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ABSTRACT: The reduction of 4-nitrophenol to 4-aminophenol by sodium borohydride
serves as a well-established model reaction for assessing the catalytic activity of metal
nanoparticles. While many of the studied nanoparticles are plasmonic in nature, there is
little understanding of whether significant photocatalytic enhancements to the reaction rate
are achievable. Here, we assess the catalytic and photocatalytic properties of highly faceted,
substrate-immobilized nanoprism-like AuCu structures synthesized using a vapor phase
templated-assembly technique. The so-formed structures have a bimetallic composition
which is well-recognized for its catalytic capabilities as well as a strong localized surface
plasmon resonance in the visible spectrum which gives rise to enhanced near-fields at the
tips of the triangle. Using a dip catalyst modality, the structures are demonstrated as
heterogeneous photocatalysts with a 32-fold enhancement to the reaction rate constant
when resonantly illuminated with 10 mW/cm2 laser light. The study demonstrates the
potential of such structures as photocatalysts and validates the reduction of 4-nitrophenol
as a reaction useful in assessing the photocatalytic capabilities of plasmonic nanostructures.

1. INTRODUCTION

The focus of metal nanostructure synthesis is increasingly
shifting toward bimetallic systems1,2 This activity is being
spurred on by demonstrations of advanced functionalities in the
areas of catalysis,3−6 plasmonics,7,8 and magnetism.9 It
originates from the increased synthetic flexibility inherent to
multicomponent systems as well as the ability to tune
nanostructure properties by varying the relative proportions
of the two metals. In this regard, catalytic nanostructures
consisting of alloyed combinations of Au and Cu present one of
the most promising bimetallic systems.10 Individually, both Au
and Cu are well-established catalytic materials.11,12 The alloyed
combination, however, offers potential from the standpoints of
increased catalytic activity, greater selectivity, and, for the case
of photocatalysis, the ability to tune the localized surface
plasmon resonance (LSPR) to achieve optimal performance.
AuCu nanostructures also offer higher resistance to oxidation
when compared to structures comprised of elemental Cu, a
property which could greatly increase catalyst lifetime. Early
demonstrations of AuCu nanostructures as catalysts showed
their effectiveness in the hydrogenation of dimethyloxalate to
methyl glycolate13 and in the oxidation of carbon mon-
oxide,14,15 benzyl alcohol,16 and propene.17 More recent
breakthroughs include: (i) the use of pentacle AuCu nano-
crystals to achieve impressive catalytic performance for the
model catalytic reaction which reduces 4-nitrophenol (4-NP) to
4-aminophenol (4-AP) by sodium borohydride,4 (ii) CO2
electroreduction using Au3Cu nanocubes,18 and (iii) the
formation of methane through the reduction of carbon dioxide

by water in the presence of sunlight,3 a reaction which has the
potential to transform a greenhouse gas back into a useable
fuel.19

From the standpoint of AuCu nanostructure synthesis, much
emphasis has been placed on forming nanostructures in a size
regime where catalysis is most pronounced (i.e., < 15
nm).3,13−15,17,20−25 Such structures typically have spherical or
near-spherical morphologies. Less studied are structures formed
on larger length-scales where complex geometries and greater
morphological control are more readily realizable.4,18,26−29

When structures are formed on length-scales greater than 50
nm they are generally considered less suitable for catalysis due
to their low surface-area-to-volume ratio, but where notable
exceptions occur.4,30 It is, however, in this size regime where
the plasmonic properties are most easily tuned by varying the
size, shape, and composition of the nanostructures. For the case
of plasmonic photocatalysis,31−34 there is less certainty
regarding the optimum nanostructure length-scale since a
compromise must be formed between structures offering large
surface-area-to-volume ratios and those offering plasmonic
resonances which promote catalytic activity.
In previous studies, we have demonstrated a template-

mediated assembly route in which substrate-immobilized Au
nanostructures are exposed to the vapor arriving from a slowly
sublimating foil of a second metal held in close proximity.35−38
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The processing temperature is chosen such that heterogeneous
nucleation at the Au nanostructure is permissible while
homogeneous nucleation is forbidden. As a consequence, the
composition and shape of the Au nanostructures can be
fundamentally altered while inhibiting the formation of new
nanostructures elsewhere on the substrate. Of specific relevance
to the current study is the demonstration that truncated Au
octahedrons can be transformed into alloyed AuAg triangular
nanostructures entirely comprised of (111) facets.35 Such
structures are valued for the intense plasmonic near-fields
formed at the triangle tips.39 Here, we adapt this directed
assembly route to the AuCu system to form similarly shaped
structures, but where smaller well-defined (100) and (110)
facets are also present. Structures with this modified geometry
are then assessed as catalysts and photocatalysts in the
reduction of 4-NP. Observed is a 32-fold enhancement in the
reaction rate constant when these structures are excited with
light at a wavelength resonant with the LSPR.

