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ABSTRACT: Galvanic replacement (GR) is a widely used
method to obtain substrates with nanostructure morphologies.
However, there are substantial challenges related to the uniformity
of the deposited nanostructures, the preparation of large-area
nanocomposites, and the alteration of the morphologies deposited
on substrates. Graphene was introduced into the surface of the
aluminum panels in this study prior to conducting the GR reaction
to incorporate graphene advantages of extremely high electrical
conductivity and electron mobility. The experimental results
revealed that the morphological consistency and particle densities
of gold nanoparticles deposited on panels with graphene were
much higher than those deposited on panels without graphene.
Moreover, gold nanoparticles were deposited on the surfaces with graphene prior to deposition on those without graphene. Ordered
large-area gold/graphene/aluminum hybrid nanocomposites can be obtained with desired morphologies by altering the preparation
conditions. Finally, the feasibility of using the as-prepared gold hybrid nanocomposites as surface-enhanced Raman scattering
(SERS) substrates was examined. The results indicated that the Raman signal enhancement factors of the as prepared substrates
were varied as the preparation condition changed due to the difference in the morphologies. Under the optimal condition, a high
enhancement factor of approximately 3 × 108 with good reproducibility was found, which demonstrates the potential of utilizing the
as-prepared gold hybrid nanocomposites in SERS and other sensing applications.
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■ INTRODUCTION

In the past few decades, galvanic replacement (GR) has been
widely used in the preparation of nanomaterials and has
attracted increased research interests. Spontaneous oxidation−
reduction reactions occur, and nanocomposites with different
morphologies can be obtained due to the different reduction
potentials between different metals. Although the relatively
lower reproducibility of deposited nanostructures has limited
their application, GR reaction-based nanocomposite fabrica-
tion has still been attracting substantial research attention
because of its advantages of fast product preparation, cost
effectiveness, and mass production potential. Different nano-
material morphologies, such as nanocubes,1 nanohexagonal
particles,2 nanodendrites,3,4 nanoparticles,5,6 nanorods,7,8

nanobelts,9 and others,10−12 can be fabricated using GR
reactions. Consequently, GR-based nanocomposites have been
applied to various fields, such as catalysis,7,13,14 biosens-
ing,15−17 surface-enhanced Raman scattering (SERS),10,18−21

and electrochemical applications.8,22

SERS, one of the key applications of nanomaterials, has
attracted considerable interests because it can provide higher
sensitivity than conventional Raman spectroscopy, selective
detection, water-free interference, and abundant chemical
information. It is believed that the signal enhancement of
Raman intensity can be attributed mostly to the electro-
magnetic enhancement (EM) while the contribution from the
charge transfer mechanism (CT) is also significant. EM is
related to the morphologies of the substrates, and CT is related
to the molecule−substrate charge transfer at the Fermi
levels.23−25 SERS has been utilized in diverse research fields
due to these advantages, such as forensic science,26−29

biosensing,30−33 medical applications,32,34−36 environmental
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analysis,37 and catalysis.38,39 Although SERS has been studied
extensively, it has several limitations related to the reprodu-
cibility of substrate morphologies, the stability of the
substrates, and the restriction of substrates pertaining to
substantial localized surface plasmon resonance (LSPR)
behavior.
Attempts have been made to improve the uniformity of

substrate morphology to overcome the aforementioned
limitations pertaining to the SERS technique, such as thermal
evaporation deposition,40,41 evaporative self-assembly,31,42,43

interfacial self-assembly,44−47 and template-assisted fabrica-
tion.48−52 The GR reaction has also been tried for fabricating
reproducible nanocomposites.19,21,50,53

Owing to the excellent electron conductivity, high electron
mobility, high loading ratio, and other fascinating properties,
graphene has been used in the fabrication of nanocompo-
sites.54−60 Several studies further incorporated graphene with a
GR reaction to fabricate hybrid nanocomposites.3,13,58,59,61

The nanoparticle densities of the nanocomposites prepared
using graphene are better than those without graphene.
However, the aforementioned studies mostly focused on
increasing the loadings of nanoparticles of the substrates.
Though few studies tried to ameliorate the morphology
inconsistency and the loading capacity by fabricating large-
scale ordered nanocomposites,54,59,60 multiple steps of transfer
as well as deposition procedures were required, and the
nanostructures on the nanocomposites are hardly tuned since
the nanostructures were prepared before assembling on the
substrates. Studies pertaining to the application of graphene for
the preparation of large-area nanocomposites and the tuning of
nanostructures deposited through a GR reaction have barely
been reported. In this study, a simple and feasible method
based on a GR reaction was proposed for preparing large-area
gold hybrid nanocomposites. In the approach, a single layer of
high-quality graphene is transferred onto the surface of
electropolished aluminum panels before the GR reaction is
conducted. The schematic of the method proposed in this
study is illustrated in Scheme 1. As the panels were immersed

