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Nanometre-sized inorganic dots, wires and belts have
a wide range of electrical and optical properties,
and variable mechanical stability and phase-transition
mechanisms that show a sensitive dependency on
size, shape and structure. The optical properties of
the semiconductor ZnS in wurtzite structures are
considerably enhanced, but the lack of structural stability
limits technological applications. Here, we demonstrate
that morphology-tuned wurtzite ZnS nanobelts show a
particular low-energy surface structure dominated by the
±{21̄0} surface facets. Experiments and calculations show
that the morphology of ZnS nanobelts leads to a very
high mechanical stability to ∼6.8 GPa, and also results
in an explosive mechanism for the wurtzite-to-sphalerite
phase transformation together with in situ fracture of the
nanobelts. ZnS wurtzite nanobelts provide a model that is
useful not only for understanding the morphology-tuned
stability and transformation mechanism, but also for
improving synthesis of metastable nanobelts with quantum
effects for electronic and optical devices.

nS has been extensively investigated as an important wideband-gap semiconductor (3.6 eV). It is one of the oldest
and probably one of the most important materials in
the electronics industry with a wide range of applications
including light-emitting diodes and eﬃcient phosphors in ﬂatpanel displays1 . An assortment of luminescent properties excited
by ultraviolet, X-ray, cathode ray or electrical currents have been
observed by doping ZnS with various metals2 . Excellent light
transmission with a high index of refraction (2.27 at 1 μm) also
makes ZnS useful in photonic crystal devices that operate in the
region from visible to near-infrared3 .
At ambient conditions, ZnS shows two structural polymorphs:
hexagonal wurtzite and cubic sphalerite4 . Surprisingly, wurtzite
ZnS is much more desirable for its optical properties than the
sphalerite phase5 . For instance, phosphors of ZnS are synthesized
in the wurtzite phase to optimize luminescence at a temperature
near 1,000 ◦ C (ref. 5), because bulk wurtzite crystallizes at
temperatures above 1,035 ◦ C. However, the quenched wurtzite
easily transforms to the sphalerite form at ambient conditions5,6 .
Decreasing the particle size lowers the temperature boundary and
nanosized wurtzite can be synthesized at temperatures 400 ◦ C
lower than the bulk7 . Thus, it seems that it may be possible to
synthesize the ZnS wurtzite phase and keep it stable at room
conditions by adjusting the surface energy through particlesize tuning. Synthesis of nanoscale semiconductors demonstrates
that the quantum-conﬁnement eﬀect can markedly vary optical
and electrical properties, mostly resulting in their improvement
relative to those of their bulk counterparts8,9 . These enhanced
properties have also been observed in three-dimensional wurtzite
ZnS nanocrystals obtained in a variety of ways10 , but the structural
instability remains analogous to its bulk counterpart5 .
Here, we report the experimental discovery of ultrastable
one-dimensional wurtzite ZnS nanobelts, the morphology-tuned
explosive transformation mechanism to the sphalerite form, and
a model for the kinetic behaviour. High-pressure synchrotron
X-ray diﬀraction demonstrates that wurtzite ZnS nanobelts have
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Table 1 Comparison of the transition pressures observed in different wurtzite ZnS
forms.
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a wide ﬁeld of structural stability up to 6.8 GPa, remarkably
diﬀerent from the bulk and three-dimensional monodisperse
spherical nanoparticles that transform to the sphalerite structure
slowly at ambient conditions and easily with even slightly
applied compression (Table 1). The transformation mechanism is
explosive, not the general sluggish kinetics observed in the bulk
form and nanoparticles. Theoretical calculations show that the
nanobelt morphology produces a particular low-energy state that
is the main reason for the improved stability of this metastable
structure, in which the ±{21̄0} surface facets dominate the surface
structure of wurtzite ZnS nanobelts. High-resolution transmission
electron microscopy (HRTEM) further shows that twinning and
stacking faults provide further stabilization constraints. This study
not only provides an interpretation of the stability of the metastable
wurtzite ZnS nanobelts, but also suggests that the controlled
synthesis of stable nanobelts can be optimized to produce belts,
wires or other functional units required for biological labelling or
the fabrication of nano-optoelectronic devices.
