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Co-titration of AgNO3 and HAuCl4: a new route to
the synthesis of Ag@Ag–Au core–frame nanocubes
with enhanced plasmonic and catalytic properties†

Xiaojun Sun and Dong Qin*

We report a new strategy for the synthesis of Ag@Ag–Au core–frame nanocubes by co-titrating AgNO3

and HAuCl4 concomitantly into an aqueous suspension of Ag nanocubes in the presence of ascorbic

acid (AA) and poly(vinyl pyrrolidone) at room temperature. When the molar ratio of AgNO3 to HAuCl4
was larger than three, we discovered that the added Ag+ ions could effectively push the galvanic

replacement reaction between Ag nanocubes and HAuCl4 backward and thus inhibit it, making it

possible to achieve the co-reduction of the two precursors by AA without involving any galvanic

replacement. By increasing the volumes of the two co-titrated precursors, we validated that the added

AgNO3 and HAuCl4 were completely reduced to Ag and Au atoms, respectively, followed by their co-deposition

onto the edges, corners, and then side faces of the Ag nanocubes in a fashion similar to seeded growth. As a

result, the co-titration process offers an exquisite control over the relative amounts of Ag and Au atoms being

deposited by simply varying the feeding ratio between the two precursors. We also demonstrated that the

Ag@Ag–Au core–frame nanocubes exhibited unique plasmonic properties. Upon etching of the Ag templates

from the core–frame nanocubes by an oxidant, we obtained Ag–Au nanoframes that could serve as an active

catalyst for the reduction of 4-nitrophenol by NaBH4.

1. Introduction

Noble-metal nanocrystals have received growing interest in recent
years owing to their fascinating properties and widespread use in
applications that include heterogeneous catalysis,1–3 plasmonics,4

optoelectronics,5 optical sensing,6,7 biomedical imaging,8,9 and
nanomedicine.10,11 Over the past two decades, significant progress
has been made in controlling the physical parameters of these
nanocrystals.12–14 Among those methods, seeded growth has
emerged as the most versatile and powerful approach with many
exquisite controls over the products.15–18 This approach involves
the use of nanocrystals with a uniform size and shape as seeds for
the heterogeneous nucleation and growth of the same or a different
metal to produce nanocrystals with new properties. By simply
maneuvering the experimental parameters, including the type of
precursor, the reducing agent, and the amount of precursor relative
to the number of seeds involved, one can obtain nanocrystals with
many different sizes, shapes, compositions, and structures. The
concept of seeded growth has been successfully applied essentially
to all noble metals in both mono- and bimetallic formats.19–29

Despite the remarkable success, the capability of seeded
growth involving two different metals has long been limited by
the galvanic replacement reaction between the seeds and the
precursor to the second metal. For example, when seeds made
of Ag are mixed with HAuCl4 (a precursor to Au), the more
reactive Ag is spontaneously oxidized and dissolved (partially or
completely) from the seeds.30 Likewise, Ag seeds could also
react with Na2PdCl4 or K2PtCl4 in an aqueous solution, leading
to their transformation into bimetallic hollow nanostructures
comprised of a Ag–Pd or Ag–Pt alloy.31–33 To this end, destruction of
the original seeds, which are supposed to serve as physical
templates only to guide the deposition of another metal, makes it
difficult to control the growth pattern and generate the desired
structures. Ideally, one should eliminate galvanic replacement to
attain the best use of seeded growth for engineering bimetallic
nanocrystals with precisely controlled structures and well-defined
spatial distributions of elements.

One effective strategy for circumventing the galvanic replacement
reaction between the seeds and a precursor to the other metal is
to introduce a faster parallel reduction reaction to compete
with and thereby block the galvanic reaction. The argument is
that the precursor will be reduced to atoms immediately upon
introduction into the reaction solution before it can undergo
galvanic replacement with the seeds. In the absence of self-
nucleation, the newly formed atoms will nucleate and then
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grow on the seeds to generate bimetallic nanocrystals with a
well-controlled shape and structure. Mirkin was among the first
to demonstrate this concept by depositing corrugated Au on Ag
nanoprisms for the formation of the Ag–Au alloy shell on the
surfaces of these nanocrystals.34 Most recently, we have validated
this hypothesis for the deposition of Au atoms on Ag nanocubes
as conformal, ultrathin shells to generate Ag@Au core–shell
nanocubes with an ultrathin and conformal layer of the Au shell.35

