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of Chemistry The significant role of metal particle geometry in dictating catalytic activity, selectivity, and stability is well
established in heterocatalysis. However, this topic is rarely explored in semiconductor—-metal hybrid
photocatalytic systems, primarily due to the lack of synthetic control over this feature. Herein, we
present a new synthetic route for the deposition of metallic Cu nanoparticles with spherical, elliptic, or
cubic geometrical shapes, which are selectively grown on one side of the well-established CdSe@CdS
nanorod photocatalytic system. An additional multipod morphology in which several hanorod branches
are combined on a single Cu domain is presented as well. Cu is an earth-abundant low-cost catalyst
known to promote a diverse gallery of organic transformations and is an excellent thermal and electrical
conductor with interesting plasmonic properties. Its deposition on cadmium chalcogenide
nanostructures is enabled here via mitigation of the reaction kinetics such that the cation exchange
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1. Introduction

Photocatalytic solar-to-fuel conversion is globally acknowledged
as a compelling renewable energy source that simultaneously
mitigates the generation and storage challenges. The design of
effective photocatalytic systems at the nanoscale depends on
our ability to correlate functionality with composition, struc-
ture, and morphology. Platinum-tipped cadmium sulfide rod
with an embedded cadmium selenide seed (CdSe@CdS-Pt)
offers an exemplary design, demonstrating the considerable
benefits of employing hybrid nanostructures." This system
attained nearly perfect 100% photon-to-hydrogen production
efficiency,> and later a complete redox cycle and record-high
solar to chemical conversion efficiency.? These achievements
are attributed to systematical tuning of each component in the
colloidal hybrid system. Such tunability allows direct control
over the chemical and physical properties*® and enables opti-
mization of functionality alongside endowment for additional
applications in catalysis,” 3D printing,® and electronic
devices.” ™"

The quality of the junction formed between the semi-
conductor light sensitizer and the metallic catalytic domain
mandates the availability of charges for promoting the chem-
istry. Hence, great efforts were devoted to understanding the
influence of the metal morphology in the hybrid system and its
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foundations for shape—activity correlation studies and employment in various applications.

effect on the desired catalytic activity. The deposition location,
number of metal domains,"™" and size'*™® were thoroughly
examined and demonstrated to be vital for optimizing the
material's potential in promoting the reaction of interest.
However, thus far, the catalyst shape has received minimal
attention, predominantly due to the lack of synthetic control
over this feature.” The significant role of the metal particle
geometry (e.g., cubic, spherical, or tetrahedral) in dictating
activity, selectivity, and stability is well established in
heterocatalysis.”** Shape-reactivity correlations were estab-
lished over 60 years ago, with reports on different reactivity at
crystal edges and corners.” It is reasonable to expect a signifi-
cant influence of the metal cocatalyst shape on photocatalytic
processes, with the added complications inherent to its inter-
face with the semiconductor. Hence, attaining the desired
control over the metal domain's geometric shape in a semi-
conductor-metal hybrid photocatalytic system is of great
interest. This level of synthetic sophistication is a prerequisite
to advance the intelligent design of next generation photo-
catalytic systems.

Herein, we lay the first foundations towards shape-activity
correlation studies in well-designed nanoscale hybrids photo-
catalytic systems and present a new synthetic route for the
deposition of Cu with tunable size and shape on CdSe@CdS
nanorods (SR-Cu). The SR-Cu hetero-nanostructures have four
appealing geometrical shapes, which include spherical, elliptic,
and cubic metallic Cu tips (SR-s-Cu, SR-e-Cu; and SR-c-Cu,
accordingly), and an additional multipod morphology in
which several SR branches are combined on a single Cu
domain.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CdSe@CdS nanorods were previously tipped with various
metals such as Au,* Pt,**?*® Pd,”” Co,*® Ag® and Ni*** as well as
bimetal combinations.*** In this work we introduce a novel
protocol for Cu tipping. Cu is an earth-abundant lowcost
alternative to rare and expensive noble metal catalysts.>® With
the metal's ability to access a wide range of oxidation states
(cu®, cu, cu", and Cu™), copper nanoscale catalysts are
exploited for the promotion of a gallery of organic trans-
formations, supporting both one- and two-electron pathways,
and enabling green and sustainable reaction conditions.
Examples in the literature include click chemistry, cross-
coupling, C-H functionalization, A3 coupling, clock reactions,
borylation, oxidative coupling, redox reactions,** and more.** Cu
is also an excellent thermal and electrical conductor,***” with
interesting plasmonic properties.*® However, cadmium chalco-
genide nanostructures were not previously decorated with
metallic Cu domains due to the challenging necessity to over-
come cation exchange.*® Additional challenges relate to the
difficulties in reducing Cu(u) and Cu(1) precursors due to the low
redox potential of Cu which result in uncontrollable reaction
kinetics.* Furthermore, attaining the required level of control
over the shape and morphology of the metallic Cu domains that
are deposited on a substrate in a heterogeneous nucleation
differs from the already challenging control over homogenous
nucleation of freeform metallic nanoparticles.*

