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ABSTRACT: For bimetallic nanoparticles (NPs), the degree of alloying is beginning to be recognized as a significant factor
affecting the NP properties. Here, we report an alloyed crystalline Au−Ag hollow nanostructure that exhibits a high catalytic
performance, as well as structural and chemical stability. The Au−Ag alloyed hollow and porous nanoshell structures (HPNSs)
with different morphologies and subnanoscale crystalline structures were synthesized by adjusting the size of the sacrificial Ag
NPs via a galvanic replacement reaction. The catalytic activities of the nanomaterials were evaluated by the model reaction of the
catalytic reduction of p-nitrophenol by NaBH4 to p-aminophenol. The experimental results show that the subnanoscale
crystalline structure of the Au−Ag bimetallic HPNSs has much greater significance than the apparent morphology does in
determining the catalytic ability of the nanostructures. The Au−Ag alloyed HPNSs with better surface crystalline alloying
microstructures and open morphologies were found to exhibit much higher catalytic reaction rates and better cyclic usage
efficiencies, probably because of the better dispersion of active Au atoms within these materials. These galvanic replacement-
synthesized alloyed Au−Ag HPNSs, fabricated by a facile method that avoids Ag degradation, have potential applications in
catalysis, nanomedicine (especially in drug/gene delivery and cancer theranostics), and biosensing.
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■ INTRODUCTION

Bimetallic nanomaterials (NMs) have attracted increasing
attention recently for the novel physical and chemical
properties they offer, derived from the synergistic effects of
combining different metallic elements.1−7 Among various
bimetallic NMs, Au−Ag alloyed bimetallic nanoparticles
(NPs) have been extensively researched because they exhibit
unique composition-tunable plasmonics properties applicable
to catalysis and sensor systems.8−11 The most commonly
reported structures of bimetallic alloyed NPs have been solid
NPs and hollow and porous nanoshell structures
(HPNSs).12−18 For Au−Ag alloyed solid NPs, typical synthesis
methods involve the coreduction of HAuCl4 and AgNO3
precursors through the wet-chemical method. However, this
method has two critical problems of the coprecipitation of AgCl
in water10,15,19,20 and phase-segregation. Phase segregation

causes the enrichment of Ag on the most surface of Au−Ag
alloyed NPs because of the different surface energy values of Au
(97 meV/Å2) and Ag (78 meV/Å2). Heterogeneity of the NP
surface significantly affects the surface-sensitive measurements
necessary for diagnostics, catalytic activity, and biocompati-
bility.21−24 Rajendra et al.25 used NH4OH as an additive to
overcome AgCl precipitation to obtain citrate-stabilized
homogeneously alloyed Au−Ag NPs. This innovative prepara-
tion illuminated the effects of alloying on the surface plasmon
resonance (SPR), catalytic ability, and stability. Compared to
solid NPs, HPNSs have shown advantages in catalysis and
nanomedicine applications because they have increased surface
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area, lower masses, and broadly tunable plasmonics wave-
lengths. Previous studies proved that the metallic HPNSs
exhibited catalytic activity superior to that of solid NPs because
of the more open morphologies.26,27 Xia et al.28 demonstrated
that both the porosity and wall thickness of Au-based
nanocages and nanoboxes were important in enhancing the
catalytic activity of the structures. Wu et al.29 investigated the
catalytic activity of similarly sized HPNSs with differing degrees
of structural openness, finding that the morphology, or
porosity, of the HPNSs was the most important factor in the
catalytic abilities of Au−Ag alloyed HPNSs. The HPNSs in
these studies were mostly synthesized through galvanic
replacement reactions. However, it is widely recognized that
galvanic replacement leads inevitably to dealloying with the
continuous addition of HAuCl4, meaning that the Ag within the
alloyed HPNSs was unstable and easily degraded.16

The distributions of Au and Ag atoms within the alloyed
HPNSs were regarded as uncontrollable within randomly
alloyed structures.30 With this perspective, the degradation of
Ag seemed inevitable, and reported works on Au−Ag alloyed
HPNSs did not focus on the atomic-scale coexistence of Au and
Ag. The effects of Ag degradation and lattice structure
instability on the physicochemical and catalytic properties of
HPNSs have not yet been investigated. In fact, the problem of
Ag degradation31 may have serious impacts. One severe
challenge of implementing Ag-containing NPs practically was
overcoming biological toxicity. Two methods were attempted
to solve this problem: total removal of Ag by etching with
excess H2O2

32 or inhibition of Ag degradation by surface
modification with large polymer molecules.33

Here, we found that the coexistence of Au and Ag in the NPs
significantly affected the structural and chemical stability, which
are very important in determining the catalytic properties of
Au−Ag alloyed HPNSs.16,29 A significant improvement in the
structural and chemical stability could be achieved by adjusting
the size of the sacrificial Ag NPs. The alloying in this
exploration deepens our understanding of the replacement
reaction and may provide new candidates for alloying-tuned
bimetallic nanostructures with improved functions.

