Colloidal Quasi-One-Dimensional Dual Semiconductor Core/Shell
Nanorod Couple Heterostructures with Blue Fluorescence
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Herein we report a nanorod couple heterostructure made of dual semiconductors, in which two parallel aligned ZnSe

nanorods are connected by the growth of ZnS on both end and side facets, producing hetero-ZnS (short arms)-ZnSe (long

arms)/ZnS shell nanorod couples. As evidenced by electronic structure studies, both experimental and theoretical, such

core/shell nanorod couple heterostructures can act as a platform to precisely tailor the quantum confinement of charge

carriers between the constituting components within a single nano-object, generating blue fluorescence after the

overgrowth of an alloyed ZnCdS layer on the heterostructures. We foresee the mechanistic insights gained and electronic

structures revealed in this work would shed light on the rational design of more complex heterostructures with novel

functionalities.

Introduction

Nano-heterostructures that integrate different
components together to provide a system with unique
dimensionality-dependent integrative and synergic effects™™®
are of significant importance due to their diverse applications
in solar energy harvesting,7'8 catalysis,g’10 electronics,u’12
biological imaging,lg”14 and medical diagnostics

treatment.”®® The recent advancements in the protocols of
the colloidal synthesis enable the construction of multi-
component structures with increasing chemical complexity
that can be achieved in a predictable manner via a series of
sequential synthetic pr'ocedures.1’2’12’17’18 In most cases, the
preparation of heterostructures involves the sequential
growth of one 12,18 However,

and

material onto another.

heterostructures that are formed by the joining of two nano-
components of the same composition together using a second
material are less common in the literature.

As a benchmark heterostructure, CdSe seeded CdS
core/shell quantum rods with green to red fluorescence have
received significant attention because it provides a platform
for the stimulating studies of the elongated nanocrystals in a
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variety of applications in photocatalysis,
optoelectronic devices, and bio-labeling. However, due to
the small band gap of the core material of CdSe and the band
offsets of the CdSe/CdS core/shell structure, it is difficult to
tune the fluorescence of the CdSe/CdS core/shell quantum rod
heterostructures into the blue spectral range. Manna and co-
workers have developed a sequential cation exchange
approach, in which the cd* ion is replaced by Cu” and then by
Zn*, to prepare blue-emitting ZnSe/ZnS core/shell quantum
rods,?* but this exchange is formed post-synthesis and involves
multi-steps. Hence, to date, the straightforward synthesis of
semiconductor quantum rods with blue fluorescence remains
highly challenging.

Herein, we report a wet-chemical method for fabricating
hetero- ZnS (short arm)-ZnSe/ZnS core/shell (long arm)
nanorod couples that are formed by bridging precisely two
parallelly aligned ZnSe nanorods with ZnS at their edges.
Mechanistic studies reveal that the formation of this
heterostructure is attributed to the growth of ZnS between the
end facets of each two parallelly aligned ZnSe nanorods,
constituting ZnS (short arms)-ZnSe/ZnS core/shell (long arms)
nanorod couples. Effective mass approximation (EMA)
simulations reveal that the electron occupies only ZnSe states,
while the hole occupies a ZnS-ZnS state. Over-coating the
nanorod couples with a layer of CdS produces ZnS-ZnSe/ZnCdS
core/shell nanorod couples with blue fluorescent, in which the
alloyed ZnCdS layer eliminates the surface traps and improves
the quantum efficiency. The heterostructures were further
converted into hetero-PbS (short arms)-PbSe (long arms)/PbS
nanorod couples through a cation exchange reaction.

Results and discussion

Controlled Synthesis and growth mechanism of hetero- ZnS (short
arm)-ZnSe/ZnS core/shell (long arm) nanorod couples

The hierarchical self-assembly processes in the growth of
nanorod couples allow the separation of the intermediate
products from the reaction system and the manipulation of
the particle growth in a controlled manner.”>% We took this
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Fig. 1 (a) A schematic illustration showing a controlled synthesis of ZnS (short arms)-ZnSe/ZnS core/shell (long arms)
heterostructures. (b-d) TEM images of (b) the original thin ZnSe nanorods, (c) the hetero-ZnS-ZnSe/ZnS core/shell nanorod
couples obtained after 30 seconds at 280 °C, and (d) the branched hetero- ZnS-ZnSe/ZnS core/shell nanorod couples obtained
after 30 minutes at 280 °C. (e) Absorption spectra corresponding to (b-d). (f) Chemical composition of Se (%) and S (%) of
branched hetero-ZnS-ZnSe/ZnS core/shell nanorod couples as a function of the reaction time (1 second, 30 seconds, 1 minute
and 30 minutes, respectively). (g) XRD patterns of branched hetero- ZnS-ZnSe/ZnS core/shell nanorod couples.