This work details the means by which we successfully over-
come these challenges. Specifically, cation exchange may be
avoided via introduction of copper(i) acetate/trioctylphosphine
complex, which helps modulating the reaction kinetics. This
opens up a pathway for “on-off” control of cation exchange and
provides the possibility of synthesizing Cu metal on CdSe@CdS
nanorods.

The structural diversity, versatility, and high degree of
control over the synthesis of the novel SR-Cu hetero-
nanostructures make them promising potential candidates for
various applications.

2. Results and discussion

2.1 Size-morphological characterization of synthesis
products

To allow direct comparison between the various structures, and
proper easement of the synthetic conditions leading to their
formation, the different sizes and morphologies of the Cu tips
were grown on the same batch of CdSe@CdS seeded nanorods
(SR). The nanorods were synthesized following a well-
established seeded growth procedure that endows preferential
heterogeneous nucleation and anisotropic growth of wurtzite
(WZ) CdS shell onto the original CdSe seeds.>**> A CdSe seed of
2.3 nm diameter was used, and the resulting nanorods were
found to have an average diameter of 5 nm and length of about
40 nm (Fig. S17). In a second step, the purified SR (with fixed
concentration) are utilized as substrates for the selective
deposition of the metallic Cu component.

SR with elliptic Cu tip shape (SR-e-Cu, Fig. 1a) were prepared
by decomposition of a precursor comprised of a complex of
copper(i) acetate with TOP, which is used to avoid cation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exchange as described above. Employment of phosphine
ligands to modulate the reaction kinetics and enable reduction
of the metal precursor rather than cation penetration into the
rod's lattice and replacement of Cd atoms was recently
demonstrated successfully for the case of Ag tipping of
CdSe@CdS nanorods and was adopted here as well.”® After the
reducing agent (TBAB) injection, elliptic Cu domains with
dimensions of about 4 x 9 nm were found to selectively grow on
one end of SR. As seen in the TEM image in Fig. 1a, the SR-e-Cu
exhibits an overall matchstick-like structure, with a distin-
guished image contrast variation between the rod and metallic
domain. Interestingly, an exclusive mono-tip deposition can be
observed (i.e., growth of a single Cu tip per rod), in contrast to
most of the alternative metal tipping protocols for which some
population of rods is always found to have additional tips at the
other end of the rods or additionally along its length. Such
exclusive mono-tip growth is significant for photocatalytic
promotion of multi electron reactions, and solar-to-fuel-
conversion.” To further confirm the position of Cu on the SR
EDS was used to determine the local chemical composition of
the SR-e-Cu, and the resulting elemental mapping and corre-
sponding line-scan are presented in Fig. 1b. As expected, the
elliptic head shows a brighter contrast in the HAADF image with
a strong signal of Cu without a trace of S, while Cd and S are
confined to the rod section. The EDS line-scan analyses of an
individual SR-e-Cu heterojunction additionally confirms that
Cd and S signals are detected across entire stem of the rod,
whereas the intensity of Cu signals is higher in the tip region.
The results further illustrate that the transverse diameter of the
Cu tip is about 5 nm, in good agreement with the TEM
measurements. These results verify the exclusive anisotropic
deposition of Cu at the tip of SR.