in the plating solution, a spontaneous oxidation of aluminum
and reduction of Au3+ were driven by the difference in the
reduction potentials between gold and aluminum. The high
conductivity and electron mobility of graphene increased the
electron transfer efficiency between Au3+ and Al substrates.
Moreover, gold nanoparticles (AuNPs) were expected to be
deposited on the positions with superior electron transit

abilities, thus causing the morphologies of the deposited Au
nanostructures to be more uniform. It is remarkable that the
size and morphology of the deposited AuNPs can simply be
tuned by varying the conditions of GR reactions. To the best of
our knowledge, this study is the first attempt to fabricate large-
area hybrid nanocomposites with ordered nanostructures by
incorporating GR and graphene. The large-area ordered
nanostructure of the hybrid nanocomposites enables the use
of the as-prepared gold hybrid nanocomposites in a wide
variety of applications.

■ EXPERIMENTAL SECTION
Materials. Aluminum foil (99.99%; thickness, 0.5 mm), hydrogen

tetrachloroaurate, p-aminothiophenol (pATP), ammonium persulfate,
and sodium iodide were purchased from Alfa Aesar. Perchloric acid
and poly(methyl methacrylate) (PMMA; MW, ∼996 000) were
obtained from Sigma-Aldrich. Sodium sulfate, sodium chloride,
sodium bromide, and sodium hydroxide were obtained from Showa
Chemical. Toluene was obtained from Avantor, and anhydrous
ethanol was purchased from Echo Chemical, Taiwan. All the
chemicals were of reagent grade and were used as received without
further purification. Deionized Milli-Q water (Simplicity, Millipore)
was used throughout the study.

Electropolishing of Aluminum Panels. Aluminum panels
(AlPs) with thicknesses of 0.5 mm were used as the substrates in
this study. The AlPs were electropolished using a DC power supply to
remove the oxidation layer before further processing. In the
electropolishing process, the AlPs with the desired dimensions were
used as the anodes; a 1 × 1 cm2 platinum plate was used as the
cathode, and 25 mL of perchloric acid ethanol solution (20% v/v) was
used as the electrolyte solution. The process was conducted by
applying 25 V for 5 min in an ice bath. The electropolished AlPs were
washed with ethanol and were directly subject to further treatments.62

Fabrication of Graphene and Graphene Hybrid AlPs. Single-
layer graphene films were prepared on Cu foils through chemical
vapor deposition (CVD).63 In brief, Cu foils with the specified shapes
and dimensions were placed in a quartz tube at 10−3 Torr. The CVD
system was then heated up to 1000 °C with a hydrogen-gas flow of 10
sccm for 20 min to clean and anneal the Cu surface. Subsequently, the
atmosphere of the foils was changed to a mixture of CH4 (10 sccm)
and H2 (35 sccm), and the foils were maintained in this atmosphere
for 40 min. Finally, the system was cooled to room temperature under
argon gas flow (60 sccm). The graphene produced on the Cu foils was
coated with a thin layer of PMMA by using spin coating. The Cu foils
were then removed using ammonium persulfate solution. The
obtained PMMA/graphene layers were transferred to the electro-
polished AlPs,62,64 as described in the previous section. These layers
were then dried for 10 min. Finally, the PMMA was dissolved using
toluene to produce graphene hybrid aluminum panels (GAlPs) with a
single graphene layer. GAlPs with different graphene layers can be
produced by repeating the transfer procedure.

Gold Hybrid Nanocomposite Fabrication. The GR reaction
was used in this study to deposit AuNPs on the AlPs and GAlPs by
immersing AlPs and GAlPs (5 × 5 mm2) into 3 mL of HAuCl4
aqueous solutions at different concentrations. After a specified
duration, the panels were removed and washed with deionized
water and ethanol. To investigate the effects of anions, different
anions with various concentrations were added to prepare the
solutions with specific [Au3+] to [anion] ratios. A cold field-emission
scanning-electron microscope (FE-SEM; SU8010, Hitachi) equipped
with an energy dispersive spectrometer (EDS; X-Stream, OXFORD
INCA) was employed at accelerating voltages of 5.0, 10.0, and 15.0
kV to observe the morphologies of the fabricated gold hybrid
nanocomposites.

SERS Measurements. The Raman signals of pATP were acquired
for the SERS experiments by using a Raman spectrometer system (i-
Raman, B&W Tek, Inc.) with a 785 nm diode laser as the excitation
source. A microsampling system (BAC151A, B&W Tek, Inc.)