into advantage by incorporating both Zn and S precursors
together with the purified ZnSe nanorods into the reaction
system to synthesize hetero-ZnS (short arm)-ZnSe/ZnS
core/shell (long arm) nanorod couples (Figure 1a). Surprisingly,
after the reaction has evolved for 30 seconds, Zn (zinc nitride)
and S precursors (1-dodecanthiol) integrated two ZnSe
nanorods into a single hetero-nanorod couple (Figure 1b) by
the growth of ZnS on both end facets of two parallelly aligned
ZnSe nanorods (Figure 1c). Further growth of ZnS islands on
side facet of the long arms was obtained as the reaction
continued (Figure 1d). Analogous to the previously reported
single-component ZnSe nanorods couples,26 the driving forces
responsible for the initial pairing of ZnSe nanorods with ZnS
are dipole-dipole and crystal-crystal interactions. The pairing
of ZnSe rods via bridging both end facets by ZnS is formed via a
self-limited assembly mechanism, because once the end facets
of ZnSe are blocked by the growth ZnS, the hetero-ZnSe-ZnS
nanorod couple cannot interact with another ZnSe nanorod.?®

Upon the growth of ZnS shell, the absorption onset exhibits a
slight red-shift of 7 nm as a result of the leakage of the
excitonic wave function into the ZnS Iayer.27’28 A prolonged
reaction time of 30 minutes (Figure 1d) produced branched
hetero-ZnS-ZnSe/ZnS nanorod couples with ZnS decorating the
surface of the nanorod couple heterostructures. The
corresponding absorption onset is slightly smeared, but
clearly, a further red shift is observed. The islands growth of
ZnS at prolonged time may be a result of the lattice strain
existing between interfaces of the ZnSe and ZnS,29 which may
also result in the red shift of absorption as previously observed
in ZnSe/ZnS core/shell nanoparticles.30 Statistical analysis
(Figure S1) shows that the lengths of the original nanorods
(Figure 1b), intermediate (Figure 1c) and final products (Figure
1d) are almost constant (72.0 nm to 78.7 nm), but their widths
change from 2.5 nm to 5.6 nm, and then to 7.5 nm. The
increase of width correlates to both the growth of ZnS on both
end and side facets of two parallelly aligned ZnSe nanorods. A
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Fig. 2 (a) TEM image. (b) HRTEM image of the short arm
marked by dashed rectangle in (a). The boundary between
wurtzite hexagonal (H-) ZnSe and zincblende cubic (C-) ZnS is
labelled by an arrow. (c-e) FFT of selected areas in (b) revealing
the crystallographic relations. The diffraction patterns in (c)
and (e) match H-ZnSe and C-ZnS, respectively. (f) Schematic
atomic crystal structure corresponding to the region depicted
in (b). (g) HRTEM image of an individual branched nanorod
couple. White lines outline boundary of the branched nanorod
couple, green lines outline the ZnS branches, and red lines
outline the gap between two rods. (h) HRTEM image of the
branched hetero- ZnS-ZnSe/ZnS/CdS core/shell/shell nanorod
couples revealing a clear gap (marked by dashed orange lines)
between two rods.

distinct spacing between two rod components (Figure 1c, 1d)
is seen, which can be attributed to the steric hindrance of the
oleylamine ligands passivating on the surface of each rod
components. Energy dispersive X-ray (EDX) spectroscopy
analysis shows that the atomic ratio of Se:S decreases as a
function of the reaction time (Figure 1f), which is consistent
with the growth of ZnS on the ZnSe nanorod components. The
powder X-ray diffraction (XRD) patterns of hetero-ZnS-
ZnSe/ZnS core/shell nanorod couples present a shift to higher
angles with respect to those of pure ZnSe, which further
confirms the growth of the ZnS (Figure 1g). Using
bis(trimethylsilyl)sulfide as the sulfur source instead of 1-
dodecanethiol while keeping other synthetic conditions
constant also produced hetero-ZnS-ZnSe/ZnS core/shell