Size and morphology control of the metal domain can be
realized by further precise manipulation of the growth kinetics.
Heterostructures of SR with spherical Cu tips (SR-s-Cu) were
constructed by using a stronger reducing agent, borane-tert-
butylamine complex (TBAB)/oleylamine (TBAB/OLA). For the
formation of spherical Cu tips on SR, the TBAB/oleylamine was
injected at 260 °C. The TEM images presented in Fig. 1c exhibit
large spherical Cu domains with diameter of ~10-20 nm that
are again located at one end of the SR. A lattice spacing of
0.209 nm that corresponds to (111) crystal plane of Cu is clearly
seen in the HRTEM in Fig. 1d.

Upon dropping the injection temperature of the reducing
agent from 260 °C to room temperature, a cube shape Cu tip
was formed, preferentially on one end of the nanorods as shown
in Fig. 1le. With a strong image contrast, the faceted tips are
clearly identified with a width of around 10 nm. The HRTEM
image in Fig. 1f reveals that the growth axis of the WZ SR in all
the heterostructures is along the (001) direction. The lattice
spacing for the fcc Cu was found to be 0.211 nm, which is
assigned to the cubic (111) plane. This analysis is confirmed by
its corresponding FFT pattern. Further decrease in the amount
of SR that was targeting larger Cu domains resulted with
increased homogenous nucleation of free Cu nanoparticles,
which were cubic as well (Fig. S27).
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(a and b) TEM image and STEM-EDS line-scan analysis of an individual SR—e-Cu heterojunction with EDS mapping shown in the upper

inset. SR—e-Cu was synthesized with 0.02 mmol CuOAc-TOP as precursor and TBAB addition at room temperature. (c and d) TEM and HRTEM
images of the SR—s-Cu synthesized with 0.04 mmol CuOAc-TOP as precursor and TBAB/OLA injection at 260 °C. (e and f) TEM and HRTEM
images of the SR—c-Cu synthesized like SR—s-Cu but 0.02 mmol CuOAc-TOP as precursor. Inset: corresponding FFT pattern in (f).

The concentration ratios of the CuOAc to SR and injection
temperature of reducing agents were found to have a consider-
able effect on the morphologies of SR-Cu heterostructure.
When the concentration of the SR was kept the same as that for
the synthesis of SR-s-Cu and the concentration of CuOAc was
halved, the products were mainly SR-Cu multi-pods, with
a branched morphology as illustrated in Fig. 2a (in which Cu is
depicted in red). In such multi-pods the Cu domains (slightly

7514 | Chem. Sci, 2023, 14, 7512-7523

darker part in the center, Fig. 2b and c) act as core from which
several SR are branched in a three-dimensional architecture.
The relatively large dimensions and mostly the wide size
distribution for the Cu core, around 5-50 nm, suggest of
potential merging of individual Cu tips. This hypothesis is
further supported by the presence of bipods, and tripods in the
samples (Fig. 2d). Merging of tips might be accompanied by
additional direct growth of the newly formed Cu core. As

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Illustration of the synthetic path of SR—Cu nanomultipods. (b—d) TEM images of the SR—Cu nanomultipods. (€) HRTEM image of SR-Cu

bipods. Inset: corresponding FFT pattern. (f) HAADF image. (g) STEM-EDS spectra recorded from different regions of the single nanomultipod

shown in (f). (h—j) Elemental mapping images of this nanomultipod.

revealed in the HR-TEM image of the bipods (Fig. 2e), the lattice
fringes of the long arm present an interplanar spacing of
0.336 nm, corresponding to the (002) facet of the WZ CdS, which
suggests that the core was growing along the c-axis of the arm.
The lattice fringes of the Cu core exhibit a clear face-centered-
cubic (fcc) packing pattern with the d-spacing of 0.182 nm,
corresponding to (200) crystal plane of Cu, which is supported
by its corresponding FFT pattern. To obtain more information
regarding the relative location of Cu and SR, the STEM-EDS
spectra (Fig. 2g) are recorded at different positions of single
multipods shown in the HAADF image (Fig. 2f). The EDS spec-
trum of the overall region in Fig. 2f (region 1) shows a strong Cu

© 2023 The Author(s). Published by the Royal Society of Chemistry

signal and relatively weak Cd and S signals. The core part
(region 2) exhibits only the Cu signal, while the arms part shows
the signals of Cd and S, in accordance with the described
structure of multi-pods with Cu core and SR long arms. The
elemental distribution in the multipods was further verified
using STEM-EDS elemental mapping. Fig. 2h-j illustrates that
Cd and S are confined to the arms section, while Cu is only in
the center of the structure. Notably, no evidence of cationic
exchange was observed either via EDX or HRTEM.

