formed in 12 M NaOH. (h)
EDX spectrum from the ZnS material formed in 17 M NaOH.

Figure 5. SEM image of the ZnS nanocrystals obtained from ZnS precursor
material with different sizes in a range of NaOH concentrations at 230 °C
and 2.8 MPa in hydrothermal autoclaves. (a) Bulk ZnS in 10 M NaOH for
30 days. (b) Enlarged image of the sample shown in (a). c) 20nm ZnS in
10 M NaOH for 12 h. (d) Enlarged image of the sample shown in (c). (e)
Bulk ZnS in 16 M NaOH for 6 days. (f) Enlarged image of the sample
shown in (e). (g) 20 nm ZnS in 17 M NaOH for 45 days. (h) Enlarged
image of the sample shown in (g). (i) Bulk ZnS in 20 M NaOH for 42
days.
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to changes in the surface environment.23–26 As shown in
Figure 6a, when γ is negative but very close to zero, Gnano

≈ Gbulk, and these phases can coexist. At higher concentra-
tions of NaOH, γ becomes more negative and Gnano exhibits
a minimum at a certain point between macroscopic and
nanoscale dimensions. When γ is sufficiently negative, all
bulk ZnS is transformed to the nanophase. Figure 6a shows
that the position of the energy minimum varies with γ. This
is in agreement with the experimental observation that the
nanosheet thickness decreases with increasing NaOH
concentration.

Evolution of ZnS Nanostructure Morphology with
NaOH Concentration. The thermodynamic description
given above predicts that at NaOH concentrations greater
than a threshold value all ZnS should be transformed into
nanosheets with well-defined thickness. Because the IFE of
all surfaces except the (001) face remain positive, the lateral
dimensions of the nanosheets should be unrestricted. Our
experimental observations revealed more complex behavior.
At NaOH concentrations between 9 and 11 M, nanosheets
are interleaved together to form microspheres; at concentra-
tions between 12 and 17 M, the degree of interweaving
within the microsphere decreased. Only at extremely high
NaOH concentrations (>17 M) are individual or stacked
nanosheets found. As we discuss later, the observations of
these complex structures can be illustrated by a model by

considering the statistical fluctuations during the formation
of ZnS nanostructures.

The formation of complex microstructures based on
interleaved nanosheets may be described by a model in which
(001) faces of ZnS nanosheets provide nucleation sites for
the growth of new nanosheets. The trend that less compact
structures (lower branching ratios) are obtained as NaOH
concentration is increased requires that the density of new
nucleation sites varies inversely with NaOH concentration. In
other words, the surface nucleation density decreases as the
(001) IFE becomes more negative. As shown schematically
below, these simple assumptions appear sufficient for a good
qualitative description for all the observed nanostructures.

One physical mechanism underlying the proposed model
could be that new nanosheets are formed from the saturated
solution by heterogeneous nucleation, in which the energy
barrier for the formation of new nanosheets is reduced for
precipitation on existing nanosheet surfaces. However,
because increasing NaOH activity decreases the IFE of all
ZnS faces, the IFE of spontaneous nuclei would also be
lowered, decreasing the barrier for heterogeneous nucleation.
This trend would lead to a higher nucleation density and
hence more interleaved structures at high NaOH concentra-
tion, which is contrary to the observations. Hence, we
propose an alternative mechanism: new nanosheets are
nucleated by fluctuations in local nanosheet thickness, as
depicted in Figure 7. Thermal fluctuations in extrinsic
thermodynamic variables are present in all systems at
equilibrium, but are proportionally more significant in
nanoscale systems.27,28 Crucially, the (001) face of the
wurtzite (WZ) structure is isostructural to the (111) face of
the zinc blende (ZB) structure, and the spontaneous formation
of ZB hillocks could template up to three new nanosheets
(Figure 7; see the Supporting Information, Figure S4). Mixed
ZB/W nanostructures (“tetrapods”) have previously been
demonstrated in CdSe, CdS and PbS.29–32 WZ structure

