
Pressure-Induced Transformations of Three-Component
Heterostructural Nanocrystals with CdS−Au2S Janus Nanoparticles
as Hosts and Small Au Nanoparticles as Satellites
Hua Zhu,† Tong Cai,† Yucheng Yuan,† Xudong Wang,‡ Yasutaka Nagaoka,† Jing Zhao,‡

Zhenxian Liu,⊥ Ruipeng Li,§ and Ou Chen*,†

†Department of Chemistry, Brown University, Providence, Rhode Island 02912, United States
‡Department of Chemistry, University of Connecticut, Storrs, Connecticut 06269, United States
⊥Department of Physics, University of Illinois at Chicago, Illinois 60607-7059, United States
§National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, New York 11973, United States

*S Supporting Information

ABSTRACT: Heterostructural nanocrystals (HNCs) have drawn enormous
attention because of the combined and synergistic properties inherited from their
individual components and interactions. Here we design a three-component
CdS−Au2S−Au Janus-satellite HNC to study the pressure process of HNC
superlattices (HNC-SLs). In situ small/wide-angle X-ray scattering shows that
the HNC-SLs can undergo structural transformations at both atomic and meso
scales. At the same time, CdS−Au2S−Au Janus-satellite HNCs can
morphologically transform into CdS−Au2S−Au heterotrimer HNCs through
intraparticle migration and coalescence of Au satellites. Our results demonstrate
that pressure can be employed as a clean and efficient way to fabricate complex
heterostructural nanomaterials suitable for potential applications in photo-
catalysis and theranostics.
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Heterostructural nanocrystals (HNCs) with precisely
defined sizes, shapes, and compositional boundaries are

a subclass of colloidal nanocrystals (NCs) containing multiple
chemically distinct components.1−6 HNCs show a great
potential to exhibit combined and synergistic properties
inherited from their individual constituents, such as optical
and electronic coupling and enhanced catalytic perform-
ance.7−9 Moreover, chemically distinct domains of HNCs
provide an opportunity to not only diversify their function-
alities but also uniquely self-organize them into novel
superstructures with an unprecedented level of structural and
property control.10−13

Although single-component colloidal NCs can be readily
synthesized with high uniformity, colloidal synthesis of HNCs
with controlled geometries has always been challenging.
Current synthetic strategies usually rely on a selective seeded
growth method, which heavily involves chemical treatments
and purifications, largely limited by material-specific prefer-
ences.14 Recently, high pressure processing has proven to be a
fast and chemical-orthogonal way to fabricate novel nanoma-
terials.15−21 Besides phase transition at the atomic scale,
previous studies have shown that high-pressure treatment can
manipulate the electronic properties of semiconductor NCs
and induce morphological transformation of NCs through a
stress-driven “pressure-sintering” process.5,22,23

Here, we specially designed three-component CdS−Au2S−
Au Janus-satellite HNCs with CdS−Au2S Janus particles as
hosts and small Au particles as satellites (Scheme 1). We
studied the high-pressure behavior of HNC superlattices
(HNC-SLs) using a diamond anvil cell (DAC) technique.16

During a full pressure cycle of 0−12.7 GPa, Au satellites
detached, migrated, and coalesced on the surface of HNCs and
finally transformed into CdS−Au2S−Au heterotrimer NCs
(Scheme 1). Our study demonstrated that the deviatoric stress
enabled by external high pressure can serve as a clean and
efficient way to fabricate highly complex heterostructural
nanomaterials that cannot be easily achieved through conven-
tional synthetic avenues. The as-synthesized three-component
CdS−Au2S−Au heterotrimer NCs provide a unique nano-
structural platform suitable for a range of applications from
heterogeneous photocatalysis to multifunctional theranostics.24

We employed a two-step method to syntheisze CdS−Au2S−
Au Janus-satellite HNCs. Briefly, CdS−Cu1.8S NCs were
synthesized using a modified literature method, followed by a
Cu+-to-Au+ cation-exchange process (Scheme 1).25 Because
the Cu+ ion possesses much higher ion mobility than Cd2+,
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only the Cu1.8S side can be exchanged to form Au2S.
26,27