The colloidal stability of the various SR-Cu heterojunctions
was examined after 15 months of storage (Fig. S3T). The single
metal tipped nanorods (SR-e-Cu, SR-s-Cu and SR-c-Cu)

Chem. Sci., 2023, 14, 7512-7523 | 7515
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maintained their structural stability, while the highly branched
multipods on Cu core demonstrated some tendency to break.
This might be related to the formation mechanism, which is
based on merging of several individual Cu domains during the
synthesis. Note that fragility of tetrapods was previously re-
ported in the literature also for CdTe.*

In all cases, we observed that the SR underwent Cu deposi-
tion instead of converting to Cu,Se@Cu,S by cation exchange
reaction, and successful formation of the desired hetero-
structures was achieved. The chemical composition of the as-
prepared SR-Cu heterojunctions was further confirmed by X-
ray powder diffraction (XRD, Fig. 3a). As expected, the XRD
profile of the initial SR is corresponding to the hexagonal
wurtzite CdS (JCPDS #00-006-0314) due to the richer abundance
of the CdS shell mass with respect to the CdSe core. The SR
crystal phase appears to be preserved in all of the SR-Cu het-
erojunctions. The peaks at 43.3°, 50.4° and 74.1° in XRD spectra
of all the SR-Cu heterojunctions are matched well with the
(111), (200) and (220) facets of metallic fcc Cu (JCPDS #04-0836).
No additional peaks that belong to Cu,S were observed,
revealing that the cation exchange reaction was prevented. The
Cu diffraction peaks of SR-Cu multipods become much
stronger and narrower owing to the higher content and larger
size of Cu compared to other morphologies, so that the peaks

View Article Online
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belonging to SR are not obvious. This XRD pattern zoomed in
on Y-axis is given in Fig. S4.7 The XRD results further verify the
metallic nature of the Cu nanoparticle in the SR-Cu hetero-
junctions. The average crystallite size of the Cu domains is
calculated via the Scherrer equation, which is provided in the
ESLt based on the XRD pattern Cu (200). A crystallite size of
approximately 13.8 nm and 14.7 nm is calculated for SR-s-Cu,
and SR-c-Cu, respectively, in good agreement with the size
determined from TEM. For SR-Cu nanomultipods, the crystal-
lite size of 12.9 nm that is calculated by the Scherrer equation is
smaller than that of the particles observed in the TEM (Fig. 2b),
which further supports the proposed mechanism of merging of
individual Cu tips. X-ray photoelectron spectroscopy (XPS) of
SR-c-Cu was measured as an example, to investigate the surface
chemical state of the metal nanoparticles deposited on SR. As
shown in Fig. 3b and c, the characteristic peaks at 405.3 eV (Cd
3ds/,)/412.0 eV (Cd 3d3/,) in the high-resolution Cd 3d spectrum
and 161.5 eV (S 2p3/,)/162.8 eV (S 2p,/,) in the high-resolution S
2p spectrum are attributed to Cd** and S$*~ of CdS, respec-
tively.? In the high-resolution spectrum of Cu 2p (Fig. 3d), the
peaks at about 932.2 eV (Cu 2p;,) can be assigned to elemental
Cu® or Cu® due to the overlapping of their peaks.* The weak
peak at 933.2 eV could be ascribed to Cu®", which might origi-
nate from the CuO and/or Cu(OH), species because the
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—JCPDS #06-0314 CdS
=90} (220)
- SR-e-Cu |
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Fig. 3
S2p and Cu2p XPS spectra of SR—c-Cu, respectively.
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(a) XRD patterns of SR, SR—c-Cu, SR-e-Cu, SR-s-Cu, and SR-Cu multipods at the range from 20° to 80°. (b—d) High-resolution Cd 3d,
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sample's surface is inevitably exposed to air when measured.**
Notably, the XRD results do not show any evidence of the CuO
and/or Cu(OH), phase. Hence, we assume that the XPS analysis
demonstrates the presence of Cu®" ions present only on the
surface, or a minor amount of Cu,0O. In other words, it can be
inferred that the Cu on the SR was mainly present in the form of
metallic copper.*

