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ABSTRACT: One-dimensional (1D) metallic nanocrystals constitute an important class of plasmonic materials for localization
of light into subwavelength dimensions. Coupled with their
intrinsic conductive properties and extended optical paths for
light absorption, metallic nanowires are prevalent in lightharnessing applications. However, the transverse surface
plasmon resonance (SPR) mode of traditional multiply twinned
nanowires often suﬀers from weaker electric ﬁeld enhancement
due to its low degree of morphological curvature in comparison
to other complex anisotropic nanocrystals. Herein, simultaneous
anisotropic stellation and excavation of multiply twinned
nanowires are demonstrated through a site-selective galvanic
reaction for a pronounced manipulation of light−matter
interaction. The introduction of longitudinal extrusions and
cavitation along the nanowires leads to a signiﬁcant enhancement in plasmon ﬁeld with reduced quenching of localized
surface plasmon resonance (LSPR). The as-synthesized multimetallic nanostartubes serve as a panchromatic plasmonic
framework for incorporation of photocatalytic materials for plasmon-assisted solar fuel production.
KEYWORDS: metal−semiconductor, CuAu-ZnO, nanotube, plasmonic, photocatalysis
charge transport and separation.19−22 However, developing
LSPR-enhanced absorption in 1D materials has proven to be
nontrivial, due to the seemingly unalterable crystal growth
habits and morphological architectures of face-centered cubic
(fcc) nanowires. Often, modiﬁcations involving complex and
multiple steps are needed to improve LSPR characteristics, such
as hybridization with other nanostructures.23−25
Herein, a one-pot approach toward stellated Cu and Au
bimetallic alloy nanotubes is demonstrated on the basis of sitespeciﬁc galvanic reactions. The synthesis is mediated by
longitudinal crystal defects and facet passivation that facilitate

S

urface plasmons (SPs), generated from the interactions
of photons and material interfaces, are extensively
exploited in nanophotonic devices,1 biological sensors,2,3
medical therapies,4,5 optical spectroscopy,6,7 and solarharnessing systems.8−10 Since the advent of nanoscience,
various nanomaterials with elevated surface plasmon resonances
have been engineered to accommodate these diverse and
growing assortments of plasmon-related research.11−14 Of all
these emerging ﬁelds, plasmonic photocatalysis is perceived as a
promising sustainable technology which beneﬁts from a higher
charge-separation eﬃciency and photosensitivity in the visible
and near-IR region.15−18 Speciﬁcally, 1D metallic nanomaterials
are deemed to be excellent candidates for photocatalysis due to
their high surface reaction sites to support photocatalytic
materials and exceptional conducting medium for eﬃcient
© 2018 American Chemical Society
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Figure 1. Schematics of twinned planes-directed galvanic replacement in the formation of CuAu nanostartubes from Cu nanowires. The
subsequent growth of ZnO NRs on CuAu nanostartubes was conducted via electroless galvanic cell synthesis.

replacement of Cu to Au will occur, with a distinct change in
color from bright red to dark brown (Figure S1a).27 This in situ
addition of Au3+ ions during the growth of Cu NWs is
necessary to ensure that the oxidation of Cu is kept to a
minimum with a reaction environment of reducing agent. The
reaction mixture was then allowed to proceed for the
completion of the replacement process and subsequently
quenched in an ice bath. Excess surfactants and precursors
were then removed via centrifugation, and a high yield of CuAu
NSTs was obtained, as seen under a scanning electron
microscope (SEM) in Figure S1b. The evolution of nanowires
with a pentagonal cross section to a nanotube with a starshaped cross section is shown in SEM images in Figure S2,
where the morphological dissimilarities are clearly observed in
both longitudinal and transverse directions of the nanostructures.
A galvanic cell synthesis approach that was presented in our
previous works is employed to incorporate ZnO NRs to the assynthesized CuAu NST.19,28 The electroless deposition
technique does not need any current or voltage source, since
electrons are generated from spontaneous redox reactions. Al
foil is used as an inexpensive sacriﬁcial electron source to
deliver electrons to the cathode for selective oxidative growth of
ZnO NRs on any conductive substrate. The reaction begins
with the generation of OH − ions from the thermal
decomposition of hexamethylenetetramine to ammonia. As
the galvanic cell reaction progresses, aluminum oxidizes to form
Al(OH)3 and releases electrons in the process. The electrons
are conducted through the interconnected network of CuAu
NSTs which direct the reduction of Zn2+ ions on the surface of
NSTs. The exceptional conductivity of the NSTs (Figure S3)
enables them to serve as one-dimensional nanocathodes in this
galvanic cell process, illustrated in Figure S4. The uniform
charge transfer and distribution allow a conformal growth of