2. RESULTS AND DISCUSSION
Figure 1 shows the synthetic scheme used to transform
substrate-based Au templates into triangular AuCu nanostruc-

tures. The Au templates used in this assembly process (Figure
1a) are formed through the solid state dewetting40 of 12 nm
thick sputter deposited Au films onto (0001)-oriented sapphire
substrates.41 The substrate and a Cu foil, both identical in size,
are then placed into slots cut into an alumina crucible which
maintains a separation distance of 0.5 mm (Figure 1b). The
loaded crucible is then inserted into a tube furnace with flowing
Ar and heated to a temperature of 885 °C for time intervals

lasting up to 24 h. This heating regimen allows Cu to sublimate
from the foil, encounter weakly faceted Au truncated
octahedrons which, through a combination of heterogeneous
nucleation and solid state diffusion, transform into alloyed
triangular AuCu nanostructures (Figure 1c). This morpho-
logical and compositional transformation is accompanied by a
color change from pink to blue (Figure 1d). It is noted that
structures produced in this manner are free of the ligands which
can inhibit catalytic activity42,43 and may result in deviations
from first order kinetics.44

The morphological transformation which occurs during the
assembly process was assessed using scanning electron
microscopy (SEM). Figure 2a shows SEM images of the Au
templates as well as a histogram of their diameters. The
templates, which form at random positions over the surface of
the substrate with an areal density of 3 × 109 cm−2, have an
average diameter of 80 nm. The insets show weak faceting
consistent with a [111]-oriented truncated octahedron bound
by eight (111) and six (100) facets. This so-called Wulff shape
represents the equilibrium configuration for a face centered
cubic (fcc) crystal structure.45 Figure 2b shows SEM images of
identical templates after being subjected to a Cu vapor for 15 h.
This process results in a nanostructure with three distinct types
of facets, the most prominent of which are the four (111) facets
which give rise to the nanoprism-like geometry. The three
facets which dull the corners of the triangle are consistent with
(100) faceting. The third facet-type, which connects the (111)
side-facets to the top facet, is consistent with (110) faceting. It
is noted that, while (110) facets are not typically observed for
fcc metals, they have been identified as a part of the equilibrium
crystal shape of Cu microstructures formed using solid state
dewetting.46 The uptake of Cu by the templates inevitably leads
to larger structures, as is indicated by the histogram which
shows an average triangle edge length of 160 nm. When
templates are subjected to a Cu vapor for much shorter (5 h) or
longer (24 h) durations the result is less desirable, yielding a
mixture of hemispherical and triangular geometries. When
optimal conditions are employed the triangular AuCu
nanostructures are produced with a yield near 85%. They
form two dominant epitaxial relationships with the substrate as
is indicated by the fact that they predominantly point up or
down in Figure 2b. This 180° difference in the in-plane
orientation of epitaxially formed [111] structures, which arises
from opposite stacking orders (i.e., ABCABC··· and CBAC-
BA···),35 is a common occurrence for fcc metals.
The crystallographic orientation and composition of the

triangular AuCu nanostructures were characterized using X-ray

Figure 1. Synthetic scheme used to form triangular AuCu
nanostructures. (a) The substrate-immobilized Au templates and (b)
a Cu foil are placed into adjacent slits cut into an alumina crucible
where at elevated temperatures they transform into (c) alloyed
triangular AuCu nanostructures. (d) Optical images showing the color
change which occurs as the templates are transformed into triangular
nanostructures.