Scheme 1. Schematic Diagram of the Formation of Au
Hybrid Nanocompositesa

aWith the high horizontal conductivity of graphene, the oxidation of
Al without the protection of graphene takes place prior to that
protected by graphene.
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equipped with an objective lens with a numerical aperture of 0.25
(10× PlanC Objective, Olympus) was coupled with the Raman
spectrometer to focus the excitation line and to collect the enhanced
Raman scattering signal. The prepared hybrid nanocomposites with
different morphologies were immersed in pATP ethanol solution with
a concentration of 1 mM for 1 h. The gold hybrid nanocomposites
were rinsed with ethanol twice to remove the unadsorbed pATP
molecules before measurements were conducted. The laser power was
23.7 mW at the sample position; the exposure time of each SERS
spectrum was 5 s with 10 accumulations, and all the measured Raman
spectra had a resolution of 3 cm−1. Sixteen different points on each
nanocomposite were selected to measure the SERS spectra of pATP
to validate the stability and reproducibility of the substrates. An
imaging spectrometer (iHR-320, HORIBA Jobin Yvon) equipped
with a liquid-nitrogen-cooled charged-coupled device camera
(Symphony, HORIBA Jobin Yvon) coupled with an Olympus BX41
microscope equipped with an Olympus PlanC N 40× objective lens
(numerical aperture of 0.65) was used for measuring the Raman
spectra of graphene. The 632.9 nm line of a He−Ne laser (25-LHP-
925-245, Melles Griot) was used as the excitation source, and the
laser power was 15 mW at the sample position.

■ RESULTS AND DISCUSSION
Characterization of Graphene on AlPs and the

Fabricated Au Nanocomposites. Raman spectra of GAlPs
with different layers of graphene were measured to confirm the
successful transfer of graphene on AlPs (Figure 1). The figure

shows that the characteristic 2D band of a single layer of
graphene was found at 2673 cm−1 and shifted to 2680 cm−1 as
the number of graphene layers increased. For the characteristic
G band, the observed wavelength was 1608 cm−1 and shifted to
1600 cm−1 as the number of graphene layers increased. A
negligible D band observed at 1349 cm−1 showed the high
quality of CVD graphene with a low defect level. The Raman
spectra of a single layer of graphene to 10 layers of graphene
revealed a typical increasing trend of 2D/G-band ratios from
1.93 to 0.80 and a slight peak shift of 2D bands, which is
consistent with previous studies.63,65,66 It is noted that the
Raman signal of graphene is vanished in the Raman spectra of
the prepared hybrid nanocomposites. It may be due to

graphene being blocked by AuNPs so that the Raman signal of
graphene can no longer be detected.
Graphene is expected to accelerate the electron transfer

between Au3+ and GAlPs due to its extremely high electrical
conductivity and electron mobility. Because AuNPs were
deposited on the positions with superior electron transit
abilities, the formed Au hybrid nanocomposites are expected to
have more uniform morphologies, higher AuNPs densities, and
higher charge transfer efficiencies. Figure 2a displays a

photograph of the GAlPs and AlPs observed before and after
the deposition of AuNPs, respectively. AuNPs were deposited
on the GAlP substrate surfaces with graphene before AuNPs
were deposited on those without graphene. However, AuNPs
were deposited randomly on the surfaces of AlP substrates.
Figure 2b depicts the SEM image of the boundaries of Au
graphene hybrid nanocomposites to present the information at
the microscopic level. The figure reveals that AuNPs deposited
on the sides of the surfaces with graphene exhibited high
density. Moreover, those AuNPs deposited on the sides
without graphene appeared aggregated, and the amount of the
deposited AuNPs was much smaller. It is assumed that
graphene protected the aluminum atoms under graphene from
oxidation since the vertical conductivity of graphene is rather
poor. Aluminum atoms not covered by graphene were
estimated to be oxidized prior to those covered by graphene,
and the produced electrons were transferred to the graphene

Figure 1. Conventional Raman spectra of GAlPs with different layers
of graphene. From bottom to top: 1 layer, 3 layers, 5 layers, and 10
layers, respectively.