Control experiments were carried out to explore the role of
the TBAB, CuOAc, and TOP used in the synthetic process.
Interestingly, when only oleylamine is included as a reducing
agent, the TOP,—Cu complex cannot be reduced at a tempera-
ture of 260 °C. When the reaction temperature was continually
increased to 335 °C, free Cu nanocrystals with irregular
morphology and wide size distribution were generated, without
evidence for heterogonous nucleation on the rod (Fig. S5af).
This observation indicates that the introduction of TBAB is
necessary in order to induce reduction of the Cu precursor at
reasonable temperature and encourage heterogonous nucle-
ation. Alternative copper(i) salts such as CuBr, Cul and CuCl
were examined as a replacement to CuOAc, and the results
(Fig. S5b-d¥) show all of them are unsuitable for Cu deposition
on SR.

In another experiment, triethyl phosphite, a known phos-
phite that regulates ion exchange reaction kinetics,** was
applied as substitute for the TOP in the reaction, while CuBr
served as the copper(1) precursor. The resulting products (Fig. 4a

Fig. 4
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and b) are mainly spiral-like nanorods. The EDS spectrum,
STEM-EDS elemental mapping, and line-scan analysis (Fig. 4c-
i) exhibit evidence for Cd, likely some ion residue in the
surrounding the spiral nanorods. Cu and S are clearly seen
throughout the rods with homogenous distribution, suggesting
a composition of Cu,Se@Cu,S. The formation of this structure
is the result of cation exchange reaction between copper and Cd
ion from the SR, which is extracted out of the lattice. Interest-
ingly, the shape of the spiral nanorods is different from the
traditional outcome of Cd/Cu cation exchange, which is known
to preserve the shape of the rods via anionic framework
conservation.”” These findings illustrate that the specific choice
of a reducing agent, copper salt and phosphide is quite critical
for achieving the deposition of metallic copper on SR, as well as
controlling the resultant shape.

Photodeposition of metallic Cu nanocrystals with Cu(NO3),
as precursor and triethylamine (TEA) as hole scavenger was
investigated as a possible alternative route for Cu colloidal
reduction deposition pathway (Fig. S6at). After illumination for
3 h, a small nanoparticle with darker image contrast positioned
along the length of nanorods was observed (Fig. S6b-df),
presumably a metallic Cu domain based on the contrast varia-
tions. The deposition location on the nanorod's surface might
be related to surface defects such as incomplete surface
passivation (serving as carrier traps), or simply the location of
the CdSe seed.”* However, STEM-EDX mapping (Fig. S6e-ht)

HAADF
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(@ and b) TEM images of spiral nanorods produced by replacing TOP with TBP, and CuAc with CuBr. (c—h) The HAADF image, EDS and its

STEM-EDS elemental mapping and (i) EDS line-scan analysis of the rectangular area marked in (c).
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confirms that alongside the formation of Cu nanoparticles on
the rods, the SR started undergoing conversion to (Cu,Se®@)
Cu,S due to cation exchange. Notably, this photodeposition
strategy provides a new pathway for the synthesis of cadmium-
free semiconductor-metal heterojunction, which holds great
potential for diverse applications.