simultaneous hollowing and stellation of multiply twinned
pentagonal Cu nanowires. The creation of sharp longitudinal
vertices of the resultant nanostartubes (NSTs) assists in
conﬁning background electromagnetic oscillations to enhance
the eﬃciency of plasmon-assisted light harvesting. Moreover,
the as-synthesized CuAu bimetallic NSTs not only exploit the
inexpensive nature of Cu and high stability of Au but also utilize
the hybridized SPRs of Cu and Au to achieve a broadband solar
absorption. To assess its panchromatic absorption characteristics, catalytically active yet plasmonic impoverished ZnO
nanorods (NRs) are judiciously grown on the NSTs for
evaluation of plasmon-enhanced photocatalysis. In this
conﬁguration, the establishment of plasmonic metal−semiconductor heterojunctions maximizes the charge separation of
hot electrons and improves the light-harvesting capabilities
without a tradeoﬀ between the individual CuAu NST and ZnO
NR properties. This is unlike the case for the latter material,
which has traditionally been limited by narrow ultraviolet
absorption range and high charge recombination drawbacks.
Accordingly, an exceptional broad-band photoreactivity is
realized by the augmented hierarchical multimetallic-semiconductor plasmonic nanohybrids with eﬃcient charge transfer
and plasmon-induced charge generation attributes.

RESULTS AND DISCUSSION
Figure 1 illustrates the general synthesis pathway of the CuAu
NST-ZnO nanostructures. As reported previously,26 a Maillard
reaction was employed in the synthesis of Cu NWs, for which
the precursors consist of nontoxic amino acids, amines, and
glucose. After 3 h into the synthesis, gold chloride solutions
with varying amounts of hexadecylamine (HDA) were injected
to quench the growth of Cu NWs and initiate the site-selective
galvanic replacement process. On the basis of the higher
reduction redox potential of Au ions relative to that of Cu,
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Figure 2. SEM images of (a, b) CuAu NSTs and (c, d) CuAu NST-ZnO. (e) Cross-sectional view of CuAu NSTs. (f) TEM-EDX mapping and
(g) line spectra of CuAu NSTs.

concurrent out-diﬀusion of Cu ensues, facilitated by further
redox reactions between Cu and Au3+ ions and the reducing
environment.27 The can be seen with the reduction in mass
contrast of the Cu core and concurrent thickening of the
pentagonal edges in the TEM images of Figure S9c,d. The ﬁnal
morphology is a nanotube structure with spatially overlapped
Cu and Au content within the stellated shell, as seen in the
EDX mapping and line spectrum of Figure S9e,f. The synthesis
procedure and structure of the CuAu NSTs diﬀer from the
conventional 1D pentagonal design.30,32,33 It is postulated that
the diﬀerence stems from the procedural alteration in which the
galvanic replacement takes place in the same environment as
the growth of the nanowires. This allows the reaction to occur
in the presence of facet passivating agents that are compliant to
both Cu and Au, whereas in other works, NWs are usually
extracted and removed from any residual surfactant prior to the
replacement process.34−36 The unperturbed, direct sequential
process in this work is believed to preserve the crystallinity and
purity of the nanowires, while ensuring minimum disturbance
to the facet capping ligands.
After investigation of the inﬂuence of various reagents in the
replacement process, it is found that HDA plays a pivotal role
in facilitating the starlike protrusions of the nanotube. As
illustrated in the reaction pathways of Figure 3a, when
additional HDA is used in the galvanic replacement, a shorter
extent of stellations of the nanostartubes (CuAu sNSTs) is
observed. Moreover, pentagonal nanotubes (CuAu NTs) are
formed when an excess amount of HDA is added with the Au
salt solution. The SEM images of the diﬀering cross-section
geometries of the nanotubes are shown in Figure 3b−d.
Assuming the same core structure, the extent of anisotropic
protrusions can be estimated by comparing the eﬀective
diameters of the NSTs, tabulated in Figure 3e. With an
increased addition of HDA, the eﬀective diameter of the NST is
reduced, which is in agreement with the decrease in the length