Figure 2. (a) Photograph of the GAlPs and AlPs before and after the
deposition of AuNPs, respectively. (b) SEM image of the boundaries
of AuNPs/GAlPs nanocomposites. EDS mapping analysis of oxygen
element on the GAlPs before (c) and after (d) the GR reaction. (e)
EDS mapping analysis of gold element on the GAlPs after the GR
reaction.
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immediately due to the advantage of excellent horizontal
conductivity of graphene (Scheme 1). Formation of an
oxidation layer on bare aluminum is expected, which makes
it no more capable of reducing AuNPs on the oxidation layer.
Without the disturbance of oxidized aluminum atoms, the
deposited AuNPs on GAlPs were able to pack as close as
possible. EDS mapping analysis of oxygen was conducted on
the GAlPs before and after deposition of AuNPs to further
analyze the surface composition of the nanocomposites. Figure
2c shows the EDS mapping results of GAlPs before performing
GR. It can be observed that the surface with graphene has a
relatively higher signal of oxygen. However, after conducting
the GR reaction, the relative signal of oxygen increased
dramatically on bare aluminum sides as can be observed in
Figure 2d, implying that aluminum sides without graphene
oxidized before those with graphene and thus resulting in the
observed morphologies. Figure 2e displays the EDS mapping
of gold on GAlPs after the GR reaction, thus confirming that
AuNPs were deposited on GAlPs. It is reported that gold
nanoparticles can be reduced on graphene by the oxidation of
graphene itself.61 We have tried to replace aluminum panels
with silicon wafers, and only very limited AuNPs were
deposited on graphene/silicon panels where no AuNPs
deposited on bare silicon panels. Further, the measured
pATP SERS intensities on AuNPs/GAlPs are ∼102 times
higher than those on AuNPs deposited on graphene/silicon
panels (data not shown). Thus, the electrons required for
depositing AuNPs are mostly provided by the oxidation of Al
panels in this study as aforementioned.
Effect of Temperature and Duration of Displacement

on the Preparation of Au Nanocomposites. One of the
key factors that dominate the morphologies of the deposited
AuNPs in the preparation of Au nanocomposites through the
GR reaction is temperature, as it influences the deposition rate
of AuNPs. Moreover, the displacement duration controls the
sizes and morphologies of the deposited AuNPs. AlPs and
GAlPs were immersed in 1 mM HAuCl4 aqueous solutions at
different temperatures and for different durations to study how
temperature and displacement duration influence the mor-
phologies of Au nanocomposites. Figure 3 displays the SEM
images of the fabricated Au nanocomposites deposited with
different displacement times at 0 and 60 °C. The deposition
temperature and duration increased for the AuNPs deposited
on AlPs. Moreover, the densities of the AuNPs deposited on
AlPs increased significantly. However, poor uniformity of the
AuNPs morphologies was observed on AlPs because the
oxidation of Al occurred around the positions of AuNP
deposition, which blocks the reduction of AuNPs on the
oxidation layers. Meanwhile, without graphene, the initial
nucleation of Au on AlPs is random, and the reduction of
AuNPs was subsequently conducted on Au nuclei prior to the
aluminum surface. At longer deposition times, dendritic
morphologies of Au were observed on AlPs. Moreover, the
aggregation of AuNPs was observed, especially at higher
temperatures. The densities of AuNPs deposited on GAlPs are
much greater than those of AuNPs deposited on AlPs.
Moreover, the uniformity of the deposited AuNPs increased
substantially. As detailed in the previous section, this
substantial increase can be attributed to the extremely high
electron transfer efficiency of graphene, thus resulting in the
even formation of numerous Au nuclei on the graphene sheet.
As the deposition temperature or duration increased, the high
densities of the AuNPs on GAlPs remained almost unchanged;

however, the sizes of the AuNPs increased, and dendritic
morphologies were noted. This finding demonstrates that the
temperature and displacement duration influence the sizes and
consistencies of AuNPs deposited on AlPs. However, the
consistencies of AuNPs on GAlPs were almost unaffected
because the initial nucleation of Au on GAlPs occupies almost
all the hot sites with higher electron transferability of the
graphene sheet (more SEM images of AuNPs on AlPs and
GAlPs prepared at different temperatures are plotted as Figure
S1 in the Supporting Information). The fabricated Au
nanocomposites were immersed in 1 mM pATP, and their
SERS spectra were recorded to examine the adequacy of using
the prepared Au nanocomposites as SERS active substrates and
to further correlate the AuNP morphologies with SERS signal
intensities. Figure 4 presents the typical pATP SERS spectra
detected by the Au nanocomposites fabricated in this study.
The measured peak positions and their band assignments are
tabulated in Table S1. It is found that the peak located at 1087
cm−1, which was assigned as the C−S stretching of pATP, was
shifted to 1078 cm−1 after adsorbing on the surface of
nanocomposites. Meanwhile, the S−H stretching vibration
located at 2551 cm−1 was absent in the obtained SERS spectra.
These findings suggest the chemisorption of pATP on the
nanocomposites. The spectra and table reveal that the peak

