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Abstract: It has been a long-standing demand to design hetero-
nanostructures for charge-flow steering in semiconductor
systems. Multi-component nanocrystals exhibit multifunctional
properties or synergistic performance, and are thus attractive
materials for energy conversion, medical therapy, and photo-
electric catalysis applications. Herein we report the design and
synthesis of binary and ternary multi-node sheath hetero-
nanorods in a sequential chemical transformation procedure.
As verified by first-principles simulations, the conversion from
type-1 ZnS-CdS heterojunction into type-II ZnS-(CdS/metal)
ensures well-steered collections of photo-generated electrons at
the exposed ZnS nanorod stem and metal nanoparticles while
holes at the CdS node sheaths, leading to substantially
improved photocatalytic hydrogen-evolution performance.

At nanoscale, material shape and composition directly
influence function.!!' Fabricating multiple components in
a single nanosystem has recently attracted great interest as
result of the multifunctional properties or synergistic perfor-
mance induced by heterointerfaces of the nanostructure.”
Multi-component nanocrystals (hetero-nanostructures) with
heterojunctions, allowing electron and hole transport and
confinement to be controlled independently, form the basis of
several optoelectronic applications.” Type-II heterojunctions,
enabling accumulation of opposite charges at two sides, allow
efficient electron-hole separation for optoelectronic applica-
tions. The development of hybrid nanostructures increases
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the level of structural-architectural sophistication.! The
colloidal technique, benefitting from adjusting the energy of
solution/solid interface induced by various ligands, promotes
the synthesis of elaborate hetero-nanostructures in the
solution.!

Cation exchange strategy has proven to be particularly
powerful for accessing the nanocrystals which are difficult to
obtain by direct hot-injection synthetic methods.”! In partic-
ular, the partial cation-exchange reaction, which circumvents
separate nucleation and transfers a portion of the nanocrystal
into a new composition, is a versatile method to prepare
heterostructured ionic nanocrystals.”! To date, several heter-
ostructured nanocrystals based on wurtize (WZ) cadmium
chalcogenide have been prepared by partial cation
exchange. Nevertheless, to develop a general and summa-
tive partial-exchange strategy for the synthesis of novel and
well-defined multi-component metal sulfide nanocrystals
remains elusive. Furthermore, the construction of more
sophisticated colloidal hetero-nanostructures with targeted
performance requires a high degree of synthetic ingenuity and
creativity.

Herein, we constructed unique one-dimensional (1D)
binary -[S1-S2]-S1-[S1-S2]-S1- and ternary -[S1-(S2/M)]-S1-
[S1-(S2/M)]-S1- hetero-nanorods with segmented node
sheaths S2 decorated by M (S1=ZnS; S2=CdS; M= Au,
Pd, Pt) through the colloidal technique. The ternary hybrids
were prepared by the post-synthetic modification of binary
multi-node sheath -[ZnS-CdS]-ZnS-[ZnS-CdS]-ZnS- hetero-
nanorods, which were transformed from single component
ZnS nanorods by sequential cation exchange. In contrast to
the cation-exchange process based on WZ cadmium chalco-
genide described previously, we show that zinc blende (ZB)
ZnS can also be the starting material for the synthesis of
unique hetero-nanostructures by cation exchange, which
enriches the synthesis of multi-component nanocrystals with
diverse phase structures. Compared to the traditional core—
shell or simple multiple hybrids, the structural characteristic
of 1D multi-node sheath gives rise to increased availability for
light absorption and continuity for charge transportation.
More importantly, the selective growth of metal on a semi-
conductor with a smaller band gap (CdS node sheath)
provided by the binary hetero-nanostructures results in the
formation of a type-II heterojunction through the Fermi-level
alignment. This structure ensures the delivery of photo-
generated electrons from the CdS node sheath not only to the
metal surface but also to the exposed ZnS stem, promoting
the separation of electron and hole carriers. The charge-
separation efficacy in this unique ternary nanosystem leads to
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the performance improvement of photocatalytic hydrogen
evolution.