■ RESULTS AND DISCUSSION
HPNSs. In a typical galvanic replacement reaction between

Ag nanostructures and HAuCl4 in an aqueous medium,16 the
nanostructure, involving hollow interiors, smooth surfaces, and
homogeneous walls consisting of the Au−Ag alloys would be
formed in the first step. This structure would be dealloyed as

the replacement reaction proceeded with the continuous
addition of HAuCl4, finally yielding porous nanostructures.
The occurrence of dealloying indicated the instability of Ag
within the homogeneous alloyed Au/Ag walls.
By variation of the average size of the sacrificial Ag NPs, four

kinds of Au−Ag alloyed NPs with different morphologies and
crystalline structures were synthesized. The four samples
exhibited different colors of scattering light and different SPR
peak wavelengths (Figure 1), demonstrating the distinct
differences in size and morphology among the samples. From
both TEM and SEM images (Figure 2) and ICP-MS analysis
(Table 1), the morphologies and elemental contents of the
samples were recognized and quantified.

AuAg540 NPs. The morphology of AuAg540 is shown as
solid Au−Ag alloyed NPs with irregular shapes. The Au/Ag
atomic ratio is ∼5:1 according to ICP-MS (Table 1). From the
HRTEM images, a crystal lattice structure with a high degree of
crystallization is observed, with a lattice spacing of 2.383 Å
(distance between (111) planes). The crystal lattice structure
corresponding to the (111) facet is confirmed by the SAED
pattern in Figure 2.

AuAg600 NPs. AuAg600 is composed of hollow crystalline
Au−Ag alloyed HPNSs with smooth surfaces and thick
compact walls with no obvious pinholes in the outer surfaces,
as shown in Figure 2. The Au/Ag atomic ratio is ∼3:2
according to the ICP-MS results (Table 1). The SAED pattern
exhibits a crystalline microstructure. From the experimental
phenomena and characterization results, AuAg600 is a stable
and homogeneous solid-solution alloy. As shown in Figure 3b,
the material is structurally and chemically stable from
experimental phenomena based on the SPR peak reaching a
maximum red-shifted wavelength of 600 nm, despite the
addition of excess HAuCl4. This indicates that the remaining Ag
atoms were no longer replaced with Au. In addition, the SPR
peak wavelength of 600 nm remains constant with etching by
H2O2 + NH4OH, with the exception of a slight decrease in
absorption intensity after 18h etching treatment. Even with
etching using 25 mM H2O2, the morphologies of the Au−Ag
alloyed NPs remain unchanged except the disappearance of
small Ag-containing NPs, as shown in the STEM images in
Figure 4a and 4d. The Au and Ag atoms maintain coexistence
in the compact walls, and the atomic distribution of both
elements is homogeneous as demonstrated by both HADDF
elemental mapping and cross-sectional compositional line-scan
EDS spectra for arbitrary HPNSs, as shown in Figure 4b, 4c, 4e,
and 4f. From the HADDF mapping images, it is obvious that

Figure 1. (a) Digital photos and (b) UV−vis absorption spectra of (I) AuAg540, (II) AuAg600, (III) AuAg696, and (IV) AuAg813. The size of
sacrificial Ag NPs is ∼60−70 (for II), ∼70−80 (for I and III), and ∼80−90 nm (for IV). The concentration of Au is equal to 0.1 mM for each
sample.
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the distributions of Au and Ag are identical. From the line-scan
EDX, the signals of Au and Ag appear and disappear at the
same time at the NP edges and decrease simultaneously within
the interior hollow region. With this evidence, we suggest that

the Au and Ag atoms form homogeneous solid solution alloys
of crystalline structure that are both structurally and chemically
stable, with Ag atoms embedded in the Au crystalline lattice.
This suggestion is confirmed by atomic-scale HADDF STEM
images obtained by the Cs-corrected STEM, shown in Figure 5.
From Figure 5a-5e, we observe that AuAg600 forms a perfect
single-crystal structure throughout the NPs. The orientation of
the outer crystal planes is the (110) facet. SAED patterns also
exhibit the typical single-crystal structure. From the EDS results
of the partial domain exhibiting a perfect single-crystal lattice,
shown in Figure 5g, and the line- or image-mapping in Figure
5h-5l, we confirm that Au and Ag coexist and form a solid-
solution alloy. This inference is further supported by the XRD
pattern and XPS spectra shown in Figure 6 and Figure 7b
respectively, the characteristics of which are further addressed

Figure 2. TEM, HRTEM, SEM, and SAED images of (I)AuAg540, (II)AuAg600, (III)AuAg696, and (IV) AuAg813. In the HRTEM image of
sample I, the total of five lattice spacings is 1.19 nm.