Meanwhile, small Au satellites grew onto the HNC surface by
the addition of an extra amount of Au precursor (Scheme 1
and see also details in the Supporting Information, SI). The
UV−vis absorption spectrum of the obtained CdS−Au2S−Au
Janus-satellite HNCs showed an increased absorbance in the
visible range of 400−700 nm, which can be attributed to the
localized surface plasmon resonance from the Au satellites as
well as the absorbance from the Au2S domain of the HNCs
(Figure 1a).28 The successful cation exchange was further

confirmed by decreased absorbance in the near-IR range
(800−1500 nm), which arose solely from the Cu1.8S side of the
HNCs before the occurrence of cation exhange (Figure 1a).
Transmission electron microscopy (TEM) measurements
showed the monodisperse CdS−Au2S−Au HNCs with uni-
form sizes of both the CdS−Au2S Janus hosts (19.8 ± 1.3 nm)
and Au satellites (3.6 ± 0.8 nm) (Figures 1b and S1 and S2).

High-resolution TEM (HR-TEM) images clearly displayed the
single-crystalline nature of both the CdS and Au2S domains
(Figures 1c and S3 and S4). Moreover, the observations of
atomic fringes crossing the interfaces between three chemical
components (i.e., CdS, Au2S, and Au) indicate their epitaxial
growth nature of the HNCs (Figures 1c and S3 and S4). For
example, the Au2S (200)Au2S planes showed a direct connection
to the CdS (101 2)CdS planes (Figure 1c). The wide-angle X-ray
scattering (WAXS) pattern of the sample showed that the CdS
domain preserved a wurtzite (WZ) crystal structure after Au+

cation exchange and satellite growth (Figure 1d). Meanwhile, a
set of additional peaks can be assigned to (111)Au2S, (200)Au2S,

and (220)Au2S Bragg diffraction features with a calculated lattice
parameter of 4.98 Å, ∼1.0% smaller than the bulk value (Figure
1d and Table S1).29 No clear peaks from Au satellites can be
observed in the WAXS pattern, which is due to their small
domain size compared to the CdS−Au2S hosts (3.6 vs 19.8
nm). Finally, high-angle annular dark-field scanning TEM
(HAADF-STEM) images and elemental mapping results
(Figure 1e) showed the Janus-satellite type of heterostructure,
further confirming the unique Janus-satellite architecture of the
three-component CdS−Au2S−Au HNCs.
HNC-SLs were fabricated through a controlled solvent

evaporation process (see the SI). The resulting superstructure
exhibits a face-centered-cubic (fcc) structure (Figure 2a).
Interestingly, the wide-angle electron diffraction (WAED)
pattern showed a localized signal, indicating the presence of
atomic orientational alignments of the HNC-SL (Figure 2b).
The integrated small-angle X-ray scattering (SAXS) plot
confirmed the fcc structure with well-defined diffraction
peaks (Figure 2c). The lattice parameter was calculated as
30.53 ± 0.50 nm with the nearest inter-NC distance of 21.59 ±
0.35 nm (Table S2). Given the size of CdS−Au2S−Au HNCs,
the surface-to-surface distance of the HNC hosts can be
determined as 1.79 nm, in line with previous reports suggesting
a ligand intercalation behavior in the HNC-SL studied
here.11,30

In situ SAXS and WAXS of the HNC-SLs were
simultaneously monitored while applying a high-pressure
cycle inside a DAC. Upon compression, all of the SAXS
peaks shifted to lower q values with an increase of the pressure
from 0.0 to 12.7 GPa (Figure 3a). The entire process was
accompanied by a gradual peak-broadening effect, and the fcc
superlattice (SL) gradually transformed into a lamellar
structure (Figures 3a and S6 and Table S3). The reversed
peak shifts were observed during the pressure-release process,
and the lamellar structure was largely retained after total

Scheme 1. Schematic Illustration of the Synthetic Strategy of Three-Component CdS−Au2S−Au Janus-Satellite HNCs and the
Pressure-Induced Transformationa

ahp-OAm represents high-purity oleylamine, and ODE represents 1-octadecene.