ZnO NRs on the 1D NST surface without the need for a ZnO
seed layer on the CuAu NST prior to the growth. A time study
of the growth evolutions of ZnO NRs on CuAu NSTs over 30,
60, and 180 min durations is shown in Figure S5.
SEM images of CuAu NSTs and CuAu NST-ZnO are shown
in Figure 2a−d. Nanogrooves, outlining the starlike proﬁle, can
be clearly observed along the longitudinal direction of the NST
in Figure 2b, suggesting that the star-shaped cross section spans
the entire length of the nanostructure. The growth of the ZnO
NRs on the NSTs is shown in Figure 2d. The cross-sectional
morphologies of the CuAu NSTs are depicted in Figure 2e and
Figure S6. By extrapolating a line from each of the vertices of
the star to the center of the nanowire (Figure S6d), it can be
concluded that the inverse stellations originated from the
twinning planes along the remnant Cu NW pentagonal core. In
order to estimate the composition of CuAu NST, energydispersive X-ray spectroscopy (EDX) was conducted on the
CuAu NST (Figure 2f), which estimated the Cu:Au atomic
ratio to be approximately 0.47:0.53. An even distribution of Cu
and Au is observed across the length of the transverse section of
the NST (Figure 2g). The chemical compositions of the Cu
NWs, CuAu NSTs, and CuAu NST-ZnO are presented in the
SEM-EDX spectra of Figure S7.
The proposed mechanism for the formation of the hollow
star-shaped cross section is illustrated in Figure 3a and Figure
S8. The growth of Cu NWs begins with a 5-fold multiply
twinned seed crystal.29 In the presence of HDA, further growth
is conﬁned in the Cu [110] direction by the passivation of the
{100} facets. Upon the introduction of Au ions, a diﬀerence in
redox potentials drives the oxidation of Cu and reduction of
Au3+ ions. In line with other galvanic replacement reaction
reports,27,30,31 the formation begins with an alloyed CuAu shell
on the exterior surface of the Cu NWs. A signiﬁcant amount of
Au is seen deposited on the edges of the Cu NWs (Figure
S9a,b). Subsequently, growth of the shell thickness with
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Figure 3. (a) Schematic illustration of modulating stellations of CuAu NST with varied amounts of HDA. SEM images of (b) NST, (c) sNST,
and (d) NT. (e) Diameter distribution of Cu NWs, CuAu NTs and NSTs. (f) Cross-sectional and (g, h) top view TEM images of the CuAu
NST with marked stellated regions. (i) XRD spectra of Cu NWs, CuAu NSTs, and CuAu NST-ZnO.

of stellations as seen in Figure 3c,d. In the formation of particlé et al. reported that
based nanostars, He et al. and Bazán-Diaz
HDA assists in the star-shaped creation by preferential
passivation of the {111} and {100} facets. This increases the
inclination of growth along the twinned planes.37,38 It is
believed that the same conclusion can be made with a onedimensional nanomaterial of similar composition, as seen in our
work. Interestingly, the presence of an elevated amount of
HDA leads to excessive passivation on both facets, which
consequently results in a more isotropic growth. However, in
an environment with a minimum amount of HDA, passivation
of the {111} facet is more prominent. This consequently
provides a means of modulating the extent of stellations from
the nanotube. It is noted that, by changing the amount of HDA
in the initial growth solution, the shape of the resulting Cu
nanocrystals can change drastically. Subsequent galvanic
replacement results in formation of hollow polygons such as
nanoboxes and nanorods, as seen in Figure S10. Cross-sectional

