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Abstract

In recent years, investigations of the phase transition behavior of semiconducting
nanoparticles under high pressure has attracted increasing attention due to their potential
applications in sensors, electronics, and optics. However, current understanding of how the
size of nanoparticles influences this pressure-dependent property is somewhat lacking. In
particular, phase behaviors of semiconducting CdS nanoparticles under high pressure have
not been extensively reported. Therefore, in this work, CdS nanoparticles of different sizes are
used as a model system to investigate particle size effects on high-pressure-induced phase



transition behaviors. In particular, 7.5, 10.6, and 39.7 nm spherical CdS nanoparticles are
synthesized and subjected to controlled high pressures up to 15 GPa in a diamond anvil cell.
Analysis of all three nanoparticles using in-situ synchrotron wide-angle X-ray scattering
(WAXS) data shows that phase transitions from wurtzite to rocksalt occur at higher pressures
than for bulk material. Bulk modulus calculations not only show that the wurtzite CdS
nanomaterial is more compressible than rocksalt, but also that the compressibility of CdS
nanoparticles depends on their particle size. Furthermore, sintering of spherical nanoparticles
into nanorods was observed for the 7.5 nm CdS nanoparticles. Our results provide new
insights into the fundamental properties of nanoparticles under high pressure that will inform
designs of new nanomaterial structures for emerging applications.

INTRODUCTION

Semiconducting materials have attracted great interest over the past few
decades because of their widespread applications in modern electronic and photonic
devices. In particular, binary 1l-VI semiconductors (e.g., ZnS, CdS, CdSe, ZnO) have been
shown to possess distinctive electronic and optoelectronic properties, such as wide
ranges of direct band gaps with high electro-optic coefficients, making them excellent
candidates for applications in solar cells, laser diodes, and light-emitting diodes [1,2].
Cadmium sulfide (CdS) is one of the most studied semiconducting materials in the 1I-VI
family with a direct band gap of 2.53 eV. It has been extensively used as a
photocatalysis, photoresistors, and window layer of junction solar cells [3-5]. Under
normal conditions, CdS crystallizes into either cubic zinc blende (ZB) or hexagonal
wurtzite (WZ) structures, with the WZ structure being slightly more thermodynamically
stable. Another phase, rocksalt (RS), has been known to exist under high pressure [6]. In
bulk CdS material, it has been reported that the phase transition from WZ to RS occurs
at 2.6 GPa [7].

Recently, synthesis and characterization of nanomaterials of CdS have
received increasing consideration due to their unique size- and shape-dependent
physical and chemical properties. These properties have led to potential applications for
CdS nanoparticles as biosensors, lasers, and solar cells [8-10]. Various methods have
been described to synthesize CdS nanoparticles with different sizes and shapes [11-14].
As the surface area-to-volume ratio increases with decreasing particle size, some of the
properties of nanoparticles, including their pressure responses, can be very different
from their bulk counterparts. Achieving a better understanding of the high-pressure
behaviors of nanoparticles can reveal valuable insights into their structural phase
stability and mechanical properties; this knowledge will be useful in developing future
multifunctional devices that can be used in high-pressure environments. Research has
also shown that besides the atomic scale phase transition, applying high pressure can
be used as a potential tool to manufacture nano-sized materials. For example, both
metal and semiconductor spherical nanoparticles have been reported to sinter into
nanowires under high pressure [15-26]. Such fine-tuned behaviors caused by controlled
morphological changes under high pressure open new doors toward the design,
synthesis and application of advanced nanomaterials.

Previous studies on high-pressure phase transition behaviors of CdS
nanoparticles have shown that the WZ to RS phase transition of CdS nanoparticles
occurs at elevated pressure in comparison to the bulk sample [27-29], which is in
agreement with trends reported for other types of nanoparticles, and can be explained
by the high surface energy of nanoparticles [30]. In addition to the nanosize effect,
metal doping can also alter the phase transition properties of CdS nanoparticles. Prior
research has revealed that doping with Eu3* can increase the WZ to RS phase transition



pressure of CdS nanoparticles from 4.76 GPa to 5.22 GPa; while doping with Co?* can
reduce the ZB to RS phase transition pressure of CdS nanoparticles from 4.89 GPa to
4.06 GPa [31,32]. Other than these reports, investigations of how the nano-sizes of CdS
nanoparticles affect this pressure-depended phase transition has been rarely reported
and opposite trends have been observed. Mishara et al. [27] reported that the
transition pressure decreased as the particle size increased from 10 nm to 44 nm; while
Nanba et al. [29] claimed an increase in phase transition pressure with increasing CdS
particle size from 40 nm to 400 nm. Furthermore, the size effect on pressure-induced
morphology transition is also not well understood. Therefore, it is of general interest to
explore the influence of CdS nanoparticle sizes on their high-pressure-induced
properties in a systematic manner.