In a typical process, we titrated an aqueous HAuCl4 solution into
an aqueous suspension that contained Ag nanocubes, ascorbic
acid (AA), and poly(vinyl pyrrolidone) (PVP). The added HAuCl4

could be reduced by both the Ag nanocubes (via galvanic replace-
ment, with a rate of Rgal) and AA (via chemical reduction, with a
rate of Rred). By simply adding NaOH to increase the pH of the
reaction solution to 11.2 (i.e., to increase Rred), we were able to
achieve the condition of Rred 4 Rgal, under which HAuCl4 was
exclusively reduced by AA to generate Au atoms for their
conformal deposition onto the surfaces of Ag nanocubes in a
layer-by-layer fashion.

An alternative approach for achieving the condition of Rred 4
Rgal is to retard the galvanic replacement reaction between Ag
and HAuCl4 (i.e., to reduce Rgal). To this end, Yin and co-workers
introduced I� ions into a system involving Ag nanoplates,
HAuCl4, and AA. The complexation of Au3+ with I� ions could
decrease the reduction potential of Au3+ and thereby reduce Rgal.
Consequently, the reduction of the AuI4

� precursor by AA would
generate Au atoms for their deposition onto the Ag nanoplates
to generate Ag@Au core–shell nanoplates.36,37 Using a similar
approach, Kitaev and co-workers successfully deposited thin
shells of Au on the surfaces of Ag decahedra or pentagonal
nanorods by titrating aqueous HAuCl4 into a suspension of the
Ag nanocrystals at a rate of 3.2 nmol h�1 up to 12 h.38 Their
results suggest that an extremely low concentration of HAuCl4 in
the reaction solution could diminish Rgal and thus eliminate the
possibility of generating pits on the Ag templates.

In this work, we report a systematic study that involves the
co-titration of aqueous AgNO3 and HAuCl4 into an aqueous
suspension of Ag nanocubes in the presence of AA and PVP
(at pH = 3 rather than 11.2) to retard the galvanic replacement
reaction (i.e., to reduce Rgal). To elucidate the role of Ag+ ions,
we excluded the use of NaOH to eliminate the possible impact
of pH in accelerating the reducing power of AA.35 When the
molar ratio of AgNO3 to HAuCl4 was below 3, the Ag nanocubes
were transformed into Ag–Au hollow nanocubes due to the
involvement of galvanic replacement between Ag and HAuCl4,
in consistency with our previous observation.39 In contrast, we
discovered that the supply of AgNO3 and HAuCl4 at a molar
ratio of 3 and above could effectively impede the galvanic
replacement reaction between Ag nanocubes and HAuCl4 by
accelerating its reverse process, achieving the co-deposition of
Ag and Au atoms on the surfaces of Ag nanocubes. Most
significantly, we validated that all the co-titrated AgNO3 and
HAuCl4 precursors could be completely reduced by AA to
produce Ag and Au atoms, followed by their co-deposition onto
the Ag nanocubes. As such, co-titration offers an exquisite
control over the relative amounts of Ag and Au being deposited

onto the Ag nanocubes by simply varying the feeding ratio
between their precursors. It is worth pointing out that this
observation is completely different from what we recently
reported for the co-titration of Na2PdCl4 and AgNO3 to generate
Ag@Pd–Ag nanocubes.40 In that case, the co-titrated Na2PdCl4

precursor could only be partially reduced by AA, making it
impossible to control the atomic ratio between the deposited
Pd and Ag atoms. We also demonstrated that the Ag@Ag–Au
core–frame nanocubes exhibited unique plasmonic properties,
together with an improved SERS performance relative to the
original Ag nanocubes at 785 nm laser excitation. Additionally,
by increasing the co-titration volumes, we found that the newly
generated Ag and Au atoms were progressively co-deposited
onto the edges, corners, and then side faces of the Ag nano-
cubes. At a low titration volume, the Ag and Au atoms were only
co-deposited on the {110} facets of Ag nanocubes. Upon etching
using 3% H2O2, we obtained Ag-enriched Ag–Au nanoframes
with catalytic activity toward the reduction of 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP) by NaBH4.