TEM and SEM images of the NSTs obtained by ultramicrotomy are shown in Figure 3f and Figure S11, revealing
deﬁned stellations across a large quantity of NSTs. TEM images
of the surface of the NSTs are shown in Figure 3g,h. The crystal
structure of the CuAu NST has also been investigated with Xray powder diﬀraction (XRD). The respective XRD spectra in
Figure 3i depict Cu (111) and (200) diﬀraction peaks at 43.5
and 50.7°, respectively. Additional diﬀraction peaks of the
CuAu NST are found at 38.2 and 44.6°, which are indexed to
Au (111) and (200) facets, respectively. The chemical
composition of CuAu NSTs has been further analyzed with
X-ray photoelectron spectroscopy (XPS) (Figures S12 and
S13). An increased stability toward oxidation is observed with
CuAu NSTs, as the amalgamation with Au increases the overall
oxidative resistance of the bimetallic CuAu NSTs. On
comparison of the Cu XPS spectra of Cu NWs and CuAu
NSTs, a more signiﬁcant Cu2+ peak, attributed to oxidation, is
observed for the pure Cu NWs (Figure S14).
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Figure 4. (a) UV−vis extinction spectrum of CuAu NTs, CuAu sNSTs, and CuAu NSTs. (b, c) Schematic illustration of E-ﬁeld enhanced
photocatalysis of CuAu NST-ZnO. FEM simulations of E-ﬁeld distribution of (d) CuAu NTs, (e) CuAu sNSTs, and (f) CuAu NSTs at 700 nm.
(g) Band diagram of hot electron injection from CuAu NST to ZnO. The scale bar is 40 nm.

Figure 5. (a) UV−vis extinction and photoluminescence spectra and (b) CW-assisted time-resolved photoluminescence of ZnO and CuAu
NT-ZnO, sNST-ZnO, and NST-ZnO. (c) Hydrogen generation under UV−vis and visible illumination. (d) Hydrogen generation rates of ZnO
NRs, Cu NWs, CuAu NT-ZnO, CuAu sNST-ZnO, and CuAu NST-ZnO.
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observed with samples that are composited with CuAu NTs
and NSTs. This can be attributed to the reduced charge
recombination with the existence of viable charge transfer
pathways to the CuAu core. The visible emission intensity is
observed to further decline with an increased in the stellation
length. This can be associated with the SP-mediated absorption
by the bimetallic core, as the plasmon band of CuAu NST
overlaps with the defect emission band of ZnO. 45,46
Consequently, the quenching of visible emission through
energy transfer to excite the SPs of the NSTs takes place.
Picosecond-resolved ﬂuorescence decay analysis was conducted to further investigate the emission and charge
recombination dynamics of the as-synthesized samples. A
continuous wave-assisted time-resolved PL (CW-assisted
TRPL) spectroscopic conﬁguration, developed by Chiu et al.,
was employed to reveal the role of plasmon-related charge
transfer.47 This method involves a simultaneous femtosecond
pulsed UV irradiation and continuous wave illumination at the
band gap and plasmon peak, respectively. The measured and
ﬁtted results of the CW assisted-TRPL are shown in Figure 5b
and Figure S16 and Table S1. Under 350 nm pulsed excitation
without CW illumination, average exciton lifetimes of 33.27,
8.32, 10.37, and 11.00 ns are obtained for ZnO NRs, CuAu
NT-ZnO, CuAu sNST-ZnO, and CuAu NST-ZnO, respectively. It can be seen that through charge transfer with the
presence of the metallic CuAu core, the lifetimes of the excited
states of the composites are much shorter than that of the pure
ZnO. To further inspect the inﬂuence of SPR excitation on the
excited states of the composites, a CW irradiation of 633 nm
wavelength was used concurrently with the pulsed 350 nm
excitation. Upon this secondary irradiation, which is closer to
the plasmon-absorption band, the average lifetimes obtained for
ZnO NRs, CuAu NT-ZnO, CuAu sNST-ZnO, and CuAu NSTZnO evolved to 33.55, 11.31, 15.74, and 18.62 ns, respectively.
It can be seen that the exciton lifetimes of CuAu-ZnO
composites increased while that of ZnO remained relatively
invariant. The extended lifetimes are postulated to indicate the
establishment of a charge transfer pathway that is facilitated by
plasmon excitation. Moreover, photogenerated charge carriers
of ZnO can be vastly enhanced by hot electron injection and
intense local electric ﬁelds of the CuAu SPRs, which would
further contribute to a delay in the decay of the excited states.
The band diagram for the CW-assisted TRPL spectroscopic
conﬁguration is illustrated in Figure S16a, denoting the
simultaneous excitation of CuAu plasmon and ZnO states.
Considering the diﬀerent charge relaxation and generation
pathways, the rate of excited state decay (S*) can be expressed
as