In this work, we have prepared spherical 7.5, 10.6, and 39.7 nm diameter CdS
nanoparticles in the hexagonal WZ phase to study the size effect by using in-situ high-
pressure wide-angle X-ray scattering (WAXS) measurements. In addition, we have
studied the change of nanoparticle morphologies by transmission electron microscopy
(TEM) before and after the high-pressure experiments. Furthermore, bulk moduli of
different particles in different phases are calculated for comparison.

EXPERIMENTAL DETAILS

Synthesis of CdS Nanoparticles

The 7.5 nm and 10.6 nm spherical CdS nanoparticles were synthesized using
the hot injection method following an established literature procedure [33]. The 39.7
nm spherical CdS nanoparticles were synthesized through hydrothermal process [34].

As-synthesized CdS nanoparticles were drop-casted (100 mg/mL in toluene)
onto Si wafers to create nanoparticle thin films. A small part of the film was then
carefully peeled off and loaded into the diamond anvil cell for (DAC) high-pressure
characterizations.

Characterizations

Transmission electron microscopy (TEM) images were observed on a JEOL-
2010F microscope operating at 220 kV. Room pressure powder X-ray diffraction (XRD)
patterns were measured at ambient condition using a Rigaku Smartlab diffractometer
with a Cu Ko beam (A = 1.54 A). In-situ high-pressure WAXS experiments were carried
out at beamline 16-BM-D [35] of the Advanced Photon Source (APS), Argonne National
Laboratory (ANL) with X-ray wavelength of A = 0.41328 A. A pair of diamond anvils was
used to generate pressure up to 15 GPa with the flat diamond culets diameter of 300
pm. A rhenium gasket was pre-indented and laser drilled with a hole of 175 um in
diameter and 20 pum thick to serve as the sample chamber. A ruby ball was also loaded
into the sample chamber to monitor the sample pressure using ruby fluorescence
spectroscopy. Neon gas was used as the pressure transmitting medium. The exposure
time was 30 s and the sample to detector distance was ~288.7 mm. The diffraction
patterns were collected using a Mar345 Image Plate detector and integrated using the
Dioptas software [36].
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Figure 1. TEM images of (a) 7.5 nm, (b) 10.6 nm, (c) 39.7 nm CdS nanoparticles and (d) corresponding room pressure

powder XRD spectrum.

Figure 1(a)-(c) are the TEM images of as-synthesized CdS nanoparticle samples
with average size of 7.5+0.9, 10.6+1.2, and 39.7+6.6 nm, respectively. The crystalline
phase structure of each sample at room pressure was then measured by XRD, as shown
in Figure 1(d). The resulting XRD patterns show well resolved characteristic peaks of CdS
hexagonal wurtzite phase (JCPDS card No. 75-1545).
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Figure 2. Representative synchrotron WAXS data during compression and decompression of (a) 7.5 nm, (b) 10.6 nm
and (c) 39.7 nm CdS nanoparticles. r represents the releasing pressure, the black curve represents the WZ phase, the blue
curve represents the RS phase, and the red curve represents a mixture of WZ and RS. Impurity peaks from gasket Re,

neon gas and ruby are marked with asterisk.

Nanoparticles were then loaded into a DAC, and integrated synchrotron WAXS
patterns for different samples during the compression and decompression process are
displayed in Figure 2. It can be seen that all three samples possess the normal WZ
structures at ambient pressure, and that with increasing pressure the corresponding
diffraction peaks shifted to higher 20 value (lower d-spacing) as the result of the unit
cell contraction. With further increasing pressure, a new phase, characterized by the
appearance of new peaks that are indexed as cubic RS phase (JCPDS card No. 21-829)
appeared. The onset of WZ to RS phase transition pressure was measured to be 7.60,
7.95, and 6.69 GPa for the 7.5, 10.6, 39.7 nm samples, respectively. The RS phase was
maintained up to 15 GPa, and then pressure was gradually released. For 7.5 nm and



10.6 nm samples, the RS phase was preserved when the pressure was released back to
ambient, which represents an irreversible phase transition process. For the 39.7 nm
sample, some of the wurtzite peaks reappeared at rO GPa (the fully decompressed
state), indicating that the phase transition process is partially reversible. Compared with
bulk CdS, which shows reversible WZ to RS phase transition at about 2.6 GPa [7], CdS
nanoparticles have higher phase transition pressures. 7.5 nm and 10.6 nm samples
show similar WZ to RS phase transition pressure, while the phase transition pressure
decreases with increasing the particle size from 10.6 nm to 39.7 nm. In the meantime,
large particles tend to behave more like bulk material with partial reversible phase
transition processes. These results indicate that the size of the particle can significantly
affect both the phase transition pressure and the reversibility of the phase transition
process. Similar size-dependent phase transition behavior has also been reported for
other types of nanoparticles and can be explained by the increase of surface energy with

dcreasmg partll size [37]

Figure 3. TEM images of (a) 7.5 nm, (b) 10.6 nm, and (c) 39.7 nm CdS nanoparticle samples after compression and
decompression process.
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Figure 4. Dependence of unit cell volume on the applied external pressure for (a) 7.5, (b) 10.6, and (c) 39.7 nm CdS

nanoparticles. Black dots represents the compression process and red dots represent the decompression process.