This journal is © The Royal Society of Chemistry 20xx

Fig. 3 (a) HAADF-STEM image of hetero-ZnS-ZnSe/ZnS
core/shell nanorod couples showing a spacing between each
two rods. (b) HAADF-STEM image and elemental maps of an
individual hetero- ZnS-ZnSe/ZnS core/shell nanorod couple. (c)
A high-resolution Z-contrast STEM image of an individual
hetero- ZnS-ZnSe/ZnS core/shell nanorod couple.

nanorod couples (Figure S2) with an even smaller spacing
between the two ZnSe rods. The high activity of
bistrimethylsilyl)sulfide leads to the fast growth of ZnS and its
high etching capability at elevated temperatures may result
such a small spacing between each rod components of the
hetero- nanorod t:ouples.31 This demonstrated the generality
of this synthetic approach for compositing hetero- nanorod
couples. The above control experiment also demonstrated that
two elongated nanorods can be integrated into a single nano-
object in a predefined way through material engineering and
optimization of synthetic protocols.

We used transmission electron microscope (TEM) imaging
in combination with fast Fourier transform (FFT) analysis to
reveal how hetero- ZnS-ZnSe/ZnS core/shell nanorod couples
form from two parallelly aligned ZnSe nanorods in the
presence of Zn and S precursors. Figures S2a and S3 show the
branched hetero- ZnS-ZnSe/ZnS core/shell nanorod couples
with different dimensions. Close inspection on the connecting
areas of the heterostructures (labelled by dashed red rectangle
in Figures 2a, S4a and S4f) show that a single heterostructure
is formed through ZnS growth on both end facets of two
parallelly aligned ZnSe nanorods. The (111) plane of zincblende
ZnS grows on the (0002) plane of wurtzite ZnSe nanorods,
creating the connecting areas (Figures 2b, S4b and S4g), as
confirmed by the presence of two sets of diffraction patterns
(Figures 2d, S4d and S4i) of both zincblende ZnS (Figures 2e,
S4e and S4j) and wurtzite ZnSe (Figures 2c, S4c and S4h) in
close proximity of the boundary. We attribute the growth of
(111) zincblende ZnS on the (0002) plane of the ZnSe wurtzite
to the moderate lattice mismatch between these two planes,
which is about 3.9% (Table Sl).32'34 Based on above diffraction
analysis, we propose the atomistic crystal structure shown in
Figure 2f to explain how zincblende ZnS short arms join the
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Fig. 4 Electronic structures of hetero- ZnS-ZnSe nanorod couples (left panel) compared with homo-ZnSe nanorod couples (right
panel). A Zoom-ins on the near band-edge energy levels and envelope wave functions of electron and hole states are depicted in
top and bottom panels, respectively. The wave functions are portrayed at the cross-section along the zx plane (y=0). White is O,
and red and blue are the + and — phases, respectively. Electron and hole states are presented in different energy scales for clarity.

end facets of two parallelly aligned ZnSe nanorods.

The orientation of the crystal lattices of branched
structures is similar to that of the ZnSe rod couples, as is
confirmed by HRTEM characterization (Figures 2g, S5) and the
FFT analyses (insets of Figure S5). An evident spacing between
the rods is observed in individual hetero-ZnS-ZnSe nanorod
couples (Figures S6-8). The boundaries of the nanorods
couples, and in particular the gap between them, became
more evident after coating of the hetero-ZnS-ZnSe/ZnS
core/shell nanorod couples with a shell layer of CdS (Figure 2h)
(see Experimental Section in ESI for details). This is mainly a
result of the surface reconstruction of the branched ZnS
structures on the surface of the hetero-nanorod couples,
which occurs at the high growth temperature that is required
for the CdS shell growth.

High angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) confirms the formation of
the branched structures on the surface of hetero-ZnS-
ZnSe/ZnS core/shell nanorod couples (Figure 3a). Some
particles that resemble single rods can also be identified in the
micrograph, but they exhibit a higher contrast, which indicates
that these are rod-couples, which are positioned in a
perpendicular alignment on top of amorphous carbon film
(Figure 3a). HAADF-EDX element mapping confirms the
presence of Zn, Se and S elements in the hetero-nanorod
couples (Figures 3b, S9) and Zn** ions are evenly distributed
throughout the elongated nanoparticles (Figure 3b). Close
inspection on the element maps of Se” and S* ions indicates
Se” ions are predominately distributed on the inner side of the
obtained nanorod couples whereas s% ions are initially located

4| J. Name., 2012, 00, 1-3

on the outer side of the nanoparticles. This confirms the
formation of ZnS-ZnSe/ZnS core/shell nanorod couples
accompanied with the extensive growth of ZnS branched
structures on the ZnSe rod components. Apparently, the
mapping of Se element is weak, which is in consistence with
the low molar ratio of Se (¥13%) in the branched hetero-zZnS-
ZnSe/ZnS core/shell nanorod couples (Figure 1f). The Z-
contrast STEM image (Figure 3c) shows that the spacing
between two rod components is not continuous and may be
interrupted by the fuse of the adjacent facets of two rods. This
image also confirms that ZnS branched structures have grown
on both exterior sides and the interior sides of the rod
components of nanorod couples.

One of the intriguing questions regarding the presented
system is why does the growth of ZnS on the surface of hetero-
ZnS-ZnSe nanorod couples leads to branched structures.
Obviously, this is not due to the compatibility between these
two materials since the lattice mismatch between ZnS
(wurtzite) and ZnSe (wurtzite) is not very large (4.5%) (Table
S1). In a control experiment, ZnSe nanorods were dissolved
into the same reaction solvent in the presence of the same
sulfur precursor, i.e. 1-dodecanethiol, at a reaction
temperature of 280 °C. Under these conditions, the ZnSe
nanorods were partially etched, leading to rods with rough
surface facets (Figure S10). This process highly resembles the
etching of CdS nanorods in the presence of zinc oleate.*® Thus
we believe that in the case of the ZnS-ZnSe/ZnS nanorod
couples, the surface of the ZnSe rods is etched, and at the
same time, ZnS grows epitaxially on the rough surface facets of
the nanorod couples, leading to the formation of branched

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) TEM images. (b) Band-offset of core/shell structures. (c) Optical spectra. (d) Fluorescence lifetime decay curves at room

temperature. (al-dl) Homo- ZnSe nanorod couples.
core/shell/shell nanorod couples.

(a2-d2) Branched hetero- ZnS (short arm)-ZnSe (long arm)/ZnCdS

structures.

It is worth noting that the structure of the zinc blende ZnS
short arms connecting the end facets of two parallel ZnSe
nanorods is different from that of the wurtzite ZnS shell grown
on the side facets of the ZnSe nanorods. This can be explained
by the relatively small difference in the total energy between
zinc blende and wurtzite phases of ZnS (3.1 meV/atom)36 and
the different types of growth of ZnS with respect to the pre-
existing ZnSe. In the former case, the growth of the zinc blende
structured ZnS on the wurtzite structured ZnSe nanorods only
occurred on a small region, i.e. the most reactive end facets of
ZnSe nanorods. This is unlikely lead to substantial lattice strain
at the interfaces between the short ZnS arms and the end
facets of ZnSe nanorods. In addition to the effect of lattice
mismatch, kinetic effect of reaction precursors may also affect
the phase of ZnS because the crystallization of zinc blende-
structured ZnS is preferred at high supersaturation of zinc and
sulfur precursors.gm9 However, in the latter case, wurtzite
structured ZnS growth on the elongated side facets of wurtzite
structured ZnSe is preferred because this can significant
reduce the lattice strain and increase the stability of the
core/shell structure.

Electronic structure of hetero-ZnS (short arm)-ZnSe/ZnS core/shell
(long arm) nanorod couples

The transition from homo-ZnSe nanorod couples to hetero-
ZnS-ZnSe/ZnS nanorod couples leads to a significant change in
the envelope wave functions of the charge carriers and in the
energy level structure. A numerical finite-well EMA approach
was employed to study the electronic structure of the hetero-
ZnS-ZnSe/ZnS nanorod couples (Figure 4, Table S2, also see ESI
for details). In homo-ZnSe nanorod couples, the wave
functions of the lowest electron/hole states reside in the
corners of the nanorod couples (right panel of Figure 4), while