Figure 2. SEM images of (a) Au templates and (b) triangular AuCu nanostructures along with insets showing high resolution images of individual
structures taken from a top- and a side-view. The histograms show the distribution of template diameters and triangle edge lengths.
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diffraction (XRD) and energy-dispersive X-ray spectroscopy
(EDS). Figure 3a shows the θ−2θ XRD scans for both the Au

templates and triangular AuCu nanostructures. The templates
show a single reflection at 38.2° which is expected for Au
structures with a [111]-orientation normal to the substrate. The
15 h assembly process results in the complete elimination of the
(111) Au reflection. It is replaced with a highly reproducible
split peak with maxima at 40.2° and 40.5°. This splitting could
indicate that the structures are in the very early stages of
transforming from an alloy to an intermetallic. The Au−Cu
binary phase diagram shows a phase transition near 400 °C
from a disordered fcc alloy to a tetragonal crystal structure with
alternating planes of Au and Cu atoms along the [001]-

direction. Such transitions are, however, quite slow, requiring
several months of annealing for bulk samples.47 Even if this is
the case, these structures are more accurately described as alloys
since the ratio of the lattice constants of 0.99 is far from the
0.935 value expected for the ordered phase. Alternatively, the
split peaks could indicate a nonuniformity originating from
different size structures tending toward different equilibrium
concentrations. In such a scenario, an Au−Cu solid solution,
with alloy lattice constants varying linearly between the Au and
Cu values, yields compositions of Au0.56Cu0.44 and Au0.50Cu0.50
for the two peaks. The fact that the (111) AuCu reflection is
higher in intensity than the same reflection exhibited by Au
template stems from the greater volume associated with the
triangular structure. On the basis of this XRD data and the
observed AuCu faceting relative to a substrate alignment flat,
the two dominant crystallographic orientation relationships for
the triangular structures are assigned as (111)[2 ̅11]-
AuCu∥(0001)[112̅0]sapphire and (111)[21 ̅1 ̅]AuCu∥(0001)
[112 ̅0]sapphire. Consistent with the X-ray data are the EDS
line-scans and elemental maps (Figure 3b) which show uniform
alloying with a composition near Au0.5Cu0.5.
The transformation of the Au templates to triangular AuCu

nanostructures resulted in dramatic changes to the optical
properties as is indicated by the images shown in Figure 1d.
The optical extinction spectra of the structures, shown in Figure
4a, show that the transformation gives rise to both a large shift
in the LSPR peak from 560 to 640 nm and a 60% increase in
the extinction at resonance. These trends are consistent with
simulations performed using the discrete dipole approximation
(DDA)48 which indicate that these changes are more strongly

Figure 3. (a) θ−2θ XRD scans on the Au templates and triangular
AuCu nanostructures. (b) EDS elemental maps and (c) line-scans for
triangular AuCu nanostructures.

Figure 4. (a) Optical extinction spectra for Au templates (pink), AuCu triangular nanostructures (blue), and near-hemispherical AuCu
nanostructures (green). The dashed red and green lines denote the laser excitation wavelengths used for photocatalysis. (b) Schematic
representation of the experimental configuration used for photocatalysis measurements which sees the probe beam and the laser excitation source
pass through the cuvette at right angles to each other. The time dependence of −ln(A/A0) for (c) Au templates, (d) triangular AuCu nanostructures,
and (e) near-hemispherical AuCu nanostructures where the blue, green, and red curves correspond to catalyst illumination under no light, green laser
light, and red laser light, respectively. For all cases, the apparent reaction rate constant (kapp) derived from the slope is provided.
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connected to the shape transformation than to Au−Cu alloying
(Supporting Information, Figure S1).
Both the Au templates and the triangular AuCu nanostruc-

tures were evaluated as catalysts and photocatalysts using the
model catalytic reaction which sees the reduction of 4-NP to 4-
AP in the presence of sodium borohydride.49 This reaction is
typically preceded by a several minute induction period where
the reaction is stalled until the catalytic particles become
activated through a surface reconstruction.50 All reactions
utilized a 2 mL aqueous solution of 70 μM 4-NP and 7 mM
NaBH4 in a standard 1 cm path length quartz cuvette. The
reaction was then initiated using a dip catalyst modality51,52