To investigate the plasmon-enhanced characteristics of the
stellated NST-ZnO composite, a ﬁnite-diﬀerence time-domain
(FDTD) method was employed to examine the wavelengthdependent photoabsorption of the CuAu nanostructures. To
simplify the optical parameters, the dielectric constant of CuAu
composition is approximated with an average composition
weightage of Cu and Au from prior EDX analysis (Figure
S15).39 Broad extinction spectra from the visible to the near-IR
region of 500−1000 nm for the stellated nanostructures are
obtained and are shown in Figure S15. This is in agreement
with experimental measurements of Figure 4a, which suggests a
broad-band photosensitivity of the materials. In addition, ﬁnite
element method (FEM) simulations were used to study the
local electric ﬁelds response of NSTs, sNSTs, and NTs under
external light excitation. The electric ﬁelds of NSTs, sNSTs,
and NTs were simulated around the plasmon extinction peak at
700 nm, and as expected, a much higher local electric ﬁeld is
observed at the vertices of the nanostructures, as illustrated in
Figure 4b−f. From the simulations, the relative magnitudes of
the E-ﬁeld enhancement at the tips of sNSTs and NSTs to that
of NTs are 5.9 and 3.5, respectively. The increasing intensities
of the local E-ﬁelds from NSTs and sNSTs to NTs are ascribed
to the higher degree of morphological curvatures of the
nanostructures. The local E-ﬁeld ampliﬁcation can be correlated
to several processes for plasmon-enhanced photocatalysis: nearﬁeld enhancement, scattering, Förster resonance energy transfer
(FRET), and plasmon-induced resonant energy transfer
(PIRET).8,16,40 The enhanced electromagnetic near ﬁeld of
the excited plasmonic CuAu nanostructure heightens the
electron−hole pair formation in the ZnO NRs, which is in
close proximity to the tip of the stellations. Due to the relatively
large dimensions of the CuAu NTs, sNSTs, and NSTs,
scattering eﬀect is postulated to be signiﬁcant, which improves
light utilization by increasing the average path length of
photons in the composites. Since ZnO is a large band gap
semiconductor, spectral overlap between the absorption spectra
of the semiconductor and the plasmon resonance band of
CuAu structures is limited. This suggests that the eﬀects of
PIRET or FRET processes are minimum.40 Other than the
contributions from an elevated local E-ﬁeld, direct electron
transfer, in a form of hot electron injection, is another critical
process in plasmon-enhanced photocatalysis. Taking into
account the band alignment of CuAu and ZnO, the mechanism
of hot electron transfer from the enhanced local electric ﬁeld is
illustrated in the schematic of Figure 4g.41 Upon excitation of
the SPs of CuAu NST, hot electrons with energy higher than
the Schottky barrier can be injected into the conduction band
of ZnO to increase the amount of photoinduced charge carriers
for photocatalysis.42,43
The understanding of how photons interact with the
multimetallic-semiconductor nanohybrids can be inferred
from the extinction and photoluminescence (PL) of the
ZnO-composite materials in Figure 5a. The extinction spectral
band centered at 360 nm corresponds to the band gap of ZnO,
whereas the band starting from 540 nm relates to the plasmon
band of CuAu NST. A slight red shift in the plasmon band is
noted, presumably due to the higher dielectric coeﬃcient
environment of ZnO.44 The characteristic trend of having a
higher visible extinction with more pronounced stellations
coincides with the earlier optical results of CuAu NTs and
NSTs presented in Figure 4. Photoluminescence was
conducted under excitation at 350 nm, and a stark decrease
in the defect band emission of ZnO, centered at 600 nm, is