2. Experimental section
Preparation of Ag nanocubes

The Ag nanocubes were prepared using ethylene glycol (EG, J. T.
Baker, lot no. G32B27) as a solvent and a precursor to the
reductant, together with silver trifluoroacetate (CF3COOAg, Aldrich)
as a precursor to elemental silver.41 In a typical synthesis, 5 mL of
EG was introduced into a 100 mL round bottom flask and heated
under magnetic stirring in an oil bath pre-set to 150 1C, followed by
quick injection of NaHS (0.06 mL, 3 mM in EG, Aldrich, 02326AH).
After 2 min, 0.5 mL of HCl (3 mM in EG, Aldrich) was quickly
added, followed by the introduction of 1.25 mL of PVP-55 (MW E
55 000, 20 mg mL�1 in EG, Aldrich). After another 2 min, 0.4 mL of
CF3COOAg in EG (282 mM, Aldrich) was introduced. In the entire
synthesis, the flask was capped with a glass stopper, except for the
introduction of reagents. As soon as the major localized surface
plasmon resonance (LSPR) peak of the Ag nanocubes shifted to
436 nm, the reaction was quenched using an ice-water bath to
obtain the Ag nanocubes. After centrifugation and washing with
acetone and deionized (DI) water three times, the nanocubes were
re-dispersed and stored in DI water.

Synthesis of Ag@Ag–Au core–frame nanocubes and Ag–Au
nanoframes

In a standard synthesis, 2 mL of 1 mM PVP-29 (MW E 29 000)
aqueous solution was pipetted into a 23 mL glass vial, followed
by the addition of 0.5 mL of aqueous AA (100 mM) and 10 mL of
the aqueous suspension of Ag nanocubes under magnetic
stirring. Next, different volumes of aqueous HAuCl4 solution
(0.1 mM) and aqueous AgNO3 solution (0.3 mM) were co-titrated
at a rate of 0.02 mL min�1 using a syringe pump at room
temperature. After the completion of co-titration, the reaction
was continued for another 10 min, the resultant particles were
collected by centrifugation at 6000 rpm for 10 min, washed with
DI water twice and stored in DI water. The nanoframes were
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generated by mixing 1.0 mL of the as-obtained Ag@Ag–Au nano-
cubes with 100 mL of 30% aqueous H2O2 (at a final concentration of
3%) for 1 h. The resultant nanocubes and nanoframes were washed
twice with DI water and re-dispersed in DI water.

Surface-enhanced Raman spectroscopy (SERS) measurements

The Ag and Ag@Ag–Au core–frame nanocubes were collected by
centrifugation at 4500 rpm for 20 min and then functionalized
with a 0.1 mM 1,4-BDT in ethanol for 1 hour. The functionalized
nanoparticles were collected by centrifugation at 4200 rpm for
20 min, washed with DI once, collected again by centrifugation
at 4000 rpm for 20 min, and then dispersed in 1 mL of DI water
for UV-vis measurement. Only when confirmed by UV-vis that
there was no aggregation of the nanoparticles after surface
functionalization with the probe molecule, we proceeded to
SERS measurements. We maintained a concentration of approxi-
mately 4.2 � 1010 particles per mL for all samples.

We fabricated a sample cell by attaching a polydimethylsiloxane
(PDMS) block to a glass slide. We added 20 mL of liquid sample into
a small hole punched in advance on the PDMS and then placed a
glass cover slip with a thickness of 170 mm on the top to prevent
solvent from evaporation. The cover slip was also used as a
reference point when we lowered the focal plane 200 mm into the
sample. The Raman spectra were recorded from the solution phase
using a Renishaw inVia Raman spectrometer coupled with a Leica
microscope with a 100� objective lens. We used the excitation
wavelength of 785 nm equipped with a holographic notch filter
with a grating of 1200 lines per mm or 532 nm equipped with a
holographic notch filter with a grating of 2400 lines per mm. We
started the measurements with a collection time of 1 s and adjusted
the focal plane to get stable SERS signals. To improve signal to
noise ratio, we increased the collection time to 30 seconds at
50 mW (for 532 nm excitation) and 100 mW (for 785 nm excitation),
respectively. For each type of nanoparticles, we collected four SERS
spectra, but only reported one of them for each sample because the
spectra were essentially identical.

Catalytic characterization of the Ag–Au nanoframes

In a typical measurement, 2 mL of 4-nitrophenol (4-NP, 0.2 mM),
5 mL of DI water, and 1 mL of NaBH4 (50 mg mL�1, freshly
prepared, ice-cold) were added into a 23 mL glass vial, followed by
the introduction of 1.4 � 1011 Ag–Au nanoframes as a catalyst to
initiate the reaction. We monitored the progress of the reaction by
withdrawing 1 mL of the solution every 2 min for the collection of
UV-vis spectra in the range of 250–550 nm. We then plotted the
absorbance at 400 nm as a function of reaction time.