whereby the substrate-immobilized nanostructures are placed
inside the cuvette such that it leans against one of its four
sidewalls with the nanostructures facing the reactants as shown
schematically in Figure 4b. This geometry has the advantage
that it allows for the spectroscopic probe beam to pass through
only the liquid reactants while allowing the laser beam, which is
incident at a right angle to the probe beam, to pass sequentially
through the sapphire substrate, the immobilized nanostructures
and the reactants. In doing so, the probe beam is not
compromised by interactions with the plasmonic nanoparticles.
As is typical for this model catalytic reaction, we monitored the
decrease in the 400 nm 4-NP absorption as it is reduced to 4-
AP and then derive an apparent reaction rate constant, kapp,
from the slope of the ln(A/A0) vs time plot, where A/A0 is the
4-NP absorbance normalized to its value at the end of the
induction period.49 Photocatalytic activity was promoted
through the use of either a 532 nm green laser or a 632.8
nm red laser with an intensity of 10 mW/cm2.
Parts c and d of Figure 4 compare the catalytic and

photocatalytic properties of the Au templates and the triangular
AuCu nanostructures, respectively. For each case, kapp was
determined when the nanostructures experienced no excitation
and also when they were excited with red and green laser light.
All of the data is plotted using the same upper bound on the y-
axis to facilitate comparisons where the calculated reaction rate
constants (i.e., kapp) are denoted next to each curve. Important
to note is that the red and green laser wavelengths are near-
coincident with the AuCu and Au LSPR peaks, respectively
(denoted by the dashed lines in Figure 4a). A comparison of
these catalysts under zero illumination reveals kapp values which
are approximately 4 times greater for the triangular AuCu
nanostructures, but where in both cases the reaction rate
constants are one or 2 orders of magnitude lower than

competitive literature values.53 This is somewhat expected
considering the relatively large size of these nanostructures.54

When illuminated, both Au and AuCu show improved rates.
The Au templates show 10-fold and 13-fold enhancements
under red and green illumination, respectively, where the larger
value is achieved for the laser wavelength overlapping with the
LSPR peak. Despite these enhancements, the values of kapp still
remain uncompetitive with literature values. The same trends
occur for the triangular AuCu nanostructures, showing a 4-fold
enhancement for the off-resonant green laser and a 32-fold
enhancement to kapp for the red laser resonant excitation. For
this case, however, the kapp value of 5.2 × 10−3 s−1 is in-line with
other high quality catalysts53 and is an order magnitude higher
than the Au values. When making such comparisons to the
literature it should, however, be recognized that kapp values can
be somewhat misleading since: (i) they are not normalized to
the surface area or the quantity of catalyst used and (ii) they do
not take into account the amount of product produced per
second. Table 1 provides estimates of the moles of product
produced per gram of catalyst per second and the reaction rate
constants normalized to the surface area of the catalyst for all
nanostructures used in this study. Comparison to literature
values based on the latter metric (Supporting Information,
Table S1) indicate that AuCu nanostructures are either
competitive with or greatly exceed the values expressed by
other Au, Cu and AuCu nanostructures. Of the structures
examined, only AuCu nanorods26 show a value which far
exceeds the results reported here (ca. 500 s−1 m−2).
The wavelength dependence of the reaction rate constants

for both the Au and AuCu nanostructures strongly suggests that
the reduction of 4-NP can be enhanced through plasmonic
photocatalysis. To further confirm this conclusion the triangular
nanostructures used in Figure 4d were reheated to 750 °C for
90 min in the absence of Cu foil, a procedure which modifies
the shape while maintaining the same composition and density
of structures (Supporting Information, Figure S2). After this
procedure the structures are near-hemispherical with an average
diameter of approximately 100 nm. The shape transformation
red-shifts the LSPR to 588 nm, a value which places it midway
between the red and green laser excitation frequencies (Figure
4a). When the same photocatalytic measurements are
performed on these structures (Figure 4e) the enhancements
under red and green illumination are nearly identical as is
expected for plasmonic photocatalysis. Beyond this determi-
nation, there are several other findings of significance derived

Table 1. Summary of Catalytic Descriptors for the Nanostructures Studied

nanostructure kapp kapp mol4‑AP g
‑1 kapp m

‑2

(composition) laser (10‑3 s‑1)a (μmol g‑1 s‑1)b (s‑1 m‑2)

triangular (AuCu) red 5.2 ± 0.29 25 94
green 0.70 ± 0.02 3.4 13
none 0.16 ± 0.01 0.7 2.9

hemispherical (AuCu) red 2.6 ± 0.18 13 65
green 2.0 ± 0.14 9.8 50
none 0.67 ± 0.03 3.3 17