This journal is © The Royal Society of Chemistry 20xx

in the hetero- ZnS-ZnSe nanorod couples they reside in the
long vertices (Left panel of Figure 4). From the shape and
position of the lowest six electronic and hole states, they can
be clearly characterized as ZnSe rod states. However, because
the electron states energies reside above the conduction
band-offset of ZnSe-ZnS (ZB), the penetration of the electron
states into the short edges is slightly more pronounced. Within
the first 6 states, in the ZnSe there is a relatively large energy
difference between the “corner” states and the long edge
states, which is a result of the lower confinement of the charge
carriers in the corners of the structure. In contrary, in the
hetero-ZnS-ZnSe system, all the states are almost degenerate
because they are "rod" states. It is worth noting that the
formation of the ZnS shell on the hetero- ZnS-ZnSe nanorod
couples further strengthens the confinement of holes into the
ZnSe nanorod components of the hetero-nanorod couples,
while the electrons leak much more into the zZnS (W) shell,
mainly because of the lower effective mass of the electron.

Optical properties of hetero- ZnS-ZnSe/ZnCdS core/shell nanorod
couples

The above EMA simulations show that the electronic
structures of the hetero- ZnS-ZnSe core/shell nanorod couples
should present a distinct change in the Iluminescence
characteristics in comparison to those of the homo-ZnSe
nanorod couples (Figure 4). In order to eliminate surface traps
and to increase the quantum efficiency, a CdS layer was grown
on the nanorod couples, generating hetero-ZnS-ZnSe/ZnCdS
core/shell nanorod couples. TEM measurements confirmed
the obtained homo-ZnSe/CdS (Figure 5al) and hetero-ZnS-
ZnSe/ZnCdS core/shell nanorod couples (Figure 5a2) retain the
distinct features of the original particles (Figures S1la and
12a). Statistical analysis on the nanoparticles before and after
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the CdS shell growth shows that 1-4 monolayers of CdS were
grown (Figures S11lb and S12b). As depicted in Figure 5b1l,
ZnSe/CdS nanorod couples constitute core/shell structures
with a type Il configuration, and therefore, a significant red
shift of the band gap with respect to the original ZnSe is
expected. The excitation spectra are broader (green curves in
Figure 5c1) and resemble the respective absorption spectrum.
The corresponding Stokes shift is large (62 nm) with respect to
that of CdS rods (~4-10 nm, Figure S13), in consistence with
previous results reported in the literature.*®*?

In contrast, the band structure of hetero- ZnS-ZnSe/ZnS
core/shell nanorod couples have a quasi-type | configuration
because the electron wave functions slightly penetrate the ZnS
while the holes are predominantly confined inside the ZnSe
nanorod components (Figure 5b2), as predicted by the EMA
simulations (Figure 4). The formation of an alloyed layer of
ZnCdS on hetero ZnS-ZnSe nanorod couples pushes down the
band edge of the conduction band slightly (Figure 5b2). As a
result, a small red shift on both absorption and emission
spectra ZnSe/CdS
core/shell nanorods couples is expected. As for the hetero-
ZnS-ZnSe/ZnCdS core/shell nanorod couples, interestingly, the
luminescence excitation spectrum (green curve in Figure 5c2)
matches the absorption spectrum of the original hetero- ZnS-
ZnSe/ZnS nanorods couples. The emission of the hetero-ZnS-
ZnSe/ZnCdS core/shell nanorod couples falls in the blue range
with a peak at 451 nm and the Stokes shift is 10 nm. This shift
is much smaller than that of homo- ZnSe/CdS core/shell
nanorod couples with a type Il configuration (Figure 5c1) and is
consistent with the aforementioned band offset analysis. It is
worth noting that the strain existing at the interfaces between
ZnS and CdS may also lead to a red shift as observed in
core/shell nanopar'cicles.32

We also compared the luminescence spectra of the
nanorods couples before and after CdS shell growth (Figure
S14). In this case, luminescence of the original nanorods
couples was obtained by performing the surface ligand
exchange from oleylamine to trioctylphosphine (TOP). After
the CdS shell growth, the shifts of the luminescence peak of
the homo- ZnS-ZnSe/CdS nanorod couples (Figure S14a) are
120 nm, whereas the shift for hetero- ZnS-ZnSe/ZnCdS
core/shell nanorod couples (Figure S14b) is 44 nm. The
luminescence spectra for all core/shell nanorods couples
measured at 77 K exhibit a blue shift compared with those
measured at room temperature (Figures S15 and S16), which is

in comparison with those of homo-

consistent with the reduction of thermal smearing.