Table 1. SPR Peak Wavelength and Au/Ag Weight
Percentage

sample no. AgAg540 AuAg600 AuAg696 AuAg813

SPR
wavelength
(nm)

540 nm 600 nm 696 nm 813 nm

Au/Ag (wt %) 88.5 ± 4.3/
11.5 ± 0.7

71.6 ± 3.6/
28.4 ± 1.4

73.2 ± 3.7/
26.8 ± 1.4

77.3 ± 3.9/
22.7 ± 1.1

Au:Ag
(atomic
ratio)

∼5:1 ∼3:2 ∼3:2 ∼3:2
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in detail later. From the fine analysis of the line-mapping in
Figure 5j, although Au and Ag always simultaneously coexist,
the relative content of Au and Ag changes from the edge to the
interior wall. At the edge domain, the Ag content is relatively
lower (Figure S1). This diffusion distribution of Au could be
attributed to the formation process.
AuAg696 NPs. AuAg696 forms twinned or polycrystalline

stable Au−Ag alloyed HPNSs with smooth surfaces, compact
walls, and small pinholes on the outer surfaces of most NPs.
From the distinct lattice structures shown in the HRTEM
images and SAED patterns in Figure 2, single NPs contain
twinned or polycrystalline structures. AuAg696 also exhibits

good chemical stability similar to that of AuAg600 in corrosion
resistance (Figure 3c). The atomic ratio of Au/Ag is ∼3:2.
From the very similar XRD pattern and XPS spectra shown in
Figure 6 and Figure 7, respectively, we consider that AuAg696
forms Au−Ag solid solution alloys crystalline structures almost
identical to those formed by AuAg600.

AuAg813 NPs. AuAg813 forms polycrystalline alloyed
HPNSs with thin walls and many small flower bud-like
protrusions and obvious larger holes on the outer surfaces
(Figure 2). The atomic ratio of Au/Ag is also ∼3:2. However,
AuAg813 does not exhibit chemical and structural stability.
During the galvanic replacement reaction, the SPR peak

Figure 3. UV−vis extinction spectra of (a) AuAg540, (b) AuAg600, and (c) AuAg696 before and after 0, 1, and 18 h of treatment with H2O2 +
NH4OH. (d) Control sample of usual Au−Ag alloyed HPNSs (intermediate state of AuAg813) etched by H2O2 at different concentrations.

Figure 4. STEM and EDS-line and -image mapping (yellow and red representing Ag and Au, respectively) of single-crystal stable hollow Au/Ag
alloyed HPNSs of AuAg600 (a−c) before and (d−f) after etching with H2O2. Weight percentage of Au/Ag is (b) 50.03%/49.96% and (e) 54.39%/
45.60%, respectively, according to the EDS line mapping.
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wavelength is continuously red-shifted with the addition of
HAuCl4, and the morphology and shape also changed
continuously at the same time (Figure S2). The Au−Ag
alloyed walls became gradually thinner as more holes appeared
in the outer surface (Figure 2). While treating the intermediate
state of AuAg813 with H2O2, the SPR peak wavelength is red-
shifted. Higher concentrations of H2O2 lead to greater red-
shifting of the SPR peak wavelength, from 662 to 760 nm at
H2O2 concentrations of 0−1.3 mM (Figure 3d). During the
etching of H2O2, the most obvious morphological change is the
emergence of small buds on the originally relatively smooth
surface; in addition, the overall structure is somewhat loosened
(Figure S3). These experimental phenomena and character-
istics can be explained by the formation of Au and Ag atoms

within AuAg813 HPNSs as random alloys or small nanoclusters
aggregates but not as solid solution alloys crystalline structures.
In this case, Ag is unstable and easily degraded. This inference
is verified by XPS spectral analysis. Distinct variances occur
between the spectrum of AuAg813 and those of AuAg540,
AuAg600, and AuAg696, indicating that Au and Ag are in
different chemical surroundings, despite all being in the zero-
valency metallic form with identical binding energy, as shown in
Figure 7.34

Analysis of Crystal Structure. The crystal structures of
Ag, Au−Ag alloys, and Au NPs are further characterized by
XRD (Figure 6). The patterns of the four Au−Ag alloyed
samples predominantly show diffraction peaks characteristic of
face-centered cubic (fcc) lattices. Previous works on the powder