2.2 Optical properties of the SR-Cu heterojunctions

The optical features of the SR-Cu heterojunctions with different
morphologies were evaluated by measuring the UV-visible
absorption and PL intensity. The absorption spectrum
(Fig. 5a) of the unmodified SR exhibits prominent high-energy
peaks below ~475 nm ascribed to the absorption from CdS,
with additional low intensity contribution at around 575 nm
that is ascribed to the CdSe core.** The surface plasmon reso-
nance (SPR) absorption of the metallic Cu in the SR-Cu heter-
ojunctions was evident as a broad peak across 525-600 nm that
was observed especially for the SR-s-Cu and SR-Cu multipods,
with variations that can be attributed to differences in both size
and shape, surface state, and the surrounding medium envi-
ronment of the Cu.*®** The SPR bands of Cu for the SR-s-Cu,
SR-e-Cu, and SR-Cu multipods are centered at 566, 568, and
576 nm, respectively, while it is not apparent for SR-c-Cu. The
SPR band of nanomultipods shows a redshift compared to other
samples due to the larger average size of the Cu domains, while
the SR-e-Cu and SR-c-Cu have very weak SPR bands, which is
related to the smaller sizes of Cu domains.*®* The photo-
luminescence (PL) spectrum (Fig. 5b) demonstrates that the
introduction of a metallic Cu tip results in varying degrees of PL
quenching of the SR, likely due to transfer of photoexcited
electrons from SR to Cu domains, which is size sensitive and
depends on the interplay between the Schottky barrier and
Coulomb blockade at the semiconductor-metal interface.'* The
calculated PL quantum yield (PLQY) dropped from ~73% for
bare rods to below 1% for the SR-Cu heterojunctions. The
average radiative lifetime obtained by time-resolved PL(TRPL)
spectroscopy (Fig. 5¢, Table S17) also decreased from ~23 ns to
~8-17 ns when Cu tips were grown on the rods, revealing the
activation of some nonradiative decay channels, likely a result
of electron transfer from the nanorod to the Cu nanocrystals.*
These results are in accordance with typical characteriztics of
semiconductor metal nanoscale hybrids systems, as opposed to
reports on plasmon enhanced PL.>*

0.4
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2.3 Growth mechanism of the SR-Cu heterojunctions

A possible growth mechanism that enables the controllable
synthesis of SR-Cu with different morphologies is illustrated in
Fig. 7. The most critical aspect in the synthesis process is the
introduction of TOP to manipulate the reaction kinetics in
order to prevent cation exchange. Different phosphines have
been used to control the thermodynamic and kinetic parame-
ters of cation exchange reactions, as was additionally confirmed
by our recent work on Ag tipping of SR.>>*¢ On the base of the
hard and soft (Lewis) acids and bases theory,” Cu" cations as
soft acid (hardness 7, 6.28 eV),* tend to combine with soft
bases, such as alkyl phosphine (e.g., TOP). In contrast, Cd** as
a hard acid (n, 10.29 eV)*® prefers to ligate with a hard base such
as oleylamine, which is beneficial to the extraction of Cd** from
the nanocrystals. When TOP as soft base is introduced, the soft
acid Cu" cations preferentially combine with the TOP instead of
the Cd** cations (hard acid), leaving no driving force to act for
Cd extraction. Therefore, prior complexation of Cu* cations with
TOP is extremely important to metallic Cu deposition in lieu of
cation exchange. Without TOP coordination, Cu" cations prefer
to replace Cd** in the nanocrystals, and in some cases, it might
even destroy the original rod-like, due to abrupt changes or
requirements for structure reconstruction (Fig. S71). These
reflect some of the synthetic challenges in the field.>***

The complexation of Cu" cations with TOP was determined
via electrospray ionization mass spectrometry (ESI-MS) and
nuclear magnetic resonance (NMR) spectroscopy analysis of the
complex that is obtained from dissolving CuOAc in TOP. The
ESI mass spectrum of TOP-Cu complex (Fig. 6a) exhibits
a prominent peak at m/z 803 (100%) of formula [TOP,Cu]’,
which is in agreement with the calculated isotopic mass
distributions for [C4sH;0,P,Cu]" (Fig. S8af). The molecular
structure of TOP,-Cu complex is expected to display a linear
coordination geometry whereby the copper atom is coordinated
to only two phosphines, resembling well-established linear
copper(1) complexes such as [Cu(PBz;),|PFs.*® The coordination
environment of copper(i) with TOP was examined by *'P {'H}
NMR spectra (Fig. 6b), where a downfield shift and broadening
of the *'P resonance for all the synthesized TOP,~Cu complexes
compared with the pure TOP were observed. The downfield shift
is attributed to deshielding effect, as the electron density
around phosphorus decreases upon coordination of the TOP to
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(a—c) The UV-vis absorption, PL spectra and normalized TRPL decay spectra of the samples.
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Fig. 6 (a) ESI-MS for the TOP,—Cu complex, (b) 3P {*H} NMR spectra of TOP and TOP,—Cu complexes synthesized by adding 0.02 mmol or

0.04 mmol of CuOAc.

copper ion, resulting from the donation of electrons from P to
Cu". A more pronounced downfield shift was induced by coor-
dinating higher amount of Cu to TOP (Fig. S8b+) to form TOP,-
Cu complex with higher concentration. Once the coordination
between TOP and Cu ion is established, the complex was further
reduced, leading to the growth of metallic Cu on SR.