We started with the ZnS-CdS hybrids, as both are well
established and widely investigated nanosystems. The hetero-
nanostructures composed of ZnS and CdS exhibit good
absorption of ultraviolet and visible light (Figure S1 in the
Supporting Information). The band gaps of ZnS (ca. 3.6 eV)
and CdS (ca. 2.4 eV) span both the oxidation and reduction
potentials of water splitting reaction (Figure S2a), as con-
firmed by computed density of states (DOS) of atomic models
(Figure S2b,c). The calculated workfunctions of ZnS(111) and
CdS(111) facets are close, suggesting good contacts and
electronic couplings at interface (Figure S2d). Scheme 1-I
shows a summary of major cation-exchange processes
involved in the formation of binary multi-node sheath
hetero-nanorods. Colloidal binary ZnS—CdS hetero-nanorods
with segmented CdS node sheaths were prepared using
chemical transformation, involving two steps: i) synthesis of
-[ZnS-Ag,S]-ZnS-[ZnS-Ag,S]-ZnS- hetero-nanorods through
partial Zn/Ag exchange from ultrathin ZnS nanorods and
ii) transformation to -[ZnS-CdS]-ZnS-[ZnS-CdS]-ZnS- by
complete Ag/Cd exchange. The formation of multi-node
sheath ZnS-Ag,S hetero-nanorods is thermodynamically
driven by the different solubility product constant between
Ag,S and ZnS in methanol solvent. The Zn*" ion is a harder
acid than Ag* owing to its smaller radius and higher charge
density than Ag"'. According to the hard-soft acid-base
theory, ZnS is preferentially solvated relative to Ag,S in the
polar solvent (hard base).’! Such partial cation-exchange
manipulation of the solution equilibrium at room temper-
ature would allow self-limiting substitution, resulting in a rod—
sheath structure different to the previously reported CdS-
Ag,S segmented superlattice.® The transformation from
multi-node sheath ZnS-Ag,S to multi-node sheath ZnS-CdS is
favored by the addition of Cd*" ions, along with tributylphos-
phine (TBP). TBP, as a soft base, preferentially strongly binds
to the monovalent Ag" ions to form a dative bond as well as
a bonds to S to reduce the bonding energy between Ag and S,
which can lead to the replacement of soft Ag" in the Ag,S
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node sheath with hard divalent Cd** metal ions.*” Ternary
-[ZnS-(CdS/Au)]-ZnS-[ZnS-(CdS/Au)]-ZnS-  hetero-nano-
structures were prepared through the post-synthetic modifi-
cation of pre-made binary ZnS-CdS hetero-nanorods
(Scheme 1-1I). In a typical synthesis of Au nanocrystals,
a quantity of ZnS-CdS was added as seeds at the initial stage
of reaction to obtain the selective surface growth with Au
nanoparticles being grown only on CdS node sheaths
(Scheme 1-II).

To determine the structure of binary ZnS-CdS hybrids, we
performed first a detailed study on how the synthetic
parameters modulate the growth of ZnS-Ag,S hetero-nano-
structures (Figure S3). TEM, HRTEM, and HAADF-STEM
images (Figure S3a—e) reveal the shape of multi-node sheath
product. X-ray diffraction (XRD) patterns (Figure S3f) con-
firm the presence of cubic ZnS and monoclinic Ag,S. Energy
dispersive spectroscopy (EDS) spectra (Figure S3g) show that
some of the Zn>" was exchanged by Ag". The evolution of
7ZnS-Ag,S hetero-nanorods was examined by treating the
initial ZnS nanorods with AgNOs/methanol solutions of
various concentrations (Figure S4), understood in terms of
Ostwald ripening. The node-sheath number depends on the
actual length of the original ZnS nanorods. The TEM images
of ZnS-Ag,S hetero-nanorods with different Ag,S node-
sheath numbers, obtained through partial cation exchange
when starting from the ZnS nanorods of different lengths, is
demonstrated in Figure S5. Figure S6 shows the statistic
result.