d[S*]
= ( −k rec − kct + k SPR )[S*]
dx

(1)

where krec, kct, and kSPR correspond to the rate constants of
radiative charge recombination, nonradiative charge recombination, and carrier generation by SPR.47 The increment of
lifetimes by approximately 35.9, 51.8, and 69.3% of CuAu NTZnO, CuAu sNST-ZnO, and CuAu NST-ZnO upon simultaneous 633 nm irradiation suggests that the enhancement in
carrier generation by SPR has a positive relation to the extent of
stellations. This can be attributed to local electric ﬁeld
ampliﬁcation, as discussed in Figure 4.
Finally, the hierarchical plasmonic nanohybrids are evaluated
as photocatalysts for hydrogen generation to investigate their
plasmon-assisted light harnessing performance. Figure 5c shows
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CONCLUSIONS
In summary, we have demonstrated the synthesis of onedimensional metallic crystals which take an unusual form of
stellated and hollow bimetallic-semiconductor nanostartubes
with panchromatic light absorption ability. A pronounced
plasmonic ﬁeld enhancement is enabled by the simultaneous
cavitation and acute extensions of multiply twinned nanowires.
With an elevated magnitude of SPRs excited across a broad
range of wavelengths, a signiﬁcant improvement in plasmonmediated photocatalytic hydrogen generation has been
achieved. The understanding of facet-speciﬁc galvanic replacement, compliant to a multimetallic nanomaterials system,
greatly facilitates the morphological alterations to directly
inﬂuence the plasmonic properties. This supports the development of highly eﬃcient panchromatic plasmonic nanomaterials
for various functional solar energy conversion applications.

was conducted with ethanol followed by hexane to remove byproducts
and excess ligands.
Synthesis of CuAu NSTs Modiﬁed with Zinc Oxide Nanorods
(CuAu NST-ZnO). Zinc oxide NRs (ZnO NRs) were grown on the
NST by a galvanic cell reaction. First, the growth solution was
prepared with equimolar (25 mM) zinc nitrate (Zn(NO3)2) and
hexamethylenetetramine (HMT) in 50 mL of deionized water. CuAu
NSTs were vacuum-ﬁltered onto a PTFE ﬁlter membrane, which was
then prepared for the deposition process. The ﬁlter membranes
containing the NSTs were mounted onto a glass plate with aluminum
foil secured at both ends with Teﬂon tape. The prepared samples were
then submerged in the prepared growth solution and placed in the
oven at 80 °C for 3 h.
Photocatalytic Measurements. A 10 mg portion of the
photocatalyst was dispersed in 10 mL of a 9/1 water/methanol
mixture in a 25 mL sealed quartz cylindrical reaction cell. The cell was
illuminated with a 300 W xenon arc lamp of intensity 100 mW cm−2.
The H2 gas produced was extracted periodically from the photocatalytic experiments and measured by gas chromatography (Shimadzu
GC2010 TCD). Experiments involving visible light irradiation were
carried out using a 420 nm cutoﬀ ﬁlter.
Materials Characterization. The morphologies of the heterostructures were characterized with a scanning electron microscope
(SEM, JEOL FEG JSM 7001F) operated at 15 kV and a transmission
electron microscope (JEOL 2100 TEM). The elements present in the
nanostructures were analyzed using energy dispersive X-ray (EDX,
Oxford Instruments). The crystalline structures and elemental
compositions of the materials were analyzed using XRD (D5005
Bruker X-ray diﬀractometer equipped with graphite-monochromated
Cu Kα radiation at λ = 1.541 Å). Extinction spectra of the samples
were measured with an UV−vis−NIR spectrophotometer (UV−vis,
Shimadzu UV-3600). Continuous-wave-assisted time-resolved photoluminescence measurements were performed under excitation of 350
nm femtosecond pulses and a 633 nm CW laser. The UV excitation
source used was a mode-locked Ti:sapphire laser (Chameleon Ultra II,
Coherent) working at a repetition rate of 80 MHz and a pulse duration
of 140 fs. The second-harmonic generation of 700 nm output from the
laser was employed to excite the samples. The pulse energy of the
femtosecond laser was 120 pJ per pulse. The excitation laser pulses
were focused onto the sample through an objective (×10, NA = 0.3)
with a spot size of ∼0.7 μm. The energy density at the excitation spot
was 6.5 mJ cm−2. The scattering of the excitation laser pulses was
suppressed by using a 412 nm long-pass ﬁlter. The power density of
the CW laser used was 52 mW cm−2, and the scattering was
suppressed with a 600 nm short-pass ﬁlter. The photoluminescence
was detected and collected by a photon-counting photomultiplier
(PMA, Picoquant). The emission centered at 590 nm was selected by
a monochromator (SpectroPro 2300i, Princeton Instrument). The PL
decay dynamics were achieved by a time-correlated single photon
counting module (TCSPC Picoharp300, Picoquant).