Instrumentation and characterization

The UV-vis spectra were recorded using a Cary 50 spectrometer
(Agilent Technologies, Santa Clara, CA). The contents of Au and
Ag were determined using an inductively coupled plasma mass
spectrometer (ICP-MS, NexION 300Q, PerkinElmer, Waltham,
MA). A routine centrifuge (Eppendorf 5430) was used for the
collection and washing of samples and the preparation of the
ICP-MS sample. Transmission electron microscopy (TEM) images
were taken using a Hitachi HT7700 microscope (Hitachi, Tokyo,

Japan) operating at 120 kV. Raman spectra were taken using a
Renishaw Invia micro Raman system (Renishaw, Hoffman
Estates, IL).

3. Results and discussion

In a typical process, we used the published protocol for the
synthesis of Ag nanocubes with an average edge length of
39.2 � 1.6 nm,41 together with slight truncation at the corners
and edges (Fig. S1, ESI†). Next, we dispersed the Ag nanocubes
in an aqueous solution that contained AA and PVP at pH = 3,
followed by the co-titration of AgNO3 and HAuCl4 at a specific molar
ratio using a dual-channel syringe pump at room temperature. It is
worth mentioning that we cannot pre-mix these two precursors for
single-channel titration because of the formation of AgCl precipi-
tates. Also, we employed a slow co-titration rate of 0.02 mL min�1 to
maintain AgNO3 and HAuCl4 at relatively low concentrations in the
reaction system. As a result, we were able to avoid the formation of
AgCl precipitates and the possible self-nucleation for both the Ag
and Au atoms derived from the reduction of these precursors by AA.
During the co-titration process, we collected aliquots of samples
from the reaction solution at different co-titration volumes and
characterized the products by elemental analysis, electron micro-
scopy, and UV-vis spectroscopy.

Firstly, we used ICP-MS to measure the Ag and Au contents
in the as-obtained samples after the Ag nanocubes had reacted
with different volumes of the co-titrated precursors. In a typical
analysis, we collected both solid products and supernatants
after centrifugation to determine their Ag and Au contents by
ICP-MS analysis (Table S1, ESI†). We found that the amounts of
both Ag (after subtracting the Ag in the original nanocubes) and
Au in the solid products increased linearly with the volumes of
AgNO3 and HAuCl4 co-titrated into the reaction solution (Fig. 1,
solid lines). The deviations for Ag measurements were signifi-
cantly larger than those for Au because of the difficulty to
quantify the amount of newly deposited Ag due to the inter-
ference from the original Ag nanocubes. By assuming that the
added precursors were completely reduced to Ag and Au atoms
and then co-deposited on the Ag nanocubes, we also calculated
the amounts of Ag and Au that would be added onto the Ag
nanocubes at different co-titration volumes (see the dotted
lines in Fig. 1). Within reasonable errors, the added and
actually deposited amounts of Ag and Au matched well for
every sample. Furthermore, our ICP-MS analysis confirmed that
the Ag and Au contents in the supernatants were below
8.6 � 10�4 and 2 � 10�5 mM, respectively, during the entire
co-titration process (Table S1, ESI†). Collectively, our data
support the argument that the co-titrated AgNO3 and HAuCl4

precursors were completely reduced by AA to generate Ag and
Au atoms, respectively, followed by their co-deposition onto the
Ag nanocubes.

Next, we used electron microscopy to resolve changes to the
morphology of Ag nanocubes during the co-titration process.
Fig. 2A–D shows SEM images of the Ag nanocubes after they
had reacted with different volumes of AgNO3 (0.3 mM) and

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 G
eo

rg
ia

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 1

2/
11

/2
01

5 
13

:4
7:

24
. 