When growing from ZnS-Ag,S hetero-nanorods, binary
ZnS-CdS can be constructed. Figure 1 presents the structural
characterizations of the ZnS-CdS hetero-nanorods. The TEM
image in Figure 1b shows the product is a segmented node
nanorod (large-field view in Figure S7), in analogy to the
initial ZnS-Ag,S. Figure 1c displays bright nodes and dark
stems for the structure of hetero-nanorods using HAADF-
STEM. The high-resolution STEM image (Figure 1d) of the
node corresponding to the hetero-nanorod in Figure 1c
reveals the (111) plane of CdS. The STEM image in Figure S8
also shows the planes of binary hetero-nanorods. To clarify

[S1-(S2/M)]-S1-[S1-(S2/M)]-S1-
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Scheme 1. Schematic illustration of the evolution process from 1) single component S1 to binary components S1-S2 by sequential cation exchange
at room temperature: i) multi-node sheath ZnS-Ag,S hetero-nanorods formation through partial cation exchange from Zn** to Ag" in ZnS
nanorods; i) multi-node sheath ZnS-CdS hetero-nanorods formation by complete exchange from Ag™ to Cd*" along with tributylphosphine (TBP).
I1) Transformation into ternary components S1-(S2/M) with M being grown only on the S2 domains by post-synthetic modification of ZnS-CdS in

oleylamine (OLA) reaction solution (S1=2ZnS, S2=CdS, M =Au).
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Figure 1. a) Representative geometric model of binary hetero-nanorods
with four CdS node sheaths. b) TEM image of ZnS-CdS. Inset: photo-
graph of colloidal hetero-nanorods dispersed in toluene. c),d) HAADF-
STEM images of hetero-nanorods. €) Smoothing simulation EDS line
scan analysis and f) EDS mapping images, show the unique seg-
mented node-sheath structure.

the composition profile of the as-prepared ZnS-CdS, EDS
line analysis was applied. As shown in Figure le (also in
Figure S9), the element composition distributions were inves-
tigated along the [111] zone axes (inset of Figure 1e). The
result demonstrates that Zn and S enrich the entire rod, while
Cd distributes in a section-by-section manner (i.e., node
sheaths of hetero-nanorods). The multi-node sheath charac-
teristics were further evidenced by the element maps (Fig-
ure 1 f). Peaks appearing in the XRD spectrum (Figure S10a)
can be attributed to a combination of cubic ZnS (JCPDS No.
65-0309) and cubic CdS (JCPDS No. 65-2887). The molar
ratio of Cd and Zn elements after exchange, identified by
EDS measurement (Figure S10b), indicates that almost all the
Ag' ions were exchanged by Cd*". XPS peaks corresponded
well with ZnS and CdS, also reflecting the occurrence of
cation exchange between Ag and Cd (Figure S10c—f).
Sophisticated architectures of building complexity are
required for nanostructures to fulfill their expanding appli-
cations, which incites researchers to explore the construction
of more components in one single structure.’!! Furthermore,
rational arrangement of component domains may promote
the cooperative processes within the nanocrystals that
facilitate enhanced functionality. Ternary ZnS-(CdS/metal)
heterostructures were prepared through the post-synthetic
modification of pre-made multi-node sheath binary ZnS-CdS
hetero-nanorods. In a typical synthesis of Au nanocrystals,
a quantity of multi-node sheath ZnS-CdS was added at the
initial stage of reaction as seeds to obtain the surface growth.
As shown in Figure 2b (large-field view in Figure S11), Au
nanoparticles prefer to nucleate on CdS node sheaths but not
on ZnS stems (Figure 2b—g). High-resolution STEM images
in Figure 2 f and Figure S12 reveal the planes of these three
components. XRD pattern (Figure S13a) and EDS spectrum
(Figure S13b) show the Au peaks. EDS mapping images
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Figure 2. a) Representative geometric model of ternary hetero-nano-
rods with four CdS node sheaths. b) TEM image of ZnS-(CdS/Au).
Inset: photograph of colloidal hetero-nanorods dispersed in toluene.
c—f) HAADF-STEM images of hetero-nanorods. g) EDS mapping
images revealing the site specificity of growing Au on hybrid ZnS-CdS
nanostructures with the gold only on CdS domains.