Figure 5. Cs-corrected STEM images of Au/Ag600 HPNSs. Panels a, c, d, and e are magnifications of local domains 1, 2, and 3, respectively, of panel
b, and panel f is the SAED pattern of single NPs in panel b. (g) Atomic resolution image of the NPs partial edge. The elemental masses of Au and Ag
in this domain are 72.4% and 24.6% respectively by EDS measurement. Panels i and l are HADDF STEM image mapping of HPNSs in panels h and
k by rapid scanning, respectively; green indicates Au and red indicates Ag. Panel j is a line mapping of single HPNSs, with a green line for Au and a
red line for Ag.
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XRD spectra of Au−Ag alloyed solid NPs25,34 reported no
obvious differences in the peak locations between Au−Ag
alloyed NPs and pure Au or Ag NPs because Au and Ag have
very similar lattice parameters of 4.0782 and 4.0862 Å,
respectively. However, by fine XRD scanning, the differences
among Ag, Au, and Au−Ag alloyed NPs in this work can be
observed. For the (111) plane, the diffraction peaks of Ag NPs,
AuAg540, AuAg600, AuAg696, AuAg813, and Au NPs are
located at 38.10°, 38.24°, 38.22°, 38.22°, 38.20°, and 38.24°,
respectively. The peaks of the Au−Ag alloyed NPs are clearly
distinct from those of the Ag NPs but are similar to those of the
Au NPs. The peak locations are consistent with the data of the
(111) planes of ICDD 65-2871 and 65-8424 corresponding to
Au and Au−Ag alloyed cubic lattices, respectively. Other planes
of (200), (220), and (311) show similar trends (Figure S4). In
addition, although the AuAg540 NPs have a crystal lattice
structure with a high degree of crystallization, other factors such
as the much smaller size, the multicrystalline structure could
greatly affect the diffraction intensity. Meanwhile, the AuAg813
NPs have multicrystalline structures; the XRD spectra of
AuAg600 and AuAg696 exhibit significantly stronger diffraction
intensities than those of AuAg540 and AuAg813, demonstrating
that AuAg600 and AuAg696 contain more highly crystallized
alloyed structures.
XPS is used to examine the valence states of Au and Ag after

the galvanic replacement reaction is completed. The peaks at
∼368 and ∼374 eV can be assigned to the Ag 3d5/2 and 3d3/2 of
metallic Ag, respectively, while those at 83.7 and 87.4 eV can be
assigned to the Au 4f7/2 and 4f5/2 of metallic Au, respectively.36

According to the results (Figure 7, Figure S5), for the
AuAg600, AuAg696 HPNSs and AuAg540 solid NPs, the
peaks of Au 4f7/2 appear approximately identical, locate at
83.94, 83.91, and 83.91 eV, which is lower in energy than the
corresponding peak of 84.51 eV for AuAg813 HPNSs.
Similarly, the peaks of Ag 3d5/2 for AuAg600, AuAg696, and
AuAg540 are very similar at 367.87, 367.51, and 367.81 eV
respectively, and lower in energy than the 368.41 eV peak of
AuAg813 HPNSs. The measurement error of XPS is ∼0.2 eV,
so the obvious variances in XPS peak locations illustrate that
the chemical environments of the Au and Ag atoms within
AuAg540, AuAg600, AuAg696, and AuAg813 are distinctly
different.
According to XRD and XPS results, combining the apparent

difference in structural and chemical stability, we speculate that

Ag atoms entered the lattice of ordered Au atoms to form Au−
Ag solid solution alloys crystalline structures in AuAg600 and
AuAg696. This speculation is supported by the binding energies
of Ag−Au and Au−Au, which shows similar trends with
changes in atomic distance.35 In AuAg600 and AuAg696, Ag
has high chemical stability and is not degradable. However, for
AuAg813, Ag is unstable; we attribute this to the formation of
Au and Ag nanocluster aggregates, rather than solid solution
alloys throughout a given NP.

Influence of the Sacrificial Ag NPs’ Size. Clearly the size
of the sacrificial Ag NPs can significantly affect the morphology,
crystalline structure, and stability of Au−Ag alloyed HPNSs.
Determining the accurate amount of Ag before and after the
galvanic replacement reaction may elucidate the mechanism.
Taking AuAg696 as an example, the average size of the
sacrificial Ag NPs is 64.30 nm by dynamic light scattering
(DLS) measurements (Figures 8a and S6a). After the galvanic
replacement reaction, the most frequent size of Ag particles
within AuAg696 HPNSs is 63.14 nm by single-particle ICP-MS
measurement (Figures 8b and S6b).
Considering the measurement error, these two values of the

Ag NP sizes illustrate that Ag does not lose significant mass and
is almost totally fused into the Au−Ag alloyed walls of the
HPNSs. According to the mechanistic illustration of the
galvanic replacement reaction between HAuCl4 and Ag
NPs,16 the Ag nanostructures were continuously dissolved
and the resultant elemental Au was epitaxially deposited on the
surface of each Ag NP template simultaneously, for the fast
interdiffusion of Au and Ag at 100 °C, the Au layer was
transformed into an Au−Ag alloy. Possibly because of this, it is
found that the diameter of the hollow core of the HPNSs
formed in this study is approximately equal to the size of the
sacrificial Ag NPs. For the example of AuAg696, the average
size of the hollow core is 63.90 nm, approximately equal to the
DLS diameter of the sacrificial Ag NPs. A representative TEM
image for the size measurements and the size distribution of
hollow cores are shown in Figure S7. From TEM images, the
wall thickness is ∼10 nm and the distributions of Au and Ag
atoms within the walls are homogeneous (Figure 4). However,
the degree of compactness in the walls remains unclear.
We consider that this may directly correlate with the size of