EXPERIMENTAL SECTION

ASSOCIATED CONTENT

the hydrogen evolution under UV and UV−vis radiation where
ZnO (Figure S17a,b), Cu NW-ZnO (Figure S17c,d), CuAu
NT-ZnO, sNST-ZnO, and NST-ZnO were tested. Cu NWZnO was synthesized using similar procedures and used as a
controlled sample. It can be observed that the CuAu NST-ZnO
attains the highest hydrogen production rate under both UV−
vis and visible irradiation. Without any plasmon-assisted
absorption or scattering, ZnO NRs do not yield a measurable
amount of H2 under visible light illumination. Meanwhile, Cu
NW-ZnO exhibits a comparatively lower hydrogen generation
rate in comparison to that of the CuAu analogues. This may be
accounted for by a lower light extinction of the unstellated
structures, a decrease in surface reaction sites with a solid core
and the absence of Au SPs that broaden the absorption energy
range. For the CuAu plasmonic nanohybrid, higher hydrogen
production is validated for both the UV−vis and visible regions,
as plotted in Figure 5d. Notably, CuAu NST-ZnO has a
hydrogen production rate of 480 μmol/g, which is ∼9 times
higher than that of pure ZnO. A much lower increment is
observed when a physical mixture of CuAu NST and ZnO NRs
is tested (Figure S18). This shows the importance of
establishing a direct and intimate interface between the metal
and semiconductor to facilitate eﬃcient charge transfer. The
vastly improved photocatalytic performance can be correlated
to the synergistic combination of plasmon enhanced ﬁeld
intensity, higher broad-band absorption, and reduced charge
recombination.
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Synthesis of Cu NWs. The synthesis of Cu NWs was reported in a
previous work.26 Brieﬂy, 0.03 g of anhydrous copper chloride (CuCl2,
Sigma-Aldrich), 0.18 g of 1-hexadecylamine (HDA, Sigma-Aldrich),
and 0.5 g of polyvinylpyrrolidone (PVP average mol wt 10000, Tokyo
Chemical Industry) were added to 10 mL of deionized (DI) water.
The mixture was then stirred vigorously overnight. A 0.6 g portion of
glucose (C6H12O6, Sigma-Aldrich) was subsequently added into the
growth solution, and immediately thereafter, it was sealed and placed
into an oil bath at 100 °C with stirring for 3 h.
Synthesis of Copper−Gold Nanostartubes (CuAu NSTs).
After Cu NWs were formed, 0.5 mL of a 0.085 M Au salt solution
(HAuCl4) was added to the reaction mixture at rate of 0.1 mL/min.
For mild suppression of stellations to form short-stellated NSTs
(sNSTs), 0.25 M HDA was added together with the Au salt solution
while 0.5 M HDA was added for a total suppression of the stellations
to form CuAu nanotubes (NTs). The reaction was allowed to
continue at 100 °C for 1 h to ensure it was complete. The NSTs were
obtained via centrifugation at 4000 rpm for 5 min. Solvent exchange
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Additional schematics, SEM and TEM images, conductivity, EDX, and XPS measurements, calculation of
optical parameters and photoluminence lifetime of CuAu
composites, and hydrogen generation of a physical
mixture of CuAu NST and ZnO NRs (PDF)
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