Wurtzite-structure ZnS nanobelts were synthesized by a
solid–vapour phase thermal-sublimation technique11 . A scanning
electron microscopy (SEM) image indicates that the as-synthesized
nanobelts have a uniform cross-section along their length, with
a typical width in the sub-micrometre range, extending to over
100 μm in length (Fig. 1a). HRTEM shows that partial nanobelts
have a saw-like edge (Fig. 1b). X-ray and electron diﬀraction
demonstrate that the ZnS nanobelts adopted the hexagonal
wurtzite structure (Fig. 1c–e). Nanobelts are ∼10 nm thick on
average and have a speciﬁc growth direction along [120], with side
surfaces (001) and top surfaces (010) (Fig. 1f).
The mechanical properties and structural stability of wurtzitetype ZnS nanobelts were studied in a diamond anvil cell by in situ
high-pressure synchrotron X-ray diﬀraction12 . High-pressure
X-ray-diﬀraction patterns collected under hydrostatic (or quasihydrostatic at higher pressure) conditions are shown in Fig. 2.
At 1 atm pressure, both X-ray-diﬀraction (Fig. 2) and electrondiﬀraction patterns (Fig. 1c) indicate that the ZnS nanobelts have
hexagonal symmetry, and unit cell parameters computed from the
X-ray-diﬀraction pattern are a0 = 3.7943(2) Å, c0 = 6.2679(5) Å
and V0 = 78.15(8) Å3 , where a0 , c0 and V0 are the unit cell
parameters calculated at ambient conditions, in agreement with
the reported values of the bulk hexagonal ZnS phase6 . Analysis
of these data does not support a size-induced contraction as
was observed for sphalerite with a slight tetragonal distortion
from cubic symmetry7 . Several weak X-ray-diﬀraction peaks
occur in the observed pattern as well. As pressure approaches
6.8 GPa, several new peaks of the high-pressure phase appear,
whereas the characteristic X-ray-diﬀraction peaks of the starting
hexagonal ZnS phase drastically weaken. The newly observed peaks
are consistent with the sphalerite structure. Wurtzite (w) and
sphalerite (s) show a signiﬁcant overlapping of w(002) and s(111),
and of w(110) and s(220). On the basis of the constant intensity
ratios between the three characteristic peaks of w(100), w(002)
and w(101), it is obvious that the wurtzite structure remains
stable to 6.8 GPa. The full-width at half-maximum (FWHM)
of wurtzite peaks also does not change, so the nanobelt seems
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Figure 1 The synthesized wurtzite-structure ZnS nanobelts. a, Low-resolution
SEM image; b, HRTEM image showing saw-like edge; c, electron-diffraction image;
d, X-ray-diffraction pattern; e, schematic representation of the wurtzite structure;
and f, the crystallographic dimensions of nanobelts.

to maintain a constant shape below the transition pressure of
6.8 GPa. Above this pressure, the two peaks of w(100) and w(101)
reduce signiﬁcantly in intensity and become extremely weak; in
contrast, the intensity of s(002) increases. Simultaneously, the
new peaks show an abrupt and very noticeable broadening. These
changes are interpreted as arising from a collapse of the nanobelt
occurring on the wurtzite-to-sphalerite phase transformation. Such
a phenomenon was previously observed in the nanowire form of
the semiconductor CdSe, where the pressure-induced wurtzite-torocksalt phase transformation takes place13 . Although the phase
boundary was not precisely determined, it is reasonable to assume
that the hexagonal phase is stable to ∼6.8 GPa, and thus quickly
transforms to the sphalerite structure. Organic oil pressure medium
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Figure 2 High-pressure X-ray-diffraction patterns of the wurtzite ZnS nanobelts. The upward and downward arrows (↑ and ↓) represent the occurrence and
disappearance of X-ray-diffraction peaks of the new cubic phase and hexagonal phase. Their crystallographic characteristics are schematically shown in the two inset
ﬁgures: bottom for hexagonal wurtzite and top for cubic sphalerite. Weaker X-ray-diffraction peaks are due to the small amount of gold nanoparticles used as a catalyst
during synthesis and by the ruby used as a pressure calibrant.