(24) Huang, F.; Gilbert, B.; Zhang, H. Z.; Banfield, J. F. Phys. ReV. Lett.
2004, 92, 155501/1–4.
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424, 1025–1028.
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X.; Chen, L. Z.; Barnard, A. S.; Zapol, P.; Curtiss, L.; Rajh, T. AdV.
Mater. 2005, 17, 965–971.
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New York, 1994.
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Figure 6. (a) Illustration of the influence of concentration of NaOH on the
thermodynamic parameters γ and γA, based on γ ) γbulk

0 - (µads -
µ′ads)Γmax + b/δ ) γbulk + b/δ developed in ref 14, where δ is the thickness
of the nanosheet and b is a constant. It has been shown that γ is dominated
by the chemical potential of the adsorbate NaOH, µads, and hence the activity
of NaOH. Red dashed curve, γ at low concentration of NaOH; blue dash
curve, γ at high concentration of NaOH; red solid curve, close to the
threshold concentration of NaOH, the total free energy of the nanophase
and bulk are approximately equal because γbulk is negative but close to
zero; blue solid curve, at higher NaOH concentrations, for which γbulk ,
0, the total free energy of the nanophase and bulk are a considerably
different. (b) At equilibrium, the range of nanosheet thicknesses obtained
is a strong function of the shape of the interfacial free energy function. For
a given magnitude of local energy fluctuations, the possible equilibrium
thickness values are indicated in white for two different values of γbulk.

Figure 7. Proposed schematic representation of the growth mechanism of
ZnS nanostructures. S atoms are green, Zn atoms are yellow. (I) ZnS
nanosheet with wurtzite-type structure. (IIa) Local thickness fluctuation leads
to the formation of a hillock with the stacking sequence of sphalerite (zinc
blende) structure abcabc. WZ (001) and ZB (111) stand for the isostructural
wurtzite (001) and the zinc blende (111) facets, respectively. (IIb) Hillock
formation with the stacking sequence of wurtzite abab or related polytype
structure. (III) A new nanosheet grows from the ZB structure. (IV) The
WZ hillock cannot nucleate a new nanosheet, and the thickness fluctuation
dissipates.
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hillocks may initiate growth of existing nanosheet thickness,
but cannot nucleate new nanosheets (for more details about
this point, please see the Supporting Information, Figure S5).
At equilibrium, both WZ and ZB hillocks will form and
dissipate, but a fraction of ZB structures will lead to new
nanosheet growth. In contrast to a model based on hetero-
geneous nucleation, the proposed model predicts that new
nanosheets are always formed epitaxially, at specific crystal-
lographic orientations relative to the substrate, but this cannot
be accurately verified with the imaging data. However, as
described below, the present model is in agreement with the
trend with NaOH concentration.

Although the magnitude of local energy fluctuations is
determined by temperature, the resulting thickness fluctua-
tions are additionally dependent on the shape of the
interfacial free energy function depicted in Figure 6b. When
IFE is slightly negative, the equilibrium value of nanosheet
thickness lies in a shallow energy minimum. Thus, a small
energy fluctuation will result in relative large equilibrium
range of thickness (from δ1 to δ2 in Figure 6b), and a high
density of thickness fluctuations is expected, leading to the
growth of highly interleaved nanosheets. At higher NaOH
concentrations, for which the IFE is more negative, equi-
librium nanosheet thickness lies in a deeper minimum, the
same magnitude of energy fluctuation will result in a smaller
equilibrium range of thickness (from δ3 to δ4). Thus
nanostructures with lower branching ratios are obtained. The
evolution in ZnS nanostructure morphology as a function of
interfacial energy is depicted in Figure 8.

Conclusion

In conclusion, we report the evolution of nanosheet-based
ZnS nanostructure morphology under conditions of negative
IFE. The concentration of NaOH plays the key role in

controlling the nanostructure morphology and their branching
ratio. The observations are consistent with a model in which
statistical fluctuations in nanosheet thickness nucleate the
formation of new, interweaved nanosheets with a density that
is controlled by the ZnS wurtzite (001) IFE. This work
provides an example for controlling the architecture of
nanostructure and synthesizing the mass of nanomaterial via
the control of negative IFE.
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Figure 8. Proposed growth process of nanosheet-based ZnS nanostructures
in different NaOH concentrations. The interfacial free energy (IFE) of the
wurtzite ZnS (001) face is varied by NaOH concentration, modifying the
density of thickness fluctuations that can nucleate the growth of new
nanosheets.
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