Wulff shaped (Au) red 0.41 ± 0.01 2.8 12
green 0.51 ± 0.01 3.5 15
none 0.041 ± 0.001 0.3 1.2

aStandard deviations presented with 95% confidence intervals. bThe apparent rate constant multiplied by the number of moles of product per gram
catalyst.
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from this investigation: (i) a definitive determination that the
reaction is proceeding through heterogeneous catalysis was
made by simply removing the dip catalysts from the cuvette
midway through the reaction and seeing the reaction halt
(Supporting Information, Figure S3) and (ii) that, in addition
to the reduction of 4-NP, all photocatalytic measurements
resulted in the evolution of gas bubbles in quantities which
correlate with the value of kapp for the reduction of 4-NP. It is
noted that hydrogen gas evolution has been observed
previously for this reaction when using heterogeneous
catalysts.53

The current study demonstrates that the reduction of 4-NP
can be significantly enhanced if the LSPR of the catalytic
nanostructures is excited with light. While no comparisons are
currently available in the literature, this finding is consistent
with the observation of plasmonic photocatalysis of the closely
related compound 4-nitrothiophenol (4-NTP) as well as other
nitroaromatics.55−59 While further study is required to pinpoint
the exact dependence of the plasmonic enhancement on such
factors as (i) the degree of alloying, (ii) the nanostructure
shape, and (iii) the LSPR wavelength and extinction efficiency,
it is possible to make some broad statements regarding the
plasmonic photocatalysis of 4-NP to 4-AP. The fact that kapp is
larger when the excitation wavelength is coincident with the
LSPR is strongly supportive of the conclusion that plasmonic
photocatalysis is responsible for the higher reaction rates when
the sample is illuminated. Plasmonic photocatalysis is often
associated with the interactions between plasmonic nanostruc-
tures and an active support (typically TiO2) which participates
in the reaction.31−34 This, however, is unlikely the case in the
current study since it is improbable that the insulating sapphire
substrate is participating in the catalytic reaction. It should be
recognized, however, that the sapphire support can play an
indirect role in that (i) it red-shifts the position of the LSPR
peak and (ii) its high thermal conductivity (35 W/m·K) will
reduce the potential influences of plasmon-induced heating on
the catalysis process. From a mechanistic standpoint, the fact
that the substrate is not directly participating in the catalytic
response greatly simplifies the current situation as the
plasmonic enhancement by the AuCu nanostructures must
originate from the near-fields associated with the LSPR, hot
electrons and/or the localized heating generated by plasmon
decay.32 If the nanostructure heating is the sole source of the
enhancement then, based on Arrhenius behavior50 and an
estimated activation energy of 1 eV for AuCu,60 then a 32-fold
increase in catalytic activity would require a temperature change
of 29 °C.
In terms of nanostructure composition, the AuCu structures

show superior catalytic and photocatalytic activity compared to
Au where the superior activity is far beyond that which can be
explained by the somewhat larger surface area expressed by the
AuCu structures (see Table 1). It is not uncommon for
bimetallic nanostructures to exhibit catalytic activity which
exceeds its constituent components. Such behavior is often
reconciled in terms of a volcano plot which shows that
optimum catalytic activity occurs for an alloy composition
where adsorbate-catalyst bonding is sufficiently strong to bind
the reactant, but not so strong as to inhibit the desorption of
the reaction product. 4-NP is shown by Pozun et al.60 to bind
weakly to Au and strongly to Cu, but where the bimetallic
composition of Au0.5Cu0.5 lies near the optimum value.
While the nanoparticle composition is a crucial factor in

determining catalytic activity, the expressed faceting of the

bimetallic nanostructure seems to be of secondary importance.
The geometry of a triangular nanostructure is dominated by
(111) facets which are expected to show little catalytic activity.
It is, therefore, likely that the smaller (100) or (110) facets
represent the active sites since such surfaces have been deemed
catalytic in other systems.61,62 It is also conceivable that
catalytic activity is associated with the highly undercoordinated
sites which occur where the sharp facets intersect.63 Also
working in favor of the triangular geometry is the large
extinction exhibited by the LSPR peak and the potential impact
which the plasmonic near-field concentration at the triangle
corners has on photocatalytic activity. In contrast, the rounded
morphology of the near-hemispherical AuCu nanostructures
must give rise to many atomic steps which are considered
favorable for catalysis. Nevertheless, the triangular nanostruc-
tures, which show the fastest reaction rate constants in this
study, likely do so because this geometry yields a LSPR peak
which is resonant with the red excitation wavelength. While the
near-hemispherical AuCu structures show a 2-fold reduction in
the reaction rate constant, it should be recognized that the
excitation wavelength is somewhat off-resonance. These results
are demonstrative of the compromises which must be made
when engineering plasmonic photocatalysts.