View Article Online

http://dx.doi.org/10.1039/C5TC03002A


11836 | J. Mater. Chem. C, 2015, 3, 11833--11841 This journal is©The Royal Society of Chemistry 2015

HAuCl4 (0.1 mM) in the presence of AA at pH = 3. With the
addition of 0.2 or 0.4 mL for each precursor, the SEM images
confirmed that the cubic shape of the original particles was well
preserved and no pits could be identified on each particle
(Fig. 1A and B). TEM images indicated that the average edge
length of the Ag nanocubes was increased from 39.2 � 1.6 nm
to 40.9 � 2.3 (Fig. S2A, ESI†) and 42.8 � 1.64 nm (Fig. S2B, ESI†),
respectively. The increase in size indicates the co-deposition of Ag
and Au atoms onto the Ag nanocubes. TEM images also confirmed
the absence of voids/pits in/on each nanocube, excluding the
possible involvement of galvanic replacement between the Ag
nanocubes and the added HAuCl4. With a further increase of the
titration volume to 0.8 or 1.5 mL for each precursor, the nano-
cubes showed more truncation at the corner sites (Fig. 1C and D).

Again, we did not observe any voids or pits from the TEM image
of the nanocubes (Fig. S2C and D, ESI†). Note that it was
difficult to resolve possible truncation for the corners and
edges of nanocubes from the TEM images.

To identify the deposition pathway of Ag–Au alloy, we used
aqueous 3% H2O2 to etch the products. Fig. 3A–D shows TEM
images of the resultant nanostructures corresponding to
the samples shown in Fig. 1A–D after etching for 1 h. With
the introduction of 0.2 mL of each precursor, we observed the
formation of Ag–Au nanoframes with thin ridges and some
coverage for the {111} facets at the corner sites (Fig. 3A). Our
ICP-MS analysis revealed that the nanoframes were made of Ag
and Au with a molar ratio of 2 : 1, indicating that the 3% H2O2

solution could not remove all the Ag in the deposited Ag–Au
alloy. At 0.4 mL for each precursor, we noticed the formation of
Ag–Au nanoframes with thicker ridges as well as flat planes at
the corner sites, together with some deposition of Ag and Au on
the side faces (Fig. 3B). With a continuous increase in titration
volume to 0.8 and then 1.5 mL for each precursor, we noticed
that more Ag–Au showed up on the side faces of each nano-
cube, leading to the formation of nanocages with decreasing
porosity on the side faces (Fig. 3C and D).

Based on the results shown in Fig. 1–3, we proposed a
plausible mechanism that can account for the co-reduction
and co-deposition of Ag and Au on Ag nanocubes (Fig. 4). There
are three competing reactions involved in the co-titration
process: (i) the galvanic replacement between Ag nanocubes
and HAuCl4, (ii) the reduction of HAuCl4 by AA, and (iii) the
reduction of AgNO3 by AA. It is critical to co-titrate AgNO3 and
HAuCl4 at an appropriate molar ratio in order to provide an
adequate amount of Ag+ ions in the reaction solution to

Fig. 1 The amounts of Ag and Au deposited on Ag nanocubes when
different volumes of aqueous AgNO3 (0.3 mM) and HAuCl4 (0.1 mM) were
co-titrated into an aqueous suspension of Ag nanocubes in the presence
of AA. The data points marked as ‘‘deposited’’ are the amounts of Ag and
Au derived from ICP-MS analysis. The data points marked as ‘‘added’’
represent the amounts of Ag and Au calculated by assuming complete
reduction for the added AgNO3 and HAuCl4, followed by co-deposition of
the Ag and Au atoms onto the Ag nanocubes.

Fig. 2 SEM images of Ag@Ag–Au core–frame nanocubes that were
prepared by co-titrating different volumes of aqueous AgNO3 (0.3 mM)
and HAuCl4 (0.1 mM): (A) 0.2, (B) 0.4, (C) 0.8, and (D) 1.5 mL for each
precursor.

Fig. 3 TEM images of the Ag@Ag–Au core–frame nanocubes after etching
with 3% aqueous H2O2. The samples were prepared by co-titrating different
volumes of aqueous AgNO3 (0.3 mM) and HAuCl4 (0.1 mM): (A) 0.2, (B) 0.4,
(C) 0.8, and (D) 1.5 mL for each precursor.
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effectively push the galvanic replacement reaction backward
and ultimately block it. Also, it is essential to introduce the
AgNO3 precursor drop-wise to keep the local concentration of
Ag+ ions at a sufficiently low level and thus eliminate the
possible formation of AgCl precipitates due to the release of
Cl� ions from HAuCl4. When the molar ratio of AgNO3 to
HAuCl4 was increased to 3 and above, we could achieve the
condition of Rred 4 Rgal, and as a result, the added HAuCl4 was
immediately reduced by AA before it could participate in the
galvanic reaction with the Ag nanocubes. Combined together,
the co-reduction of AgNO3 and HAuCl4 by AA could generate Ag
and Au atoms for their co-deposition onto the Ag nanocubes in
a fashion similar to the conventional seeded growth.