Figure 3. SEM images of fabricated Au hybrid nanocomposites (a, c,
e, g, AuNPs on AlPs; b, d, f, h, AuNPs on GAlPs) with different
displacement times (a, b, e, f, 60 min; c, d, g, h, 120 min) where the
temperatures are 0 °C (a−d) and 60 °C (e−h), respectively.
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positions of pATP obtained using Au nanocomposites
fabricated in this study exhibit a slight shift compared with
those observed in previous studies, which is due to the
different morphologies and the structures of the substrates
used,25,60,67,68 although b2 vibrational modes of phenyl rings,
which imply the presence of a charge transfer mechanism, were
observed.60,67,69,70 The relative intensities of a1 modes are
much higher than b2 modes, thus suggesting that the Raman
signal enhancement of the as-prepared hybrid nanocomposites
is mainly contributed by the electromagnetic enhancement
(EM) mechanism. Besides, several studies have reported that
pATP molecules adsorbed on noble nanoparticles can be
chemically transformed to 4,4′-dimercaptoazobenzene
(DMAB), and the observed b2 vibrational modes of the
aromatic ring is contributed by DMAB.70−72 Although b2
modes of the aromatic rings were also observed in the SERS
spectra measured with AuNPs/GAlPs nanocomposites, the
relative intensity is weak and did not vary with irradiated time.
Besides, a longer wavelength of NIR laser (785 nm) was used
as an excitation source, and the power is only around 13 W/
mm2. Thus, the photoinduced transformation of pATP to
DMAB did not happen in this study. Figure 5a presents a peak
of the SERS intensity at 1078 cm−1 using AuNPs deposited on
AlPs as substrates versus deposition time at different
temperatures. The figure shows that the SERS intensities of
pATP increased as the deposition duration increased and
attained a maximum value at 60 min under temperatures of 0,
40, and 60 °C. Here, the SERS intensities of pATP achieved
their maximum values at 120 min under room temperature
(RT). Moreover, the enhancement factors of Au nano-
composites fabricated at RT are generally higher than those
of Au nanocomposites fabricated at other temperatures. To
show the enhancement factor of the AuNPs deposited on
GAlPs, Figure 5b plots the SERS intensities of pATP versus

deposition time at different temperatures; a slight deviation in
behaviors was observed. The SERS intensities of pATP
increased as the deposition duration increased and attained a
maximum intensity. Moreover, the duration of attaining the
maximum enhancement factors is dependent on temperature;
for a lower temperature, a longer deposition time is required,
and at a higher temperature, the maximum SERS intensity was
achieved earlier. The maximum SERS intensity for AuNPs
deposited on GAlPs were close to each other, thus suggesting
that the temperature and duration of deposition vary the sizes
of the deposited AuNPs but do not influence the densities of
AuNPs. Moreover, the SERS intensities of pATP obtained
using AuNPs deposited on GAlPs are further enhanced
compared with those of pATP obtained using AuNP
deposition on AlPs. Other than the enhancement factor, the
relative standard deviation (RSD) of the obtained signal is also
an important factor to evaluate the adequacy of the prepared
substrates to be used as SERS active substrates. For AuNPs/
AlPs nanocomposites, the RSD of the maximum SERS signal
are varied from 17.0% to 22.1% depending on the temper-
atures of the GR reaction. In contrast, the RSD of the
maximum SERS signal obtained with AuNPs/GAlPs nano-
composites apparently decreased to 6.1−12.1% with different
displacement temperatures. These findings are consistent with
the morphologies observed in SEM images, which implies that

Figure 4. SERS spectra of pATP obtained by different AuNPs hybrid
nanocomposites (a−d, AuNPs/AlPs; e−h, AuNPs/GAlPs) prepared
with different displacement times (a, c, e, g, 60 min; b, d, f, h, 120
min) and temperatures (a, b, e, f, 0 °C; c, d, g, h, 60 °C) where [Au3+]
are all 1 mM.

Figure 5. SERS intensities of pATP measured by (a) AuNPs/AlPs
and (b) AuNPs/GAlPs nanocomposites versus the deposition time
under different temperatures (■, 0 °C; ●, RT; ▲, 40 °C; ▼, 60 °C).
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GAlPs are better substrates than AlPs for the preparation of Au
hybrid nanocomposites by the GR reaction.
Effect of Au3+ Concentration Used in Galvanic