3. CONCLUSIONS

In summary, we have devised a route for the synthesis of
substrate-immobilized AuCu triangular nanostructures and
demonstrated these structures as plasmonic photocatalysts for
the reduction of 4-NP to 4-AP. Despite the fact that these
structures have dimensions well in excess of those which show
the most pronounced catalytic behavior, it is possible, through
photocatalysis, to achieve reaction rates which are competitive.
Comparisons made to truncated octahedrons of Au indicate
that the bimetallic nature of both the triangular AuCu
nanostructures and near-hemispherical nanostructures is
conducive to higher rates of reaction. In contrast to catalysis,
where emphasis is placed on maximizing the number of
catalytically active sites, these findings reveal that the
maximization of photocatalytic enhancements to the reduction
of 4-NP will require a cooperative balance between the (i)
formation of active sites, (ii) the size of nanostructure, (iii) its
chemical composition, and (iv) the plasmonic resonance and
associated near-fields. Moreover, the study demonstrates the
possibility of assessing the photocatalytic properties of
plasmonic nanostructures using the reduction of 4-NP as a
model catalytic reaction.

4. MATERIALS AND METHODS

Reagents and Chemicals. Triangular AuCu nanostructure
synthesis utilized a Au sputter target cut from 0.5 mm thick foil
with 99.9985% purity (Alfa Aesar), 0.0125 mm thick Cu foils
with 99.9% purity, (0001)-oriented sapphire substrates (MTI
Corp.), and ultrahigh purity Ar gas. Solutions for catalysis were
prepared using 4-NP (Fluka), NaBH4 (Fluka), and ultrapure
deionized (DI) water (18.2 MΩ·cm at 25 °C). All chemicals
were used as received.

AuCu Nanostructure Synthesis. The substrate-immobi-
lized Au templates were formed through the solid-state
dewetting of 12 nm thick sputter deposited films using
procedures described in detail elsewhere.41 These films were
deposited onto rectangular shaped (0001)-oriented sapphire
substrates with dimensions of 6.5 mm × 14 mm × 0.5 mm. The
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substrate and a Cu foil, with the same areal dimensions as the
substrate, were then placed into adjacent slots cut into an
alumina crucible (Figure 1b) where the separation distance is
0.5 mm. Prior to use, the foil was heated to 925 °C in flowing
Ar (60 sccm) for 15 h, a procedure which proved crucial to the
formation of a triangular geometry. While the need for this
procedure remains unclear, we speculate that it not only
removes the native oxide layer (as is indicated by a color
change), but also sublimates volatile impurities contained
within the 99.9% purity Cu foil which, in low concentrations,
are detrimental to the assembly process. The loaded crucible is
then inserted into a tube furnace with a flowing Ar ambient and
exposed to a heating regimen which (i) ramps the temperature
to 885 °C in 30 min, (ii) maintains this temperature for time
intervals lasting up to 24 h and (iii) cools the sample to room
temperature over the course of 2 h. The near-hemispherical 100
nm diameter AuCu nanostructures used in the catalysis
measurements for comparison purposes was produced by
reheating the triangular nanostructures to 750 °C for 90 min in
the absence of a Cu foil. This procedure modifies the shape
while maintaining the composition and density of the
structures.
Catalysis. All catalysis measurements were performed using