The quantum efficiency of the hetero- ZnS-ZnSe/ZnCdS
core/shell nanorod couples is ~2%, which is much lower than
those of homo- ZnSe/CdS nanorods couples (15%) (Table S3).
This is most likely because forming a perfect CdS shell over the
branched ZnS structures in hetero- ZnS-ZnSe/ZnS nanorod
couples is hard to achieve, and defects, which act as trap
states for the electrons and holes are not diminished.
Fluorescence lifetimes of all core/shell nanorod couples at
both room temperature and 77 K and were measured and
compared in Figures 5d and S17. The time-resolved fluorescent
decay curves were fitted by a bi-exponential model (t) =

6| J. Name., 2012, 00, 1-3

A[~t/T] + Arexp[—t/T,]. For hetero ZnS-ZnSe/ZnCdS nanorod
couples, t; = 6.0 ns and T, = 45.3 ns whereas t; = 10.3 ns and T,
= 50.5 ns for homo- ZnSe/CdS nanorods couples at room
temperature (Table S3). The fluorescent lifetimes are much
shorter at 77 K (Figure S17) compared those at room
temperature as the possibility for non-radiative transition is
significantly reduced at low temperature. Although the hetero-
ZnS-ZnSe/ZnCdS core/shell nanorod couples show a much
lower quantum efficiency than homo- ZnSe/CdS nanorods
couples, the
spectra of the former provide sufficient information to reveal
the distinct change in the
between hetero- and homo- nanorod couples.

We further
couples into other compositions by a cation exchange reaction
(Figure SlSa).‘B'45 We specifically targeted lead ions (Pb2+)
since it is most likely to observe the electronic coupling effect
between two closely spaced PbSe rods within a hetero- PbS
(short arms)-PbSe (long arms) nanorod couple. This is because

luminescence and luminescence excitation

luminescence characteristics

expanded this distinct hetero- nanorod

the wavefunctions of electrons and holes in PbSe are more
delocalized considering its larger exciton Bohr radii (46 nm)46
in comparison with the small Bohr exciton radius of ZnSe (4.5
nm).*” TEM (Figure S18b, S18c) and HAADF-STEM (Figure S18d,
S18e) imaging confirmed that the produced nanoparticles
maintained the original features of the branched hetero-
nanorod couples. STEM-EDX maps confirmed the alternation
of the composition of the hetero- nanorod couples (Figure
S19). FFT analysis of the selected area in the HRTEM image
(Figure S18c) and XRD patterns corroborate the rock-salt
structure of the crystal lattice of the obtained nanoparticles
(Figure S18g). The absorption features at longer wavelength (2
in Figure S18f) are consistent with the small band gap of PbS-
PbSe. The hetero- PbSe-PbS/PbS nanorod couples do not show
any detectable PL as the emission intensity in the near-infrared
spectral range may be too weak to be detected. The structural
analysis and EDX measurement confirm the successful
expansion of hetero- PbS-PbSe nanorod couples via a cation
exchange reaction, which provides an ideal platform to study
the electronic coupling effects between closely spaced
nanorods. Further experiments in this area are in progress.

Conclusions

In conclusion, we have demonstrated a facile wet-
chemical approach for the synthesis of hetero- ZnS-ZnSe
nanorod couples with ZnS precisely grown on the end facets of
two parallelly aligned ZnSe nanorods. Due to the small contact
area between ZnSe and ZnS at the apexes of ZnSe nanorods,
the growth of zinc blende ZnS on ZnSe nanorods may still be
epitaxial. The hetero- ZnS-ZnSe/ZnCdS core/shell nanorod
couples show a blue emission due to the distinct quantum
confinement regime within these unique heterostructures in
comparison with the green emission from homo- core/shell
nanorod couples. Further expanding the hetero- nanorod
couples produced hetero- PbS-PbSe/PbS nanorod couples. The
synthetic strategy developed here may provide new insight
into the rational design and synthesis of new heterostructures

This journal is © The Royal Society of Chemistry 20xx



with increasing complexity, and the heterostructures obtained
here may facilitate the incorporation of such materials into
optoelectronic and catalytic applications.
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