In the presence of a strong reducing agent, such as TBAB/
oleylamine, the coordination between Cu’ cations and TOP is
weakened and Cu’ can be reduced to the metallic state. As
demonstrated in the course of this work, precise control over
the shape of the nanocrystals can be achieved by adjusting
reaction parameters such as temperature, reducing agent, and
precursor concentration. According to the chosen synthetic
conditions, reactions will be conducted under thermodynamic
or kinetic regimes, giving access to nanocrystals with different
configurations.*** Specifically, the nanocrystals will assume
different shapes based on the global minimum in Gibbs free
energy or local minima, as directed by either thermodynami-
cally or kinetically driven pathways. The preferred pathway may
be encouraged by varying the temperature and monomer flux.*®
Notably, high temperature and low monomer flux benefit the
thermodynamic regime, while the opposite situation will favor
the kinetic regime.®

FCC Cu metal, with a specific surface energies for the low-
index crystallographic facets that follow the order: y(111) <

\

TOP
Q
‘q ~ -

CuOAc

J M
[TOP,Cu]* complex

Fig. 7

© 2023 The Author(s). Published by the Royal Society of Chemistry

\_\_\_L \\‘,P
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v(100) < v(110), are expected to be thermodynamically stable as
an octahedron, where the (111) facets are all exposed on the
surface.®* Considering the minimization of the total surface free
energy, however, a cube shape has a smaller surface area-to-
volume ratio in comparison with an octahedron of the same
volume, which is expected to result in a truncated octahedron
enclosed by the (111) and (100) facets. This shape may be
regarded as a quasi-sphere for smaller size particles.®* In view of
the above analysis the Cu nanocrystals with alternative shapes
(i.e., cubes, tetrahedra, etc.) might be the result of a kinetically
driven reaction.

In our system, the Cu(0) from the reduction of the complex
can be regarded as the monomeric species, and the interme-
diates (i.e., Cu(1)) conversion kinetics into Cu(0) are represen-
tative of the monomer flux.** The TBAB/oleylamine as the strong
reducing agents prefer to produce the nanocrystals with equi-
librium shapes.®* The injection of the preformed TBAB/
oleylamine reducing agent into the mixture of SR and TOP,-
Cu complex at 260 °C induces an immediate color change to
dark purple, presumably due to Cu(0) nucleation. This is fol-
lowed by the formation of spherical Cu nanocrystal on SR under
thermodynamic control, both with a high CuOAc concentration
(0.04 mmol) and with a low CuOAc concentration (0.02 mmol).
It is presumed that when the reducing agent is injected at this
high temperature, the final configuration of Cu nanocrystal is

Cu()
) ©
TBAB/OLA . -ﬁ
° h © g )
— ) k .
° ?

SR
SR-Cu heterojunctions

Illustration of possible growth mechanism for the formation of SR-Cu heterojunctions.
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dependent on the correlative thermodynamic barriers rather
than precursor concentrations. When the injection temperature
is decreased to room temperature, a gradual flux of Cu(0)
monomers is produced during the heating ramp from room
temperature until the 260 °C; thus, the reaction is under kinetic
control and elliptic or cubic Cu domains are grown on the SR as
the ultimate product.

The formation of a SR-Cu heterojunction is energetically
favorable. The observed selective growth regime of the Cu
domain on the basal ends of the SR is expected in light of
previous SR-metal hybrids that displayed similar morphology.
However, the dominance of mono tip formation in this case is
unique and might be explained by the joint effect of interfacial
strain between lattices and the shape anisotropy of the rods.
The metal preferentially deposits onto the SR apexes due to
their higher chemical reactivity/surface energy in comparison to
the rod's sidewalls. The S-rich end of the SR is considered the
side that favors the growth of metals in general due to the
driving force from the electrostatic attraction and weaker ligand
coverage,® and this might be more significant in the specific
case of Cu.