a 2 mL aqueous solution of 70 μM 4-NP and 7 mM NaBH4
prepared using DI water. The NaBH4 was prepared fresh prior
to each experiment and reacted within 2 min. The solution was
loaded into a 1 cm path length quartz cuvette and the catalytic
reaction was initiated by inserting the substrate into the
solution such that its placement did not obstruct the
spectroscopic probe beam. Catalytic activity was then
monitored using UV−vis spectroscopy. For the case of
photocatalytic experiments, the catalysts were exposed to
repeated cycles where they were: (i) illuminated with either a
red (λ = 632.8 nm) or green (λ = 532 nm) laser for a set time
interval (typically 3 min) in an enclosure which blocked
ambient light, (ii) removed from the enclosure and placed in
the spectrometer where the UV−vis spectra was recorded and
(iii) removed from the spectrometer where they were, once
again, exposed to laser light. SEM characterization carried out
after samples had undergone numerous reactions with and
without laser irradiation showed no evidence of nanostructure
degradation.
Instrumentation. A Model 681 Gatan High Resolution Ion

Beam Coater was used to deposit ultrathin layers of Au onto
sapphire substrates using a beam energy of 6 keV and measured
penning gun currents of 200 μA. The AuCu nanostructure
assembly processes were carried out in a Lindberg Blue M tube
furnace equipped with a quartz tube (outer diameter =2.5 cm,
length =91 cm) and the required fittings to maintain a
continuous flow of Ar gas. SEM images and EDS measurements
were acquired using a FEI Quanta 450 FEG SEM environ-
mental scanning electron microscope. The SEM images were
taken in secondary electron mode with a beam energy of 30 kV.
Side-view images were taken with the stage tilted at 45°. The
images were processed to obtain histograms of the nanostruc-
ture dimensions using the ImageJ software package. EDS
measurements were taken at a working distance of 10 nm, a
beam spot size of 4.0 nm, and a beam energy of 30 kV. X-ray
diffraction measurements utilized a Bruker D8 Discover X-ray
diffractometer. The θ-2θ scans were carried out using CuKα

radiation at 2θ intervals of 0.005° with collection times of 5 s.
Optical spectra were obtained using a Jasco UV/vis
Spectrophotometer V650. The extinction spectra were

collected at Δλ intervals of 0.2 nm and used a sapphire
substrate as a reference. The absorbance measurements used to
obtain kapp were similarly carried out, but where a water
baseline was used.

■ ASSOCIATED CONTENT
*S Supporting Information
(i) DDA simulations of the expected LSPR peak for all
structures studied as well as a description of the computation
methods used to obtain the simulated results, (ii) SEM images,
EDS maps, and XRD measurements performed on the near-
hemispherical AuCu nanostructures which were used for
comparative purposes in the photocatalysis measurements,
(iii) catalysis data demonstrating that photocatalysis proceeds
via heterogeneous catalysis, (iv) comparisons to literature kapp
values when normalized to the surface area of the catalyst.The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.jpcc.5b04618.

■ AUTHOR INFORMATION
Corresponding Author
*(S.N.) E-mail: neretina@temple.edu. Telephone 215-204-
6326).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is funded by the National Science Foundation
(DMR-1053416) CAREER Award to S. Neretina. The authors
also acknowledge the expertise of D. Dikin (Facility Manager,
Nano Instrumentation Center, Temple University). The work
has benefited from the facilities available through Temple
University’s Material Research Facility (MRF). K.D.G.
acknowledges support received through a Temple University
Graduate Student Fellowship.