According to the standard reduction potentials of Ag+/Ag
(0.79 V) and AuCl4

�/Au (0.99 V) at room temperature,42 we
anticipate that AuCl4

� should be reduced firstly by AA to
generate Au atoms for their deposition onto the Ag nanocubes.
In the following step, Ag+ ions will go through underpotential
deposition onto the Au atoms to generate a Au–Ag alloy.43 In a
sense, we believe that the Au and Ag atoms were deposited
concomitantly.44,45 Because the {100} facets of a Ag nanocube
are selectively passivated by PVP, the specific surface free
energies of its low-index facets should increase in the order
g100 o g111 o g110. At the early stage of co-deposition, the Ag
and Au atoms should preferentially nucleate on the {110} facets
with the highest energy, and as such, these atoms would be
largely deposited on the edges of the Ag nanocube. As the
volumes of the two precursors are increased, more atoms will
be generated for their continuous deposition onto the {110}
facets, followed by their successive migration via surface diffu-
sion to the {111} facets (corners) and {100} facets (side faces) of
the Ag nanocubes, respectively,46 leading to the formation of
core–frame and finally core–shell nanocubes. This proposed
growth pathway is consistent with our recent work for the
generation of Ag@Pd–Ag nanocubes.40

It is well-known that Au and Ag nanocrystals have distinctive
LSPR properties that are strongly dependent on parameters that

include size, shape, morphology, and internal structure (solid
versus hollow).47 When these two metals are alloyed together,
the LSPR properties should be sensitive to the elemental
composition. Fig. 5A shows the UV-vis spectra of an aqueous
suspension of the Ag nanocubes before and after they had
reacted with different volumes of co-titrated AgNO3 (0.3 mM)
and HAuCl4 (0.1 mM) in the presence of AA. Because we
corrected the dilution factor caused by the titration of different
volumes of the precursor solutions, the change in peak inten-
sity could be directly correlated with the variation in the
extinction coefficient associated with the resultant products.
With a co-titration volume of 0.05 and 0.1 mL (for each
precursor), the major LSPR peak of the Ag nanocubes was
red-shifted from 437 to 446 and 452 nm, respectively, together
with a major drop in intensity and some broadening in width.
According to previous studies, these changes to the LSPR
features could be attributed to the deposition of Au and the
scattering of light by the interface between Ag and Au, respec-
tively.48 With a further increase of co-titration volume to 0.2, 0.4
and 0.8 mL, the major LSPR peak was red-shifted to 458,
469 and 475 nm, respectively, with a slight increase in both
intensity and width. The red-shift in the peak position can be
ascribed to the increase in the edge length for the nanocubes.
Because Ag has a stronger plasmon resonance than Au,49 the
increase in peak intensity for the samples obtained upon
increasing the co-titration volume from 0.2 to 0.8 mL can be
attributed to the deposition of a significantly larger amount of
Ag than Au during the co-titration process. When the titration
volume was further increased from 0.8 to 1.5 mL, however, the
major LSPR peak was slightly blue-shifted from 475 to 473 nm,
together with an increase in intensity, suggesting the formation
of nanocubes with significantly truncated corners as the
deposition progressed. The information derived from the
UV-vis spectra is consistent with the observations by SEM and
TEM imaging. The spectra confirmed that the involvement of
Au could be manipulated to tailor the LSPR properties of Ag
nanocubes through the co-deposition of Ag and Au atoms at a
well-controlled ratio and partial distribution.

To further elucidate the role of Au in manipulating the LSPR
properties of Ag nanocubes, we performed a control experiment
to titrate different volumes of AgNO3 (0.3 mM) in the absence of
HAuCl4 while leaving the other experimental parameters
unchanged. Fig. 5B shows the UV-vis spectra of an aqueous
suspension of the Ag nanocubes before and after they had
reacted with different volumes of AgNO3 in the presence of AA.
Different from those shown in Fig. 5A, we found that the LSPR
of Ag nanocubes was red-shifted from 437 to 448 nm at 0.2 mL
and then slightly blue-shifted from 448 to 443 nm as the
titration volume was increased up to 1.5 mL. The red and blue
shifts could be ascribed to the increase in dimension and corner
truncation, respectively, during the deposition of Ag atoms.