Displacement. In addition to the temperature, the concen-
tration of Au3+ used in the GR reaction controls the
morphologies of the deposited AuNPs because the concen-
tration of the Au3+ influences the AuNPs deposition rate. AlPs
and GAlPs were immersed in different concentrations of
HAuCl4 aqueous solutions at 0 °C to examine how the
concentration of Au3+ used in GR deposition influences the
morphologies of Au nanocomposites. Figure S2 displays the
SEM images of the Au nanocomposites fabricated using
different Au3+ concentrations. Similar to the effects of
temperature, AuNPs deposited on AlPs and GAlPs had
different behaviors. Under low Au3+ concentrations, AuNPs
were found to deposit on formed Au nuclei prior to deposition
on Al surfaces so that the densities of the AuNPs on AlPs are
rather low, and aggregated morphologies are found. As the
concentration of Au3+ increased, the densities of the AuNPs
increased gradually on AlPs. However, the uniformity of the
AuNPs on AlPs was still poor. For the AuNPs deposited on
GAlPs, the AuNPs were evenly spread over the GAlPs with
maximized densities under all Au3+ concentrations. Moreover,
the concentration of Au3+ mostly influenced the sizes of the
deposited AuNPs. Three-dimensional dendritic Au nano-
morphologies were observed when the concentration of Au3+

was 2 mM, as demonstrated in the deposition temperature
section.
Figure 6a,b plots the SERS intensities of pATP versus the

deposition time under different Au3+ concentrations using
AuNPs/AlPs and AuNPs/GAlPs as substrates to further study
the Raman signal enhancement capability of the fabricated Au
nanocomposites. Figure 6a shows that when the Au3+

concentration is 0.05 mM, the fabricated Au nanocomposites
reveal almost no Raman signal enhancement unless the
deposition time is 240 min. When the Au3+ concentration
was increased to 0.1 mM, the SERS intensities of pATP
increased with deposition duration and attained a maximum
value at 120 min. The duration required to achieve the signal
enhancement maxima was reduced to 90 min when the Au3+

concentrations of 0.5 and 1 mM were used. The SERS signal
was reduced gradually as the duration of deposition increased
after the signal maxima was achieved, thus suggesting that the
AuNPs were too large to obtain the optimal SERS effect. The
Au3+ concentration of 2 mM provides the longest deposition
time to attain the signal maxima at 180 min, and the SERS
signal was fixed, even when the deposition time was extended
to 240 min. According to the results detailed in the figure, Au3+

concentrations of 0.5 or 1 mM are suggested to obtain AuNPs/
AlPs substrates with the highest SERS signal enhancement
factors.
Figure 6b reveals that, for the enhancement factor of the

AuNPs/GAlPs substrates, the SERS intensities of pATP
increased with the deposition time and attained a maximum
intensity. This increase was followed by the reduction of the
SERS signal until AuNP deposition is complete. Moreover, the
durations of attaining the maximum enhancement factors and
the signal maxima are both dependent on Au3+ concentration.
Here, lower Au3+ concentrations achieved signal maxima faster
but with relatively small enhancement factors. However, higher
Au3+ concentrations require longer deposition times to attain
signal maxima, and the enhancement factors obtained were
higher than those of lower Au3+ concentrations. Similarly, the

SERS intensities of pATP obtained using AuNPs deposited on
GAlPs were more enhanced than those of pATP obtained
using AuNPs/AlPs. The SERS signal was further enhanced by
approximately 20 times under a Au3+ concentration of 0.05
mM when the deposition time was 90 min, whereas the SERS
signal was further enhanced by a factor of 6.50 when the
deposition time was 90 min and the Au3+ concentration was 1
mM. To examine the quantitative performance of the as-
prepared AuNPs/GAlPs hybrid nanocomposites, Figure S3
plotted the concentration-dependent SERS intensities of
pATP, and the relative intensities were fitted by a Gaussian
curve fit. One can see the remarkable increase in the SERS
intensities over a large range of concentrations, which
demonstrates the ability of the AuNPs/GAlPs hybrid nano-
composites in quantitative measurements. To further examine
the performance of the AuNPs/GAlPs nanocomposites, the
enhancement factor of the prepared gold hybrid nano-
composites was also evaluated. Figure S4 plotted the
conventional Raman spectra and the obtained SERS spectrum
of pATP. By correlating the relative numbers of deposited
molecules and the relative Raman signal, an enhancement
factor of 3 × 108 can be calculated.

Effect of Anions and pH on Au Nanocomposites. Au
nanocomposites with different morphologies can be obtained
by adjusting the GR reaction temperature, Au3+ concentration,

Figure 6. SERS intensities of pATP measured by (a) AuNPs/AlPs
and (b) AuNPs/GAlPs nanocomposites versus the deposition time
under different [Au3+] (■, 0.05 mM; ●, 0.1 mM; ▲, 0.5 mM; ▼, 1
mM; ★, 2 mM) where the temperature is 0 °C, and the GR reaction
times are all 120 min.