After the high-pressure experiments, CdS nanoparticle samples were collected
and dissolved in toluene for TEM analysis. Figures 3 (a)—(b) are the lattice-resolved high-
resolution TEM images for 7.5 and 10.6 nm samples for which the lattice can be
determined to be the (111) cubic RS crystal diffraction plan with d-spacing equal to 0.31
nm. The insets in Figures 3 (a)—(b) show the overall sample morphologies. The solubility
of the 39.7 nm sample was limited; therefore, no high-resolution TEM image was
obtained. Comparing the TEM images, we see a sphere to a rod-like morphology
transformation of the 7.5 nm sample that is not evident in the other two samples, and



this morphology transformation has not yet been observed in other high pressure
studies of CdS nanoparticles. Previous studies have shown that ordered fcc close-
packed-spherical nanoparticles can be transformed to hexagonal packed nanowires
under high pressure [15-17], because, by increasing pressure, nanoparticles located
along the pressure applying direction can easily contact one another and then
consolidate into new nanostructures by nanoparticle coalescence. Our hypothesis is
that even though nanoparticles are not closely packed in our experiments, some of the
randomly arranged particles can still locate along the pressure applying direction. It has
been demonstrated that particles with size < 10 nm tend to sinter together to reduce
their surface energy more than bigger particles [38], but whether bigger (e.g. 39.7 nm)
nanoparticles can sinter or not is still not clear. The detailed mechanism of this
morphology transformation is still being studied.

The unit cell volume change of different samples under pressure was
calculated and summarized in Figure 4. From WZ to RS phase, about 17% volume
decrease is calculated for all samples, close to the previously reported data [39]. Bulk
modulus is an important mechanical property that denotes the stiffness of the material.
Bulk moduli of different samples in different phases were then determined by fitting the
2" order Birch-Murnaghan equation of state [40-42].

P=(3/2)Bol(Vo/V)"-(Vo/V)*3 ] (1)
In this equation, Bo and V, are the bulk modulus and initial unit cell volume at
room pressure, respectively. Vo can be calculated form the room pressure powder XRD

data. The resulting bulk moduli are shown in Table 1.

Table 1. Unit cell volumes and bulk moduli of CdS nanoparticles.

Sample Size Wourtzite (WZ) Rocksalt (RS)
Vo (A3) Bo (GPa) Vo (A3) Bo (GPa)
7.5 nm 99.92 57.49+0.93 161.10 85.14+0.59
10.6 nm 99.38 59.97+0.86 160.97 84.09+0.71
39.7 nm 97.69 78.90+5.02 161.10 84.36+0.46

Bulk moduli of nanoparticles at both the WZ and RS phases are higher when
compared to the reported data of the bulk CdS material (Bo = 54.0 GPa for WZ and By =
68.0 GPa for RS [43]), which agrees with the trends observed for other types of particles
[15,44,45]. In addition, we found that WZ nanoparticles show lower bulk modulus
values than RS particles, indicating that they are more compressible. Also, for the WZ
phase, the bulk modulus increases with increasing particle size, while those of RS
nanoparticles remain similar to each other. A similar trend has been observed for y-
Fe,0s5 [46] and PbS [47] nanoparticles, but the opposite behavior was also reported in
ZnS nanoparticles [48]. Our results are contrary to those in prior studies, but the
particles studied previously were of different size ranges and covered by different
surfactants. Therefore, there is still no agreement on how the size of the particle affects
the value of the bulk modulus, and our results cannot be considered as a general trend
in nanoparticles.

CONCLUSIONS

In summary, the impact of nanoparticle size on high-pressure-induced phase
transitions were studied using spherical CdS nanoparticles having average sizes of 7.5,
10.6, and 39.7 nm. Synchrotron WAXS analysis shows unique size-dependent phase



transition pressure and phase transition reversibility. It was revealed that the WZ to RS
phase transition pressure increased with increasing particle size from 10.6 nm to 39.7
nm. Also, morphology transformation from sphere to rod was observed after the
compression-decompression cycle only for the 7.5 nm sample. Further calculations of
the bulk modulus shows that for WZ CdS nanoparticles, bulk modulus increases with
increasing particle size. With CdS as the model material, our work provides detailed
information about the effects of particle size on their high-pressure behavior, and it may
help to initiate new approaches to designing nanoparticles for high-pressure applications.
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