We also monitored the changes to the LSPR of the Ag
nanocubes when the molar ratio of the two precursors was
below the threshold of 3 needed for galvanic-free co-deposition.
At a molar ratio of 1, as shown in Fig. 5C, we found that the
LSPR peak of Ag nanocubes was continuously red-shifted,

Fig. 4 (top) A list of three competing reactions involved in the co-titration
process. (bottom) Illustration of the transformation of a Ag nanocube into
three types of Ag@Ag–Au core–frame nanocubes by increasing the
volumes of the two co-titrated precursors, followed by the removal of
the Ag templates to generate Ag–Au nanoframes or nanocages.
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together with a decrease in intensity. At a co-titration volume of
0.4 mL, the LSPR peak changed from 437 to 469 nm and there
was more broadening in the peak width, indicating the involve-
ment of galvanic replacement reaction. TEM characterization
also confirmed the formation of voids in the nanocubes
(Fig. S3, ESI†). At 1.5 mL, the LSPR peak was further shifted
to 493 nm with considerable broadening in the peak width. The
TEM image indicated the transformation of Ag nanocubes into
Ag–Au hollow nanocubes (Fig. S4, ESI†). When the molar ratio
was set to 2, Fig. 5D indicates that the LSPR peak of the Ag
nanocubes was constantly red-shifted, together with peak
broadening and an increase in peak intensity at 0.8 and 1.5 mL,
respectively. At 0.8 mL, The TEM image indicated the formation of
voids (Fig. S5, ESI†). These results suggest that when an inadequate
amount of AgNO3 was involved in the co-titration process to inhibit
galvanic replacement reaction, the Ag nanocubes were transformed
into hollow nanostructures made of an Au–Ag alloy, consistent with
our previous study.39

To evaluate the role of Au atoms in affecting the SERS
activity of Ag nanocubes, we collected the SERS spectra of
1,4-benzenedithiol (1,4-BDT) molecules adsorbed on the sur-
faces of the Ag nanocubes and Ag@Ag–Au nanocubes obtained
by co-titrating 0.4 mL for AgNO3 (0.3 mM) and HAuCl4 (0.1 mM).
In this case, the Ag and Au atoms were co-deposited at corners
and edges of Ag nanocubes with a Ag to Au molar ratio of 3 : 1
(see Fig. 2B). It is also worth noting that the corners and edges

are often referred as the sites where the electromagnetic field
was greatly enhanced upon laser excitation. As a result, the
deposition of Ag–Au alloy would make an impact on the SERS
activity of the Ag nanocubes. Interestingly, we observed distinc-
tive SERS properties for the Ag@Ag–Au nanocubes when excited
at visible and near-infrared wavelengths. At 532 nm laser excita-
tion, we found that the SERS peak at 1562 cm�1 (the benzene
ring mode 8a) decreased in intensity upon the co-deposition of
Ag and Au atoms at a 3 : 1 atomic ratio (Fig. 6A). This result
suggests that even the inclusion of a small amount of Au atoms
onto the surfaces of Ag nanocubes would lead to strong plasmon
damping at a visible excitation wavelength due to the inter-band
transition of Au at 2.5 eV (B500 nm),50 leading to an attenuation
in the SERS intensity. By switching the laser excitation to
785 nm, we noticed that the intensity of the same SERS peak
at 1562 cm�1 was increased by B3 times (Fig. 6B), suggesting
that the involvement of Au atoms on the surfaces of Ag nano-
cubes could enhance their SERS activity in the near-infrared
region. Such enhancement could be attributed to the deposition
of Au atoms onto the Ag nanocubes. Because the Au–S bond is
stronger than that of the Ag–S bond, there should be a more
significant charge transfer between the Au surface and the
adsorbed probe molecules, resulting in stronger chemical
enhancement. This observation is consistent with our previous
findings.35 Collectively, our results suggest that co-deposition of
Ag and Au atoms onto the surfaces of Ag nanocubes would

Fig. 5 (A) UV-vis spectra taken from an aqueous suspension of Ag nanocubes before and after they were titrated with different volumes (indicated on
the curves) of (A) 0.3 mM AgNO3 and 0.1 mM HAuCl4, (B) 0.3 mM AgNO3, (C) 0.1 mM AgNO3 and 0.1 mM HAuCl4, (D) 0.2 mM AgNO3 and 0.1 mM HAuCl4.
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extend the SERS activity of Ag nanocubes into near infrared
region for applications in biological sensing.