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c00846
ACS Appl. Nano Mater. 2020, 3, 5783−5793

5788

http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00846/suppl_file/an0c00846_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00846/suppl_file/an0c00846_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00846/suppl_file/an0c00846_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00846?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00846?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00846?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00846?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00846?ref=pdf


and deposition duration. Moreover, the deposited AuNPs had
extremely high particle density and morphology uniformity
when GAlPs were used as substrates. Different anions were
added to the plating solutions to further control the
morphologies of the deposited AuNPs. The reduction of
gold is expected to be gentle due to the formation of gold(III)
complexes. Moreover, the negatively charged gold complex
ions are estimated to deposit on the substrates separately to
reduce repulsion. Different anions, including sulfate, chloride,
bromide, and iodide, with different logarithm stability
constants with gold(III) of 6, 26, 32, and 47, respectively,
were added in the plating solution to confirm these
expectations.73 Figure S5 displays the SEM images of Au
nanocomposites in the absence and presence of different
anions. For the AuNPs deposited on AlPs, the addition of
anions in the Au3+ solutions did not increase the densities or
the morphological consistency of the deposited AuNPs. By
contrast, the presence of anions significantly influenced the
morphologies of AuNPs deposited on GAlPs. Due to the
repulsion between the gold complex ions, the AuNPs with
anions were much more likely to be spherical in shape than
those without anions. Moreover, the sizes and densities of the
deposited AuNPs seemed to be related to the formation
constants between Au3+ and anions used. For example, the
largest AuNP sizes and the lowest AuNP densities are obtained
in the presence of iodide, which has the highest formation
constants with Au3+ among the examined anions. Figure S6
shows the SEM images of AuNPs on AlPs and GAlPs with
different iodide concentrations. As the iodide concentration
increased, the sizes of AuNPs increased, and the densities of
AuNPs deposited on GAlPs decreased gradually where the
morphologies of AuNPs deposited on AlPs did not show the
dependency of iodide concentrations. The results reveal that
more spherical AuNPs can be obtained by adding anions as
additives. Moreover, the sizes, particle densities, and shapes of
Au nanostructures deposited on GAlPs can be tuned by
selecting different anions with different concentrations.
Compared with the anions examined previously, hydroxide

can also form stable complex ions with Au3+ (log K = 55).
Hence, the pH of the gold solutions can also influence the
morphologies of Au nanocomposites prepared in this study.
The pH of the 1 mM Au3+ solution was adjusted from 2.5 to
10, and the GR reaction was conducted at RT for 90 min to
study how the morphologies are influenced by pH. Figure 7
displays the SEM images of AuNPs deposited on AlPs and
GAlPs under different pH values. Similar to the effects of other
anions, the sizes of AuNPs deposited on AlPs and GAlPs
increased as the pH increased because OH− concentrations
increase under higher pH values. The particle densities of
AuNPs on GAlPs are also higher than those of AuNPs on AlPs.
These observations indicate that the sizes and particle densities
of AuNPs on GAlPs can be controlled by selecting suitable pH
conditions. To further correlate the gold hybrid nano-
composites prepared under different pH values and their
SERS enhancement capabilities, Figure S7 is presented, which
plots the SERS intensities of pATP obtained with gold hybrid
nanocomposites prepared under different pH values. The
correlation of Figure S7 and Figure 7 reveals that the sizes of
the deposited AuNPs increased with an increase in pH,
resulting in a significant decrease in enhancement factor
because the sizes of the deposited AuNPs were too large to
remain in an intense LSPR field.

Effect of Graphene Thickness in Preparing Au
Nanocomposites. The electronic band structure of graphene
along the direction parallel to the c-axis exhibits certain gaps,
although graphene is widely known as a zero band gap
material.63 The stacking of graphene sheets results in discrete
energy levels that are normal to the surface of graphene, which
may influence the electron transferring efficiencies from the
substrates to the top layer of graphene. On the basis of our
assumptions, the function of graphene in GR is to protect AlPs
by transferring the electrons produced on the sides without
graphene to graphene with extremely high efficiency. Electrons
are expected to transfer to K points of graphene before
transferring to other places during the GR reaction because of
the single joint point of valence and conduction bands at the K
point. The electron motilities at the K point are expected to be
higher than those at other points. Thus, the LSPR effect of
AuNPs deposited on GAlPs is also expected to be more intense
than the effect of those deposited on AlPs. This causes a
difference in Raman signal enhancement capabilities. There-
fore, the stacking of multiple layers of graphene may influence
the morphologies of the deposited AuNPs and the enhance-
ment factors when the prepared hybrid nanocomposites are
used as SERS substrates. To study the influence of graphene