only enables a hydrostatic state to be maintained at pressures below
5 GPa; above 5 GPa, a quasi-hydrostatic condition could generate
the deviatoric stress and slight pressure gradient across the sample
chamber. This may well explain the existence of a very small ratio
of wurtzite phase and its extremely weak X-ray-diﬀraction peaks.
A quick accomplishment of the phase transformation in nanobelts
apparently diﬀers from the sluggish kinetics observed in bulk
and nanoparticle ZnS forms that show a wide transition-pressure
range of 5–8 GPa (refs 5,7). This implies that the transformation
mechanism is explosive. The resulting sphalerite phase remains
stable to the peak pressure of 11.4 GPa, and is quenchable on release
of pressure.
With decreasing particle size, surface energy plays a signiﬁcant
role in the optical and electronic properties and structural
stability, in particular with extension to ambient conditions for
technological applications. It is found that ZnS nanocrystals show

enhanced optical and electronic properties, but the structural
stability in wurtzite does not improve in a fashion similar to bulk
wurtzite6,7 . However, because the nanocrystal is tuned to beltlike morphology, wurtzite ZnS nanobelts retain their morphology
with hexagonal crystallographic symmetry to pressures as high as
6.8 GPa. It is diﬃcult to understand this remarkable observation
from simple considerations of either the thermodynamics applied
in bulk materials or the nanosize-induced enhancement of surface
energy6,14,15 . We suggest that the particular morphology of the
wurtzite ZnS nanobelts is responsible for the exceptional structural
stability of the materials. Speciﬁcally, we show that the enhanced
stability is a consequence of the fact that nanobelts are regular
extended solids along the length and width of the structure,
but have nanometre-scale thicknesses. A direct consequence is
the very diﬀerent surface-energy density on the top and bottom
surfaces of a nanobelt compared with the surface-energy density
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for the faces (the ‘sides’ of the nanobelt), which are nanometresized in one dimension. To explore this eﬀect of the nanobelt
morphology, we calculated the structural stability ﬁeld of a wurtzite
ZnS nanobelt as a function of the thickness of the nanobelt by
minimizing the total free energy of the wurtzite and sphalerite
taking into consideration the extra contributions associated with
surface, size, morphology, shape, twinning and stacking faults, and
volumetric contraction.
At 298 K and 1 atm, bulk ZnS polymorphs of wurtzite and
sphalerite have a Gibbs free-energy diﬀerence of 10.25 kJ mol−1 ,
which reﬂects the greater stability of sphalerite compared with
wurtzite16 . With decreasing particle size, surface energy starts
to play an increasingly dominant role in determining structural
stability8,14,15 . Simulations indicate that each facet associated with
a well-deﬁned diﬀraction plane possesses a diﬀerent surface
energy17–20 . In wurtzite, (001) has the highest surface energy
of 0.91−1.52 J m−2 , whereas the (110) face has the lowest
surface energy of 0.28−0.49 J m−2 , and the (100) face has an
intermediate energy of 0.52−1.0 J m−2 . In sphalerite, both (111)
and (100) faces have the two highest surface energies of 1.84
and 2.56 J m−2 , respectively, whereas the other facets have lower
surface energy (<1.0 J m−2 ). The total surface energy of a threedimensional spherical nanoparticle of wurtzite or sphalerite is then
the mean surface energy, computed from the surface energy of
all of the existing crystal facets that are averagely and randomly
exposed on the particle surface. Accordingly, three-dimensional
spherical nanoparticles of sphalerite have a mean surface energy
of 0.79 J m−2 , greater than the surface energy of 0.57 J m−2 in
wurtzite20 . The observation that the transformation temperature of
sphalerite to wurtzite reduces with decreasing particle size strongly
supports this surface-energy estimation20 .