the sacrificial Ag NPs, as schematically illustrated in Figure 9.
Given the radius r of Ag NPs and the radius R of HPNSs, in
order to obtain compact Au−Ag alloyed walls, the wall
thickness should be no less than 10 nm, and the volume of
walls should not be smaller than the volume of Ag NPs, because
Ag atoms are homogeneously distributed within the Au−Ag
alloyed walls. Namely, R and r must meet the limitations R − r
≥ 10 nm, and 4/3π (R3 − r3) ≥ 4/3πr3. By calculating, r should
be less than or equal to 38 nm; when the diameter of Ag NPs is
less than 76 nm, during the process of galvanic replacement
reaction, the amount of Ag is sufficient for the Au−Ag alloy to
form compact Au−Ag solid-solution alloyed crystalline walls.

Evaluation of HPNSs’ Catalytic Performance. To
further investigate the properties of the solid solution alloys
crystalline structures, the catalytic activities of the four Au−Ag
alloyed NPs are evaluated with the reduction conversion of p-
nitrophenol to p-aminophenol in the presence of NaBH4. After
addition of a freshly prepared aqueous solution of NaBH4, the
peak corresponding to 4-nitrophenol was immediately red-
shifted from 317 to 400 nm because of the formation of 4-
nitrophenolate ions in the alkaline condition caused by the
addition of NaBH4. In the absence of proper catalyst, the

Figure 6. XRD spectra of Ag NPs, AuAg600, AuAg696, AuAg813,
AuAg540, and Au NPs. Inset: Magnification of the 38.2° peak,
assigned to the (111) plane.
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thermodynamically favorable reduction of 4-nitrophenol was
not observed. The standard reduction potentials for 4-
nitrophenol/4-aminophenol and H3BO3/BH4− are 0.76 and
1.33 V, respectively. The peak indicating 4-nitrophenol ions at
400 nm remained unaltered over multiple days.34

At ambient conditions, the reduction reaction of 4-nitro-
phenol to 4-aminophenol is a common practice for checking
the catalytic activity of unsupported Au NPs.25 Figure 10a
shows the UV−vis absorption spectra of the 4-nitrophenol ion
and 4-aminophenol, and Figure 10b shows representative

Figure 7. XPS spectra of Au−Ag alloyed NPs’ Ag 3d and Au 4f orbitals, respectively, of (a) AuAg540, (b) AuAg600, (c) AuAg696, and (d) AuAg813
recorded from dried powder. B.E.: binding energy.
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successive UV−vis absorption spectra of the catalytic reduction
of 4-nitrophenol into 4-aminophenol. As shown in Figure 10b,
the UV−vis absorption wavelength is immediately red-shifted
from the 317 nm peak of 4-nitrophenol to the 400 nm peak of
4-nitrophenol ion upon the addition of NaBH4 into the 4-
nitrophenol solution in the presence of AuAg696 alloyed
HPNSs as catalysts. Subsequently, a successive decrease in the
peak height at 400 nm and the gradual development of a new
peak at 300 nm indicates the formation of 4-aminopehnol,
corresponding to changes in the solution color from bright
yellow to light yellow to colorless. The wavelength of the
product is consistent with that of pure 4-aminophenol (Figure
10a).
Catalytic Activity. The rapid catalytic conversions of 4-

nitrophenol to 4-aminophenol in the presence of the Au−Ag
alloyed NPs were quantitatively monitored. Similar spectral
changes were also obtained for the other three alloyed samples.
In the contrast experiments on pure Au and Ag NPs, the results
showed that no obvious catalytic effects were observed in the
pure Au and Ag NP systems under the conditions of equal Au
and Ag element quantities, respectively (Figure S8). In this
catalytic experiment, the concentration of BH4

−, used as a
reductant, largely exceeds that of 4-nitrophenol; thus, the

reduction rate is considered independent of the concentration
of NaBH4 and the kinetic process of the reaction can be easily
studied by simply monitoring the change in intensity of the 400
nm absorption peak correlated with the concentration of p-
nitrophenol over time. Although a previous study reported that
citrate could directly reduce p-nitrophenol and significantly
enhance the initial rate of the reaction,29 in our experiments,
the sacrificial Ag NPs with citrate surfactant ligands had been
centrifuged and redispersed. The residual citrate was too dilute
to cause detectable effects, which was further confirmed by the
lack of observed catalytic activity in the pure Ag NPs; therefore,
the effect of the citrate on the catalysis should be negligible.
Once the NaBH4 is added, the Au−Ag alloyed NPs
immediately catalyze the reaction by relaying electrons from
the donor BH4