■ REFERENCES
(1) Liu, X. W.; Wang, D. S.; Li, Y. D. Synthesis and Catalytic
Properties of Bimetallic Nanomaterials with various Architectures.
Nano Today 2012, 7, 448−466.
(2) Ferrando, R.; Jellinek, J.; Johnston, R. L. Nanoalloys: From
Theory to Applications of Alloy Clusters and Nanoparticles. Chem.
Rev. 2008, 108, 845−910.
(3) Neatu̧, Ş.; Maciaá-Agullo,́ J. A.; Concepcioń, P.; Garcia, H. Gold−
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I.; Peŕez-Juste, J. Gold Nanoparticle-Loaded Filter Paper: A Recyclable
Dip-Catalyst for Real-Time Monitoring by Surface Enhanced Raman
Scattering. Chem. Commun. 2015, 51, 4572−4575.
(52) Hariprasad, E.; Radhakrishnan, T. P. A Highly Efficient and
Extensively Reusable “Dip Catalyst” Based on a Silver-Nanoparticle-
Embedded Polymer Thin Film. Chem. - Eur. J. 2010, 16, 14378−
14384.
(53) Zhao, P.; Feng, X.; Huang, D.; Yang, G.; Astruc, D. Basic
Concepts and Recent Advances in Nitrophenol Reduction by Gold-
and Other Transition Metal Nanoparticles. Coord. Chem. Rev. 2015,
287, 114−136.
(54) Fenger, R.; Fertitta, E.; Kirmse, H.; Thünemann, A. F.;
Rademann, K. Size Dependent Catalysis with CTAB-Stabilized Gold
Nanoparticles. Phys. Chem. Chem. Phys. 2012, 14, 9343−9349.
(55) Fang, Y.; Li, Y.; Xu, H. X.; Sun, M. T. Ascertaining p,p′-
Dimercaptoazobenzene Produced from p-Aminothiophenol by
Selective Catalytic Coupling Reaction on Silver Nanoparticles.
Langmuir 2010, 26, 7737−7746.
(56) Huang, Y.-F.; Zhu, H.-P.; Liu, G.-K.; Wu, D.-Y.; Ren, B.; Tian,
Z.-Q. When the Signal Is Not from the Original Molecule To Be
Detected: Chemical Transformation of para-Aminothiophenol on Ag
during the SERS Measurement. J. Am. Chem. Soc. 2010, 132, 9244−
9246.
(57) Sun, M. T.; Xu, H. X. A Novel Application of Plasmonics:
Plasmon-Driven Surface-Catalyzed Reactions. Small 2012, 8, 2777−
2786.
(58) Kim, K.; Choi, J.-Y.; Shin, K. S. Photoreduction of 4-
Nitrobenzenethiol on Au by Hot Electrons Plasmonically Generated
from Ag Nanoparticles: Gap-Mode Surface-Enhanced Raman
Scattering Observation. J. Phys. Chem. C 2015, 119, 5187−5194.
(59) Zhu, H.; Ke, X.; Yang, X.; Sarina, S.; Liu, H. Reduction of
Nitroaromatic Compounds on Supported Gold Nanoparticles by
Visible and Ultraviolet Light. Angew. Chem., Int. Ed. 2010, 49, 9657−
9661.
(60) Pozun, Z. D.; Rodenbusch, S. E.; Keller, E.; Tran, K.; Tang, W.;
Stevenson, K. J.; Henkelman, G. A Systematic Investigation of p-
Nitrophenol Reduction by Bimetallic Dendrimer Encapsulated
Nanoparticles. J. Phys. Chem. C 2013, 117, 7598−7604.
(61) Zhang, Q.; Wang, H. Facet-Dependent Catalytic Activities of Au
Nanoparticles Enclosed by High-Index Facets. ACS Catal. 2014, 4,
4027−4033.
(62) Eo, M.; Baek, J.; Song, H. D.; Lee, S.; Yi, J. Quantification of
Electron Transfer Rates of Different Facets on Single Gold
Nanoparticles during Catalytic Reactions. Chem. Commun. 2013, 49,
5204−5206.
(63) Mostafa, S.; Behafarid, F.; Croy, J. R.; Ono, L. K.; Li, L.; Yang, J.
C.; Frenkel, A. I.; Cuenya, B. R. Shape-Dependent Catalytic Properties
of Pt Nanoparticles. J. Am. Chem. Soc. 2010, 132, 15714−15719.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b04618
J. Phys. Chem. C 2015, 119, 17308−17315

17315

http://dx.doi.org/10.1039/c2cs35029g
http://dx.doi.org/10.1021/cs200208a
http://dx.doi.org/10.1039/C4CC09466B
http://dx.doi.org/10.1002/chem.201001679
http://dx.doi.org/10.1016/j.ccr.2015.01.002
http://dx.doi.org/10.1039/c2cp40792b
http://dx.doi.org/10.1021/la904479q
http://dx.doi.org/10.1021/ja101107z
http://dx.doi.org/10.1002/smll.201200572
http://dx.doi.org/10.1021/acs.jpcc.5b00033
http://dx.doi.org/10.1002/anie.201003908
http://dx.doi.org/10.1021/jp312588u
http://dx.doi.org/10.1021/cs501445h
http://dx.doi.org/10.1039/c3cc41627e
http://dx.doi.org/10.1021/ja106679z
http://dx.doi.org/10.1021/acs.jpcc.5b04618