The wurtzite ZnS nanobelts in this study have a speciﬁc
growth direction along [120], with ±(21̄0) planes deﬁning the
two dominant surfaces (see Fig. 3 inset: top and bottom faces and
Fig. 1d). Such a ±{21̄0}-dominant surface structure is diﬀerent
from the common surface structure of nanocrystals that have a
high percentage of cubic-, tetrahedral- and octahedral-like shapes,
dominantly bounded by the combined facets of {111}, {110},
{001} and {100}; ref. 21. The surface-energy diﬀerence associated
with diﬀerent crystallographic planes holds a general sequence as
γ{111} < γ{100} = γ{001} < γ{110} in the cubic symmetry nanocrystals.
The high-energy {110} surface is mostly observed in nanorods,
but its instability is often observed by the formation of spherical
clusters in terms of the atom sublimation, such as Au nanorods21 .
However, as a particular case, the surface energies in ZnS with
hexagonal symmetry have a reverse sequence and the (hk0) facets,
including six equal planes of ±(110), ±(21̄0) and ±(12̄0), have
the lowest surface energy and so favour the formation of this
type of low-energy nanobelt growing along the [120] direction
with the lowest energy. As a result, the front cross-section ±(010)
and side ±(001) surface faces can be neglected in the estimation
of the total surface area and surface energy. A slight volumetric
reduction of 1.25% takes place on the wurtzite-to-sphalerite phase
transformation at 6.8 GPa. It is well known that the nucleating
sphalerite crystals show predominantly the (111) plane that results
directly from the (001) plane of the wurtzite phase4 . In addition,
(111) and (100) represent the two largest d-spacing planes, so
both of them unambiguously dominate the surface area of the
sphalerite when no speciﬁc crystal direction growth otherwise
exists21 . This is demonstrated by the observed cubic and tetrahedral
morphologies of recovered nanoparticles (Fig. 3 inset: HRTEM
image). Therefore, it is reasonable to assume that the newly formed
sphalerite represents a structure with a higher surface energy than
wurtzite. In combination with the bulk Gibbs energy (G298 K,1 atm ),
surface-energy diﬀerence (γ ) and the volumetric collapse (P∗ V ;
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Figure 3 Correlation between the nano-thickness (D ) and transition pressure
of one-dimensional wurtzite nanobelts. Inset ﬁgures show the three characteristic
surfaces and the corresponding atomic arrangements in reciprocal lattice
demonstrations. Inset HRTEM ﬁgure shows that the recovered samples have the
cubic and tetragonal shapes with an average size of 10 nm.

see Methods), we calculated the structural stability ﬁeld of wurtzite
ZnS nanobelts (the wurtzite-to-sphalerite transition pressure) as
a function of nanobelt thickness. Below the critical thickness of
7.4 nm, a wurtzite nanobelt is more stable than sphalerite (Fig. 3);
on reducing the thickness, the stability seems to be enhanced. In our
wurtzite ZnS nanobelt, the observed transition pressure of 6.8 GPa
corresponds to a calculated thickness of 6.2 nm.
Transmission electron microscopy (TEM) observation indicates
that the recovered samples have an average particle size of
∼10 nm (Fig. 3 inset: HRTEM image), in reasonable agreement
with the particle size of ∼12 nm calculated from the broad
X-ray-diﬀraction peaks (Fig. 4). However, these values are
greater than either the calculated nanobelt thickness of 6.2 nm,
which corresponds to the observed transformation pressure of
6.8 GPa, or the critical thickness of 7.4 nm. Thus, a reasonable
explanation may also require the incorporation of further eﬀects
induced by crystallographic defects, twins, stacking faults and
volumetric contraction generated in the newly formed sphalerite
on phase transformation.