Figure 1. Characterization of CdS−Au2S−Au Janus-satellite HNCs.
(a) Absorption spectrum before and after Au cation exchange and
growth. (b) Representative TEM image and (c) a HR-TEM image of
as-synthesized CdS−Au2S−Au Janus-satellite HNCs. (d) Integrated
WAXS pattern of the HNCs. The original WAXS peaks and fitted
peaks of WZ−CdS and Au2S are labeled in green and purple,
respectively. Inset: Corresponding 2D pattern. (e) HAADF-STEM
image and elemental mapping (S, Au, and Cd) of as-synthesized
HNCs.
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release of the pressure (Figure 3a). This irreversible super-
structural evolution indicated migrations of the HNC surface
ligands during the pressure cycle and morphological trans-
formations of individual CdS−Au2S−Au HNCs.5,15,22 Mean-
while, atomic crystal phase transitions were also detected by in
situ WAXS measurements (Figure 3b). Upon an increase of
the pressure, all of the WAXS peaks shifted to higher q values,
indicating lattice shrinkage under high pressure. The WZ
structure of the CdS domain was maintained up to ∼5.2 GPa

before it transformed to a rock-salt (RS) phase (Figure 3b).31

The RS phase of CdS then remained while the pressure was
increased to 12.7 GPa and then released to ambient conditions
(Figure 3c,d). In contrast, the Au2S domain continued to
contract upon an increase of the pressure, with no obvious
phase transition occurring. Upon total release of the pressure,
the Au2S lattice parameter largely bounced back to the value of
4.97 Å, but the CdS domain remained as the high-pressure RS
phase (Figure 3c and Table S4). On the basis of in situ
structural characterization, volumetric compression as a
function of the pressure gave bulk moduli (B0) of 40.4, 56.1,
and 120.8 GPa for Au2S, WZ−CdS, and RS−CdS, respectively,
following the second-order Birch−Murnaghan equation of
state (Figure 3e). All of the calculated B0 values are generally
larger than those reported for bulk materials, consistent with
previous observations.31,32

Markedly, after the pressure cycle, a set of new scattering
peaks located at d spacings of 2.34 and 2.02 Å emerged (Figure
3b,c), which matched well with those of the bulk Au (111)Au
and (200)Au values (Figure 3b,c and Table S4). An average
domain size of ∼9.5 nm was determined through the Scherrer
equation calculation (Table S4). This observation indicated
that Au domains with a larger size than the initial Au satellites
(∼3.6 nm) were formed after pressurization, which was most
likely due to an Au−S bond-breaking process, followed by an
intraparticle Au atomic movement at the HNC surfaces under
external high pressure.5

In order to confirm the morphological change of CdS−
Au2S−Au HNCs, TEM measurements were carried out for the
pressurized sample collected from the DAC. TEM images
showed that the HNCs indeed transformed from the initial
Janus-satellite-type morphology to the final heterotrimer
architecture (Figures 4a,b and S7). HR-TEM images showed
clear domain boundaries between three distinct chemical
components (i.e., CdS, Au2S, and Au; Figure 4c,d). Mean-

Figure 2. (a) Representative TEM image of self-assembled HNC-SLs.
Inset: Corresponding selected-area electron diffraction pattern. (b)
Corresponding WAED pattern showing a localized signal. (c)
Integrated SAXS pattern of the HNC-SLs. The original spectrum,
fitted SAXS pattern, and constituent peaks are shown in gray, red, and
blue, respectively. Inset: Corresponding 2D SAXS image.