3. Conclusion

In summary, SR-Cu heterojunctions with interesting
morphologies, including elliptic, spherical, and cubic Cu tips
that are grown on at one end of the nanorods, as well as
a central Cu domain with SR branches (nanomultipods) have
been successfully produced. The synthetic procedure follows
heterogeneous nucleation and growth of metallic Cu on SR
substrates. Independently tunable SR-Cu heterojunctions of
different configurations and sizes are obtained by adjustment of
selected key reaction parameters, which enable manipulation
between kinetically and thermodynamically governed reaction
pathways. The mechanism, which enables mitigation of cation
exchange and precise control over shape, is discussed. The
novel SR-Cu heterojunctions that are developed in the course of
this work may be beneficial for a wide range of applications.
Specifically, for photocatalysis they are expected to facilitate the
anticipated shape-functionality studies in nanoscale hybrid
systems, with potential influence on activity, selectivity, and
stability.

4. Experimental section
4.1 Synthesis of SR-Cu hetero-nanostructures

SR-e-Cu were prepared by decomposition of copper(i) acetate
(CuOAc). In a typical synthesis, 0.02 mmol copper(i) acetate
(CuOAc) was dissolved in 2 mL of trioctylphosphine (TOP)
under Ar at 150 °C (TOP,-Cu complex). A volume of 400 pL of
CdSe@CdS nanorods in toluene (Cd** concentration ~ 7 mM)
was precipitated with methanol and then dispersed into 1 mL
TOP containing 2 mmol borane-tert-butylamine complex
(TBAB). After that, the nanorods solution was injected into the
TOP,-Cu complex at room temperature. The mixture was
heated at 260 °C for 30 min. After the reaction, the sample was
purified with toluene, ethanol, and methanol several times and
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was finally dispersed in toluene for further characterization. For
the preparation of SR-s-Cu, similarly 0.04 mmol CuOAc was
used but TBAB dissolved in 1 mL of oleylamine (OLA) by soni-
cation was injected into the mixture of TOP,-Cu complex and
CdSe@CdS nanorods/ToP solution at 260 °C and kept for
30 min. For the synthesis of SR-Cu nanomultipods, same as the
synthesis of the SR-s-Cu, but 0.02 mmol CuOAc was used as the
precursor. For the synthesis of SR-c-Cu, similar to the SR-Cu
nanomultipods case but the TBAB/OLA reducing agent was
injected at room temperature.

4.2 Characterizations

Transmission electron microscopy (TEM) was performed by
Tecnai G* T20 S-Twin TEM under 200 keV. High-angle annular
dark-field (HAADF) scanning TEM-energy-dispersive X-ray
spectroscopy (HAADF-STEM-EDX) maps was collected by an
FEI Titan Cubed Themis G* 60-300 microscope at an acceler-
ating voltage of 200 keV. X-ray powder diffraction (XRD) spec-
trum was obtained by using Rigaku SmartLab X-ray
diffractometer using Cu Ko radiation. Photoluminescence (PL)
spectrum was measured by a Flourolog-3 Fluorometer at room
temperature, under 455 nm excitation wavelength and UV-vis
absorption spectroscopy was executed with an Agilent Cary
5000 UV-vis-NIR spectrophotometer. Nuclear Magnetic Reso-
nance (NMR): *'P{'"H} spectra were recorded on a 300 MHz
Bruker Advance spectrometer with CDCl; as the deuterated
solvent. Different amount of Cu (0.02 mmol, 0.04 mmol,
0.4 mmol and 1 mmol) was dissolved into 2 mL of TOP at 150 °C
to prepare TOP,-Cu stock solution. The TOP or TOP,-Cu stock
solution (0.5 mL) was diluted with 0.5 mL of CDCl;. An external
standard H;PO, (85%) was used for calibrating the *'P NMR
spectrum. Electrospray ionization-mass spectrometry (ESI-MS)
measurements were performed on a maXis Impact mass spec-
trometer (Bruker). TOP or TOP,-Cu (0.04 mmol) stock solution
(0.8 mL) was diluted with 1 mL of chloroform.
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