− to the acceptor 4-nitrophenol as soon as both
are adsorbed onto the particle surfaces. From previous works,34

the catalytic reduction reaction from 4-nitrophenol to 4-
aminophenol occurs with pseudo-first-order kinetics. The
apparent rate constant can be obtained from the decrease in
peak intensity at 400 nm over time. Figure 11 shows the plot of
ln(At/A0) against reaction time for all four Au−Ag alloyed NPs
as catalysts. Each species shows a good linear fitting of ln(At/
A0) versus reaction time. The apparent rate constants of
AuAg540, AuAg813, AuAg600, and AuAg696 are 1.2 × 10−2,
0.9 × 10−2, 1.1 × 10−2, and 3.2 × 10−2 s−1 at 25 °C,
respectively. The reaction rate of AuAg696 is significantly
higher than those of the other three samples, and the rate
constants of AuAg540 and AuAg600 are very similar and
somewhat higher than that of AuAg813. The reaction
parameters, including the concentrations of Au, 4-nitrophenol,
and NaBH4, were consistent for each Au−Ag alloyed sample, so
the apparent rate constant depended on the physicochemical
properties of the Au−Ag alloyed NPs.
According to the characteristic results, AuAg600 and

AuAg696 form alloyed crystalline HPNSs with chemical and

Figure 8. (a) Size distributions of sacrificial Ag NPs for AuAg696 as measured by DLS; peak is located at 64.30 nm. (b) Ag particles counted as a
function of diameter measured by SP-ICP-MS; peak is located at 63.14 nm.

Figure 9. Illustration of size changes during aqueous synthesis of Au−
Ag alloyed HPNSs with compact walls of solid-solution alloyed
crystalline structure by galvanic replacement reaction.

Figure 10. (a) UV−vis absorption spectra of p-nitrophenol ion and p-aminophenol and (b) successive UV−vis absorption spectra taken before
(black line) and after adding NaBH4 to 4-nitrophenol solution in the presence of AuAg696 alloyed HPNSs.
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structural stability, AuAg540 is solid Au−Ag alloyed NPs
without Ag degradation, and AuAg813 is multicrystalline Au−
Ag alloyed HPNSs with surface holes and Ag degradation.
From previous reports, chemically stable Au−Ag alloyed NPs
exhibited higher catalytic abilities with increasing Au weight
percentages.25 Chemically unstable Au−Ag alloyed HPNSs, as
judged by the etching of H2O2, exhibited higher catalytic ability
after the structures became more open.16,29 It may be more
easily understood that the increase of Au weight percentage and
openness of the morphology could distinctly accelerate the
catalytic reaction rate by the experiments performed in this
work. AuAg696 exhibited a significantly higher reaction rate
than solid AuAg540 NPs or compact solid-walled AuAg600
HPNSs. In addition, although AuAg540 is smaller in size with a
higher specific area, AuAg600 presented a rate somewhat higher

Figure 11. Plot of ln(At/A0) against catalytic reaction times for all
alloyed nanostructures.

Figure 12. Successive UV−vis absorption spectra of AuAg540, AuAg600, AuAg696, and AuAg813 Au−Ag alloyed NPs before and after cyclic use.
For AuAg696, AuAg696-1 is the spectrum versus time for the first reaction, and AuAg696-2 is that for the second reaction. Black lines labeled as
“original” exhibit initial spectra of reaction solution before the addition of NaBH4.
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than AuAg540 did, which may be attributed to the outer
crystalline surface of {110} facets with higher surface energy.
For various fcc crystalline planes, the change in surface energy
obeys the order of γ{111} < γ{100} < γ{110}.36 AuAg696 with
small pinholes within the Au−Ag alloyed wall provides many
more active sites for the reduction reaction. However,
AuAg813, with the most open morphology, exhibited a
significantly lower rate relative to AuAg696, which indicates
that for reaction systems with equal Au contents the Au−Ag
alloyed crystalline structure is as important for catalytic ability
as morphology. In fact, crystallinity may be more important
than morphology in determining the catalytic ability, because
the reaction rate of AuAg813 was somewhat lower than that of
AuAg540. The above analysis and comparison of reaction rates
is based on statistical data after the catalysis of the reduction
reactions. Reactivity platforms are present for AuAg540 and
AuAg600 before the beginning of the catalytic reaction,
reflecting the insufficient number of active sites at the beginning
to initiate the reaction on solid NPs or compact walls without
pinholes, so these materials require longer activation periods.
However, AuAg696 and AuAg813 have more open morphol-
ogies and the catalytic reactions began immediately after the
addition of NaBH4.
Cyclic Usage Efficiency. In addition to the variance in