Figure 7. SEM images of fabricated Au hybrid nanocomposites (a, c,
e, g, AuNPs/AlPs; b, d, f, h, AuNPs/GAlPs) under different pH values
(a, b, pH = 2.5; c, d, pH = 4.0; e, f, pH = 8.0; g, h, pH = 10.0) where
[Au3+] is 1 mM, deposition time is 90 min, and the temperatures are
all RT.
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thickness in the preparation of AuNP hybrid nanocomposites,
AuNPs/GAlPs nanocomposites with different layers of
graphene were prepared using a GR with conditions of 1
mM Au3+ at RT with a deposition time of 90 min. Figure 8

presents the SEM images of Au hybrid nanocomposites with
different layers of graphene. The images reveal that the
morphologies of the deposited gold nanomaterials are more
likely to be spherical, and the gold nanostructures had fewer
defects when three and five layers of stacked graphene are
used, with more uniform morphologies obtained. When 10
layers of graphene were stacked, the sizes of the deposited
AuNPs increased significantly (inset of Figure 8d), and
dendritic morphologies were observed. Figure S8 displays the
SERS intensities of pATP using AuNPs deposited on GAlPs as
substrates that are stacked with different layers of graphene.
The figure reveals that the SERS signal enhancements are
similar when one, three, and five layers of graphene are stacked,
which reveals high agreement with the SEM images because
the AuNP particle sizes with one, three, and five layers of
graphene are similar. As the number of stacked graphene layers
increased to 10, the Raman signal enhancement reduced
drastically. The rapid decrease in Raman signal enhancement
can be attributed to the fact that an extremely large number of
stacked graphene layers was disadvantageous because the
electron transition efficiencies between different layers of
graphene were not as high as those within the same layer. This
phenomenon influences the nucleation of Au in the first stage
and leads to the formation of large Au nanoaggregates to
produce a high electromagnetic enhancement.23,74−76

■ CONCLUSION
A GR reaction was used in this study for the preparation of
gold hybrid nanocomposites. To further increase the
morphologic reproducibility and densities of the deposited
nanostructures, graphene was incorporated in the surface of
the aluminum substrates before replacement to obtain the
advantages of extremely high electrical conductivity and
electron mobility of graphene. The experimental results
revealed that the morphology consistency and particle densities
of AuNPs deposited on GAlPs were much higher than those

deposited on AlPs. Moreover, the AuNPs were deposited on
the surfaces with graphene before depositing on surfaces
without graphene because the surfaces without graphene
oxidized, and electrons were transferred to the graphene
immediately. This process results in an even formation of a
large number of Au nuclei on graphene sheets.
Moreover, the morphologies of gold hybrid nanocomposites

were influenced by the parameters of the preparation process
of hybrid nanocomposites, such as [Au3+] concentration,
displacement time, reaction temperature, pH value, number of
graphene stacked layers, and the addition of other anions. Gold
hybrid nanocomposites with desired morphologies can be
obtained by optimizing the preparation conditions. To further
examine the applicability of the nanocomposites, the as-
prepared gold hybrid nanocomposites were used as SERS
substrates, and a high enhancement factor of approximately 3
× 108 with good reproducibility was observed. These results
reveal the potential of utilizing Au hybrid nanocomposites in
SERS applications. The use of these nanocomposites in other
applications, such as catalysis and biosensors, is under
investigation.
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Mata, M.; Llorca, J.; Arbiol, J.; Kovalenko, M. V.; Grabulosa, A.;
Muller, G.; Cabot, A. Growth of Au−Pd2Sn Nanorods via Galvanic
Replacement and Their Catalytic Performance on Hydrogenation and
Sonogashira Coupling Reactions. Langmuir 2018, 34, 10634−10643.
(8) Jeena, S.; Gnanaprakasam, P.; Selvaraju, T. Unusual Attempt to
Direct the Growth of Bimetallic Ag@Pt Nanorods on Electrochemi-
cally Reduced Graphene Oxide Nanosheets by Electroless Exchange
of Cu by Pt for an Efficient Alcohol Oxidation. J. Nanopart. Res. 2017,
19, 1−13.
(9) Liu, R.; Sen, A. Unified Synthetic Approach to Silver
Nanostructures by Galvanic Displacement Reaction on Copper:
From Nanobelts to Nanoshells. Chem. Mater. 2012, 24, 48−54.
(10) Pradhan, M.; Chowdhury, J.; Sarkar, S.; Sinha, A. K.; Pal, T.
Hierarchical Gold Flower with Sharp Tips from Controlled Galvanic
Replacement Reaction for High Surface Enhanced Raman Scattering
Activity. J. Phys. Chem. C 2012, 116, 24301−24313.
(11) Ortiz, N.; Skrabalak, S. E. Controlling the Growth Kinetics of
Nanocrystals via Galvanic Replacement: Synthesis of Au Tetrapods
and Star-Shaped Decahedra. Cryst. Growth Des. 2011, 11, 3545−3550.
(12) Polavarapu, L.; Zanaga, D.; Altantzis, T.; Rodal-Cedeira, S.;
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