Figure 3. Structural evolution of the HNCs and HNC-SLs under high pressure. (a and b) In situ SAXS and WAXS patterns during the whole
pressure cycle. The signals from the gasket are labeled by asterisks. (c) Integrated WAXS patterns of the pressurized CdS−Au2S−Au HNCs. The
WAXS peaks of RS−CdS, Au2S, and Au are labeled in green, purple, and orange, respectively. Inset: Corresponding 2D WAXS pattern. (d) WZ
phase percentage of CdS as a function of the pressure. (e) Bulk moduli calculated using the second-order Birch−Murnaghan equation of state
based on the volumetric evolution of unit cells per chemical unit as a function of the pressure.
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while, the measured d spacings of 3.1 and 1.9 Å for the CdS
domain could be assigned to the RS (111)CdS and (220)CdS,
consistent with the WAXS data (Figures 4c,d and 3c). In
addition, the measured d spacings of 2.9, 2.3, and 2.0 Å can be
assigned to (111)Au2S, (111)Au, and (200)Au, respectively
(Figure 4c,d). Interestingly, most of the newly formed Au
islands (>95%) showed single-crystalline nature with an
average diameter of ∼9.0 nm, in good agreement with the
calculated value (∼9.5 nm) based on the WAXS data (Figure
3c and Table S4). HAADF-STEM and elemental mapping
measurements further confirmed the heterotrimer morphology
of the pressurized CdS−Au2S−Au HNCs (Figures 4d and S8).
The Au islands showed preferential locations either on the
Au2S side or at the Au2S/CdS interface (Figures 4b and S7).
We hypothesize that, while CdS and Au2S domains remain
intact under high pressure, nonhydrostatic stress at a range of
5.2−7.3 GPa (the pressure range of the CdS phase transition)
can induce the breaking of Au−S covalent epitaxial bonds and
chemically detach the small Au satellites from the HNC
surfaces.5 Further increasing the pressure would result in
migration and coalescence of Au satellites due to the
anisotropic deviatoric stress (Figure 4a−d).5 Finally, this
pressure-processing results in single-crystalline Au islands at
the surfaces of CdS−Au2S HNCs (Figure S9). Moreover, we
did not observe the formation of 1D heterorods as we reported
previously for the study of a quantum dot−Au (QD−Au)
HNC system under pressure.5 We attribute this difference to
the different superstructural stabilities of the fcc HNC-SLs
under pressure. While the fcc SLs can be held up to 8.5 GPa in
the case of QD−Au host-satellite HNCs as reported
previously,5 the same fcc structure collapsed at a much lower
pressure of ∼1.8 GPa in the case of CdS−Au2S−Au Janus-
satellite HNCs shown here (Figure 3a). This superstructural
instability explains the absence of heterorod formation, which
requires the preservation of fcc HNC-SLs during the Au-
satellite detachment and migration processes under uniaxial
compression (pressure range of ∼5−8 GPa).5

In conclusion, we demonstrated a unique fabrication of
heterotrimer NCs through pressure processing where CdS−
Au2S−Au Janus-satellite HNCs went through interfacial Au−S
bond breaking, followed by an intraparticle migration and
coalescence of Au satellites under high pressure. Importantly,
our study shows that pressure-driven synthesis can be generally
applied to produce highly complex multicomponent HNCs
beyond single and binary systems, bypassing conventional
synthetic chemistry. The as-synthesized three-component
HNCs are suitable for a range of applications including
heterogeneous photocatalysis and multifunctional theranostics.
This study not only provides a fundamental understanding of
pressure-induced HNC transformations at atomic and meso
scales but also paves the way for future pressure processing and
fabrication of heterostructural nanomaterials with novel and
unexplored architectures driven by the desired applications.
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Figure 4. Characterization of the pressurized CdS−Au2S−Au HNCs
after pressure. (a and b) Representative TEM images of a pressurized
sample before and after dispersion. (c and d) HR-TEM images of the
heterotrimers. The CdS-preserved RS structure and Au showed a
single-crystalline feature. (e) Schematic illustration of the pressure-
sintering process. (f) HAADF-STEM image and elemental mapping
(S, Au, and Cd) of the heterotrimers after pressure.
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