catalytic reaction rate, the cyclic usage efficiencies of the four
Au−Ag alloyed samples also exhibited distinct differences.
Once the reaction solution became colorless and the absorption
peak at 400 nm reached an intensity of zero, 30 μL of 7.5 mM
4-nitrophenol and 100 μL of 1.0 M NaBH4 were successively
added. The successive UV−vis absorption spectra were
recorded to evaluate the cyclic usage efficiency of the four
kinds of Au−Ag alloyed samples, as shown in Figure 12. In the
second reactions, AuAg813 and AuAg540 presented very
similar catalytic abilities, with ∼40% transfer efficiency after
306 s and much slower reaction rates than those displayed in
the first reaction. The transfer efficiency of AuAg600 was ∼80%
after 306 s, with no platform period. For AuAg696, the transfer
efficiency was ∼96% after 126 s, only somewhat slower than the
rate of the first reaction. After five cyclic uses, the transfer
efficiency of AuAg696 remained as high as 77.58% after 306 s
(Figure S9). The morphology of the AuAg696 HNPSs did
change slightly after five cycles; small bumps were observed on
the surfaces of some AuAg696 HPNSs, as shown in high-
resolution SEM images (Figure S10). These features probably
result from the migration and rearrangement of Au or Ag atoms
on the particle surfaces during the catalytic reaction.
Key Factors of Catalytic Performance. It can be

speculated that the open morphology and alloyed crystalline
structure, corresponding to chemical and structural stability, are
the two crucial factors in determining the catalytic abilities of
Au−Ag alloyed NPs. The morphological effect is obvious in
enhancing catalytic activity, because openness corresponds to
larger specific surface areas, more active sites, and more space
for quicker diffusion of reactants and resultants. The influence
of the atomic-scale microstructure or the arrangement of
bimetallic atoms on catalytic performance is less clear.
However, very recent reports37,38 have provided a reasonable
explanation: “making gold catalytically active requires atomi-
cally dispersed atoms rather than larger nanoparticles.” For the
samples of AuAg600 and AuAg696 in this work, Ag is assumed
to have entered the Au crystal lattice to form bimetallic alloyed
microstructures, based on the bimetallic homogeneous
distribution and the chemical and structural stability of the

products. For the sample of AuAg813, the Au and Ag atoms
formed random alloying microstructures or nanocluster
aggregates without chemical stability. From the analysis
above, we can understand that, although AuAg813 had a
more open morphology than AuAg696, AuAg696 exhibited
significantly better catalytic performance, because the Au atoms
were better dispersed for the existence of ordered arrangement
of Ag atoms. Another possibility is that the coordination
number of AuAg696 was the most suitable, so the binding of
reaction intermediates to the surfaces was neither too strong
nor too weak, leading to the highest catalytic performance.

■ CONCLUSION

Four kinds of Au−Ag alloyed NPs with different morphologies
and subnanoscale crystalline structures were synthesized by
adjusting the size of the sacrificial Ag NPs used in the galvanic
replacement reaction. The Ag contents experienced little loss
and remained similar before and after the galvanic replacement
reaction for single chemically and structurally stable NPs, which
illustrated the effect of Ag NP size on the morphology of Au−
Ag alloyed HPNSs. When the diameter of the Ag NPs was less
than the critical value of 76 nm, obtained by simple
theoretically analysis and calculation, the alloyed HPNSs
formed solid solution alloys crystalline structures with high
chemical and structural stability having compact and pinhole-
free Au−Ag alloyed walls. With the increase of the sacrificial Ag
NP size, small pinholes appeared within the Au−Ag alloyed
walls and opened the morphology of the nanostructures. The
crystalline structure maintained an alloy state and the
nanostructures retained chemical and structural stability. For
sacrificial Ag NPs larger than ∼80 nm, the resultant Au−Ag
alloyed HPNSs formed random alloyed structures containing
many nanocluster aggregates with much larger holes and small
protrusions from the Au−Ag alloyed walls. In these HPNSs, Ag
was easily degradable by H2O2 and the apparent structure
changed with etching.
The atomic crystalline structure of Au−Ag bimetallic NPs is

much more significant than morphology in determining the
catalytic ability of the nanostructures for the catalytic reduction
of p-nitrophenol by NaBH4 to afford p-aminophenol. The Au−
Ag alloyed HPNSs with better surface crystalline alloying
microstructures and open morphologies presented much higher
catalytic reaction rates and better cyclic usage efficiencies. This
is because the effective alloyed crystalline microstructure
surfaces provide better dispersions of the active Au atoms,
which contribute to the higher catalytic activities of the
structures.
The as-synthesized Au−Ag alloyed HPNSs proposed here

have a facile preparation, stable physicochemical properties
without Ag degradation, and good catalytic performance with
short reaction times. The findings provide new information
toward understanding the effects of Au−Ag alloy hollow
nanostructures on the catalytic activity for the reaction
producing p-aminophenol from p-nitrophenol.