Both the Zn and S atoms in wurtzite and sphalerite are
four-coordinated4,23 , so the phase transformation only requires a
partial atomic rearrangement. Wurtzite has the simple hexagonalclose-packed stacking order of ABABAB along the [001] direction
with a resultant base of (001) and sphalerite has the cubic-closepacked stacking order of ABCABC along the [111] direction
with the characteristic crystallographic facet of (111); ref. 23. On
transformation from wurtzite to sphalerite, the (001) plane of
wurtzite converts directly to the (111) plane of sphalerite22,24 . On
the basis of such a fundamental genetic relation and combined
with the particular crystallographic characteristics of the two
ZnS polymorphs, two types of transformation mechanism can be
suggested (Fig. 5). The ﬁrst involves the rearrangement of three
{ZnS} layers (Fig. 5a), leading to (111) twinning in sphalerite
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related by a 180◦ rotation (Fig. 5b). The second involves the
rearrangement of four {ZnS} layers (Fig. 5c), resulting in the
development of stacking faults (Fig. 5d). It seems that the
transformation initiated by the ﬁrst type of atomic rearrangement
requires a higher energy than the second type of transition
mechanism, because the rotation in the ﬁrst type of mechanism is
produced as a consequence of a faulted stacking of perfect crystals,
and the bonding conﬁguration at the stacking faults and the twin
boundaries remains close to that of the perfect structure24 .
The two types of mechanism have been observed in the
HRTEM images taken from the recovered sphalerite (Fig. 5e,f)
that show the formation of the boundary twins (ABCACBA)
(Fig. 5e) and stacking faults (for example, the double stacking
faults shown in Fig. 5f). From a thermodynamic viewpoint, the
resultant stacking faults and twins imply a high-energy sphalerite
structure. Although numerous types of energy contribution, as
suggested above, are added to the total energy of sphalerite, the
nanobelt thickness (also including the critical thickness) could
be signiﬁcantly greater for the wurtzite nanobelts that transform
to sphalerite at modelled pressure with thinner thickness. It has
been observed that sphalerite nanoparticles show a size-induced
contraction by undergoing a tetragonal distortion from the cubic
structure, which leads to a volumetric decrease of the order of
∼2% compared with bulk sphalerite with cubic symmetry7 . At
the transition pressure of 6.8 GPa, this could result in an energy
change as large as ∼12.5 kJ mol−1 between sphalerite and wurtzite,
responsible for a transition pressure jump of ∼2.4 GPa. Combining
the contributions from the above-mentioned factors provides an
understanding of the high transition pressure of 6.8 GPa in the
wurtzite ZnS nanobelts synthesized here.
In summary, we have observed an enhanced stability ﬁeld and
the explosive phase-transformation mechanism for wurtzite ZnS
nanobelts that are understood by concentrating on the particular
morphology and shape using the combined techniques of
in situ high-pressure synchrotron X-ray-diﬀraction measurements,
theoretical calculations and HRTEM investigation. The enhanced
stability ﬁeld shows that the speciﬁc morphology of wurtzite
ZnS nanobelts represents the most-favourable low-energy surface
structure, which has a dominant eﬀect in controlling the formation
and structural stability of nanobelts. Owing to the similarities
between semiconductors, application of this mechanism to the
creation of further metastable phases could open up the possibility
for manipulating the surface energetics of diﬀerent semiconductor
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Figure 5 Schematic representation of the wurtzite-to-sphalerite phase
transformation. a,b, The ﬁrst (1) involves the rearrangement of three {ZnS} layers
(a), leading to (111) twinning in sphalerite related by a 180◦ rotation (b). c,d, The
second (2) involves the rearrangement of four {ZnS} layers (c), resulting in the
development of stacking faults (d). e–g, Filtered HRTEM images of the samples:
starting wurtzite phase (e); recovered sphalerite phase (f,g).