In addition to the unique LSPR and SERS properties of the
Ag@Ag–Au core–frame nanocubes, we also investigated the
catalytic properties of nanoframes made of Ag–Au alloy upon
the removal of Ag templates. It is anticipated that nanoframes
should embrace significantly improved catalytic activity because
of enormous specific surface areas when compared to their solid
counterparts.51–53 Specifically, we prepared the sample with a
co-titration volume of 0.2 mL for each precursor, and as a result,
the Ag and Au atoms with a Ag to Au molar ratio of 3:1 were
deposited on the edges of Ag nanocubes. Upon etching of the
core–frame nanocubes in an aqueous 3% H2O2 for 1 h, we
obtained Ag–Au nanoframes with thin ridges and opening on
the {111} facets (see Fig. 3A). Our ICP-MS analysis indicates that
the nanoframes are made of Ag and Au with a Ag to Au molar
ratio of 2 : 1. These data suggest that 3% H2O2 could remove Ag
from the cores (pure Ag), as well as some of the Ag atoms in the
newly deposited Ag–Au alloy. We used these Ag-enriched Ag–Au
nanoframes as a catalyst for the reduction of 4-nitrophenol (4-NP)
to 4-aminophenol (4-AP) by NaBH4.54 Upon the introduction of
1.42� 1011 nanoframes, we collected a series of UV-vis spectra as
a function of time (Fig. 7A). By monitoring the decay of the
absorption peak at 400 nm, we plotted ln[A0/At] as a function of
time and obtained a straight line (Fig. 7B). Our result indicates
that the reaction followed the first-order kinetics, with a rate

constant of 0.123 min�1. Although the rate constant of the Ag–Au
nanoframes was one order of magnitude smaller than the value
reported for Au nanocages,55 they are attractive for the develop-
ment of cost-effective catalysts through the inclusion of a large
amount of Ag.

4. Conclusions

We have demonstrated the co-deposition of Ag and Au atoms
onto Ag nanocubes for the generation of Ag@Ag–Au nanocubes
through the co-titration of AgNO3 and HAuCl4 in the presence
of AA. The co-titration process could be used to effectively block
the galvanic replacement reaction between Ag nanocubes and
HAuCl4 when the added AgNO3 was in a sufficiently high
proportion to push this reaction backward. Under these condi-
tions, the two precursors could be completely reduced by AA
for the generation of Ag and Au atoms, followed by their
co-deposition onto the Ag nanocubes in a fashion similar to
the conventional seeded growth. Initially, the Ag and Au atoms
were deposited on the edges and corners of the Ag nanocubes
to generate Ag@Ag–Au core–frame nanocubes. As the co-titration
volume was increased, more Ag and Au atoms were co-deposited

Fig. 6 SERS spectra taken from 1,4-BDT adsorbed on the Ag and Ag@Ag–
Au core–frame nanocubes, respectively, at an excitation wavelength of
(A) 532 nm and (B) 785 nm, respectively. The Ag@Ag–Au nanocubes were
prepared by co-titrating 0.4 mL of AgNO3 (0.3 mM) and 0.4 mL of HAuCl4
(0.1 mM) into an aqueous suspension of Ag nanocubes in the presence of AA.

Fig. 7 (A) Time-dependent UV-vis adsorption spectra recorded at different
time points for the reduction of 4-NP by NaBH4 at room temperature in the
presence of Ag–Au nanoframes as a catalyst. (B) Plot of ln[A0/At] versus time
for the peak at 400 nm. The catalyst was prepared by co-titrating 0.2 mL of
AgNO3 (0.3 mM) and 0.2 mL of HAuCl4 (0.1 mM) into an aqueous suspen-
sion of Ag nanocubes in the presence of AA, followed by etching in 3%
aqueous H2O2 for 1 h.
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at the edge and corner sites and then allowed to migrate to the
side faces through surface diffusion. We used UV-vis spectro-
scopy to monitor changes to the LSPR properties of the Ag
nanocubes during their transformation into Ag@Ag–Au nano-
cubes. The co-deposition of Ag and Au atoms on the surfaces of
Ag nanocubes could be used to enhance the SERS activity of Ag
nanocubes at an excitation wavelength of 785 nm. Additionally,
upon the removal Ag templates from the Ag@Ag–Au nanocubes
by H2O2 etching, we obtained Ag-enriched Ag–Au nanoframes
with catalytic activity toward the reduction of 4-NP by NaBH4.
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