■ METHODS
Reagents. Analytical-grade trisodium citrate (Na3Ct), NH4OH,

and NaBH4 were obtained from Sigma-Aldrich, while AgNO3 was
obtained from Alfa-Aesar and used without further purification.
HAuCl4·4H2O was purchased from Beijing Chemical Reagent
Company and H2O2, p-nitrophenol, and p-aminophenol were
purchased from Beijing Chemical Factory and used as received. All
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aqueous solutions were prepared using deionized (DI) water with a
resistivity of 18.2 MΩ·cm.
Synthetic Procedures. The Au−Ag alloyed NPs were synthesized

by a HAuCl4 galvanic replacement reaction of Ag NPs. Small Ag seeds
were first synthesized by the NaBH4 and Na3Ct coreduction of
AgNO3, based on existing protocols;39 larger Ag NPs of different sizes
were obtained by the successive seed-growth method.
In a typical synthesis, a 150 mL round-bottom flask was washed

with HNO3 + 3HCl (aqua regia) and DI water, and then 20 mL of 1.0
wt % aqueous Na3Ct and 75 mL DI water were placed in the flask and
heated to 70 °C. Next, 1.7 mL of 1.0 wt % aqueous AgNO3 and 2.0
mL of 0.1 wt % aqueous NaBH4 were quickly added to the flask with
vigorous stirring. After 1 h, the solution was cooled to room
temperature under ambient conditions. The product was bright yellow
and collected by centrifugation. The solution of Ag seeds was
redispersed with an equal volume of DI water. Then 10 mL of the
obtained Ag seeds and 1.7 mL of 1.0 wt % aqueous AgNO3 were
quickly added with mild stirring to a solution of 2.0 mL of 1.0 wt %
aqueous Na3Ct and 75 mL DI water at the boiling temperature of the
solution. The solution was boiled for 1 h, after which it was cooled to
room temperature, where upon the products were centrifuged and
redispersed.
Four kinds of Au−Ag alloyed NPs were synthesized,16 referred to as

AuAg540, AuAg600, AuAg696, and AuAg813 according to the
wavelengths of the SPR peaks from the products. Taking AuAg600
as an example, a certain volume of Ag NPs with diameters of ∼60−70
nm was added into a round-bottom flask and heated with stirring.
After the mixture was boiled, three doses of 100 μL of 1.0-mM
aqueous HAuCl4 were added subsequently. The color of the solution
changed from bright yellow to white, then to brown-yellow, and
maintained this color as more HAuCl4 was added. AuAg696 and
AuAg813 were synthesized using sacrificial Ag NPs of ∼70−80 and
∼80−90 nm, respectively. AuAg514 also used sacrificial Ag NPs of
∼70−80 nm, but the amount of HAuCl4 in the third dose was 300 μL
rather than 100 μL and the color of the sample was dark purple.
Characterization. UV−visible (UV−vis) extinction spectra of the

samples were recorded using PerkinElmer Lambda650 UV−vis
spectrometers, and the curves of extinction coefficients versus time
and the catalytic kinetic reaction processes with p-nitrophenol were
obtained using VARIAN Cray50 Scan UV−vis spectrometers.
Transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM), selected-area electron diffrac-
tion (SAED), and energy-dispersive X-ray spectrum (EDS) and
mapping images were recorded by an FEI Tecnai F20 TEM with an
accelerating voltage of 200 kV, equipped with an EDS analyzer, and a
JEM ARM200F spherical aberration-corrected STEM (Cs-corrected
STEM). The TEM samples were prepared by placing drops of the final
product on superthin C-coated Cu grids and drying the samples under
ambient conditions. Scanning electron microscopy (SEM) images
were recorded by ZEISS Merlin SEM apparatus. Room-temperature X-
ray diffraction (XRD) patterns were recorded using a Rigaku D/MAX
TTRIII (CBO) diffractometer in the scan region of 30−85° at a rate of
8°/min and step size of 0.02°. X-ray photoelectron spectroscopy
(XPS) data was recorded using an ESCALAB 250Xi XPS apparatus,
while a precise quantitative analysis of the Au and Ag elements within
the alloyed HPNSs and single-particle inductively coupled plasma
mass spectroscopy (ICP-MS) analysis of the alloyed NPs were
recorded using a PerkinElmer NexION 300X mass spectrometer.
The catalytic reduction reactions of 4-nitrophenol using the four

kinds of Au−Ag alloyed NPs as catalysts were compared. The
concentration of Au was set equal to 0.1 mM in the catalysis solution,
as determined by ICP-MS. In a typical reduction reaction, 30 μL of
7.5-mM 4-nitrophenol and 100 μL of 0.1-mM catalysis solution were
mixed with 2.5 mL of highly purified water at 25 °C in a quartz cell. A
freshly prepared aqueous solution of 100 μL of 1.0-M NaBH4 was
added and mixed uniformly. UV−vis absorption spectra were recorded
over time to monitor changes in the reaction mixture.
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