(Figure 2g) clarify the composition profile and further
demonstrate the regiospecificity for growing Au on hybrid
ZnS-CdS nanostructures with metal being grown only on CdS
domains. The effect of the precursor ratio on the morphology
of ZnS-(CdS/Au) hybrids is shown (Figure S14). With
increasing amounts of Au precursor, Au nanoparticles grow
on the CdS domains as before, and become bigger through the
Ostwald ripening process. Similar results were obtained for
the selectively heterogeneous nucleation of Pd or Pt on the
binary hetero-nanorods by reducing Pd(acac), or Pt(acac), in
the presence of the ZnS-CdS seeds, which formed exclusive
ZnS-(CdS/Pd) (Figure S15) or ZnS-(CdS/Pt) (Figure S16).
Herein we chose Au, Pd, and Pt loadings for achieving
selective deposition on CdS(110) surface instead of on
ZnS(110). The (110) surfaces of Au, Pd, and Pt have similar
lattice constants (Table S1). Whereas three unit cells of Au,
Pd, or, Pt can form compatible lattice matching with two
CdS(110) units, the ZnS(110) facet requires three unit cells to
achieve matching with four Au, Pd, or Pt cells. This difference
explains why metals form good interfaces with CdS(110)
instead of with ZnS(110) in the synthesis.

To demonstrate the rationality of designed hetero-nano-
structures, we examined the material bandgap alignment in
theory. In terms of the binary system, as the ZnS nanorod
grows along the [111] direction, its side facet should be (110)
in contact with CdS(110) (Figure S17a). The computed work-
functions of ZnS(110) and CdS(110) are quite close (Fig-
ure S17b), implying a well contacted and coupled interface.
The computed DOS distributions (Figure S17¢) suggest
a straddling band alignment (type I) between ZnS(110) and
CdS(110). In fact, our binary multi-node sheath nanostructure
can be treated as a ZnS(111) nanorod attached by ZnS(110)/
CdS(110) hybrid node sheaths. By optimizing the ZnS(110)/
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structure (DOS) of CdS(110)/Au
hybrid (Figure 3e), in which the
valence and conduction band edges
of the bare CdS(110) are leveled up
by Au-donated electrons from —2.18
to —1.25 eV and from 0.02 to 1.36 eV,
respectively. As expected, this results
in periodic staggered gaps when
aligning with the bands of the ZnS-
(111) nanorod (Figure 3f). There-
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fore, photo-generated electrons will
be delivered to both Au and ZnS-
(111), and holes will accumulate at
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the reaction potentials for water
splitting and correspond to ultravio-
let and visible light absorption,
making our design an ideal system
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sized ZnS nanorods, binary multi-
node sheath ZnS-CdS hetero-nano-
rods, and ternary ZnS-(CdS/Au) are
characterized by UV/Vis-near infra-
red (NIR) absorption and photolu-
minescence (PL) emission spectra.
The initial ZnS nanorods show dis-
cernible UV absorption positions cor-
responding to the ZnS bandgap (ca.
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Figure 3. a) The atomic model at the interface of ZnS(110)/CdS(110) hybrid. b) The computed
partial density of states (DOS) for the ZnS and CdS parts at the ZnS(110)-CdS(110) interface.

c) The energy-band alignment of a ZnS(111) nanorod attached by the ZnS(110)/CdS(110) hybrid in
the periodic binary heterojunction. d) The simulated charge distributions at the CdS(110)/Au
interface. €) The simulated DOS of bare ZnS(111) and CdS(110)/Au(110) hybrid, suggesting

a staggered bandgap alignment. f) The energy-band alignment of the periodic ternary heterojunc-

of ZnS-CdS, the shoulder at around
485 nm is attributed to the excitonic
absorption of CdS (ca. 2.4 eV). Com-
pared with binary ZnS-CdS, ternary
ZnS-(CdS/Au) has a certain degree of
red shift (Figure 4a). It is reasonable

tion with CdS(110)/Au hybrids attached to a ZnS(111) nanorod.

CdS(110) potential lineup (Figure S17d) and interface model
(Figure 3a), we learned from calculated DOS (Figure 3b)
that the energy gap of ZnS(110)/CdS(110) locates inside that
of ZnS(111). The ZnS-CdS hetero-nanorod thus constitutes
a periodic straddling gap alignment (Figure 3c), which
unfortunately suffers from undesired electron and hole
accumulation at the purely CdS parts.