nanoforms in a controlled manner that could have practical
consequences8,9,25,26 . Accordingly, the synthesis of stable and reliable
nanobelts, quantum wells or wires with speciﬁc sizes and thickness
(<10 nm) can be obtained by adjusting the surface energy,
morphology and intrinsic structure with near-atomic precision that
may prove to be applicable in electronics, optics and sensors.

METHODS
Wurtzite-structure ZnS nanobelts were synthesized by heating bulk ZnS in
ﬂowing argon with the assistance of Au particles acting as catalyst11 . The
resulting ZnS nanobelts were deposited on an alumina substrate. The
as-deposited materials was characterized and analysed by SEM (LEO 1530
FEG), TEM (Hitachi HF-2000 FEG at 200 kV, JEOL 4000EX at 400 kV) and
energy-dispersive X-ray spectroscopy.
The wurtzite ZnS nanobelt bundles were removed from the substrate and
loaded without any further preparation into a diamond anvil cell for in situ
pressure measurements. A stainless-steel gasket was pre-indented to 50 μm in
thickness by two opposing diamond anvils with 450 μm culets. A
250-μm-diameter hole was made as a sample chamber. Organic oil and a small
ruby chip served as the hydrostatic pressure medium and pressure marker,
respectively. The mass of ZnS nanobelt samples is estimated to be
approximately 0.01 mg from the volume of the sample chamber and the density
of ZnS nanobelts with consideration of the existence of the pressure medium.
High-pressure X-ray-diﬀraction measurements were performed at room
temperature with energy-dispersive synchrotron radiation at CHESS12 . Energy
calibrations were made using well-known radiation sources (55 Fe and 133 Ba),
and angle calibrations were made at a ﬁxed angle of 15◦ using the six Bragg
peaks of Au powder standard. X-ray-diﬀraction patterns collected up to
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pressures of ∼11.4 GPa were used for structure analysis and cell-parameter
reﬁnement. The recovered samples were also examined by SEM and TEM.
Particle sizes are estimated by TEM and the FWHM of the observed
X-ray-diﬀraction peaks. The standard Scherrer’s equation for energy dispersive
X-ray diﬀraction is modiﬁed as

τ = (0.94 × Ed)/E,
where τ is the particle size in ångströms, E and E are the energy and FWHM
of the observed Bragg peak in keV and d is the inter-planar spacing
in ångströms.
Theoretical calculations are based on the total Gibbs energy diﬀerence
between the two ZnS polymorphs of wurtzite and sphalerite in combination
with the size-induced surface-energy contribution. At 1 atm, the Gibbs
thermodynamic equation is modiﬁed as G = H − TS + γs, where
G,H,S and γ represent the diﬀerence of the Gibbs free energy,
enthalpy, entropy and the unit surface energy between wurtzite and sphalerite,
respectively, and s is the surface area. To evaluate the reliability for the
simulated surface energies of the surface planes17–20 used in this study, the
temperature at G = 0 for each particle size is calculated, in agreement with
the synthesized temperatures10,20 . In wurtzite ZnS nanobelts, the surface energy
is dominated by the ±(21̄0) facets, and in the newly formed sphalerite
nanocrystals, it is dominated by (111) and (100) facets. The corresponding
cubic and tetragonal morphologies are characterized in the recovered samples
(Fig. 3 inset: HRTEM image). At a certain thickness of nanobelt, the Gibbs
atm
free-energy diﬀerence (G1298
K ) at 298 K and 1 atm pressure can be calculated.
atm
On compression, although the energy gap of G1298
K is overcome by a newly
added energy term of P∗ V , wurtzite theoretically transforms to the sphalerite
phase. Here, P∗ and V represent the transition pressure of the
wurtzite-to-sphalerite phase transformation and the volumetric diﬀerence
between the two ZnS polymorphs at P∗ , respectively.
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