In terms of the ternary system, the computed work-
function of CdS(110) is about 1.0 eV larger than those of the
(110) surfaces of Au (5.02 eV), Pd (4.92 eV), and Pt (5.20 eV).
Thus the Fermi level/workfunction difference established
drives free electrons to flow from Au, Pd, or Pt into CdS(110),
bending the CdS bands. Simulations indicated that one
Au(110) unit cell donates 0.84 electrons to CdS(110) (Fig-
ure 3d), decreasing the workfunction from 5.95 to 5.03 eV
(Figure S18). This implies that the Fermi level and energy
bands of CdS(110) might also be levitated by about 0.90 eV,
becoming ready for staggered gap alignment with ZnS(110)
and ZnS(111). Simulations also revealed the electronic

www.angewandte.de
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to expect that the ternary ZnS-(CdS/

Au) system, with respect to the two

binary systems ZnS-CdS and CdS/Au
as well as to the bare ZnS and bare CdS, could perform well in
terms of suppression of electron-hole recombination. Indeed,
this expectation was verified as shown by a careful compar-
ison of the photoluminescence (PL) emission spectra (exci-
tation at 400 nm) recorded on samples that contain the same
amount (in weight) of CdS nanocrystals. As clearly seen from
Figure 4b, the broad PL emissions in the visible region,
known to originate from the trap (or defect) states of CdS,
were drastically quenched for ZnS-(CdS/Au), in contrast to
ZnS-CdS, CdS/Au, or bare CdS. This set of crude (yet
rational) PL measurements discloses, to a certain extent, the
high caliber of our ZnS-(CdS/Au) system in suppressing the
electron-hole recombination.

On the basis of the information obtained, it is not
surprising for us to achieve better optical-to-electrical con-
version by implementing the well-designed ternary structure.
As a proof-of-concept demonstration, our examination on
photocatalytic water splitting (Figure 4 c,d) indicated that the
hydrogen-production rates (per catalyst weight) are in the

Angew. Chem. 2015, 127, 11657 -11662
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Figure 4. a) Absorption spectra for colloidal nanocrystals of single ZnS nanorods (brown), binary
ZnS-CdS hetero-nanorods (green) and ternary ZnS-(CdS/Au) hetero-nanorods (red). b) Photolumi-
nescence (PL) spectroscopic characterization for the five nanosystems as annotated within the plot.
c) Schematic representation of the photocatalytic generation of H,. d) Comparison of H, evolution

o

ternary ZnS-(CdS/metal) hetero-
nanorod with segmented node
sheaths decorated by metal nano-
particles is a useful tactic for prepar-
ing type-II heterojunctions from
type-1. The separation of electron—
hole pairs is a critical step to nearly
all applications involving semicon-
ductor materials; hence the strategy
reported herein provides fresh
insights into energy-band engineer-
ing in which appropriate compo-
nents enhancing their functionalities
synergistically. The optimization of
system nanosizes, as well as the
adjustment of the metal and semi-
conductor content, may offer oppor-
tunities to improve their optoelec-
tronic performances. Moreover, the
use of theoretical characterizations
to guide the optimization of photo-
catalysis has also been demonstrated
in this study. We anticipate that this
work opens a new door to rationally
designing hybrid systems for photo-
induced applications.

rates under visible-light irradiation using different photocatalysts.

order of ZnS-(CdS/Au) > ZnS-CdS=bare CdS >bare ZnS.
We also investigated the cycles of photocatalytic hydrogen
evolution (Table S2). The substitution of Au with Pd or Pt in
the ternary structure brought about further improvement in
photocatalysis efficiency. To illustrate this result, we have also
examined the band-engineering efficacy by substituting Au
with Pd or Pt in the ternary system. Simulations predicted that
Pd and Pt have deeper potential wells than Au (Figure S19),
thus the unit cells of Pd and Pt donate more electrons to the
CdS(110) part (Figure S19b). It is worth mentioning that the
photocatalytic hydrogen evolution with different amounts of
Au deposition was also evaluated (Figure S20).

We have also successfully synthesized a series of multi-
node sheath chalcogenide hetero-nanorods (e.g., ZnS-ZnS
and ZnS-PbS) by sequential cation exchange at room temper-
ature (Figure S21,22), as we envision that the ternary system
of S1-(S2/M) featuring selective growth of metal on one
semiconductor may be extended when starting from other
multi-node sheath heterostructures; further work along this
line is under way in our laboratory.

In summary, we have successfully developed a facile and
general colloidal method for the construction of ultrathin 1D
binary and ternary multi-node sheath hetero-nanorods. This
strategy, based on the cation exchange and post-synthetic
modification, offers advantages over conventional hot-injec-
tion methods for the synthesis of hetero-nanostructures. The
transformation from binary ZnS-CdS hetero-nanorod to
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