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ABSTRACT: Morphology of Ag nanocrystals (NCs) is essential to the NC application in
catalysis, optics, and as antibacterial agents. Therefore, it is important to develop synthetic
methods and understand the evaluation of NC morphology in different chemical
environments. In this study, we report interesting findings of the morphological change of
fivefold-twinned Ag−Au−Ag nanorods (NRs) under the effect of H2O2 both as an oxidant
(etchant) and a reductant. At low H2O2 concentration, the reconstruction of Ag−Au−Ag
NRs was dominated by the growth along the longitudinal direction of NRs. With the
increase of H2O2 concentration, the reconstruction also occurs in the transverse direction,
and a clear change in particle morphology was observed. We further systematically studied the mechanism of the reaction. The
results showed that the transition of the morphology was a two-step process: (1) the etching of Ag on the seeds and (2) the
reduction of Ag2O. In the second step, the reaction kinetics was highly affected by H2O2 concentration. At low H2O2 concentration,
the growth mainly occurs along ⟨110⟩. However, at high H2O2 concentration, the reduction of Ag was not facet-selective. Using the
developed method, we can prepare various bimetallic NCs (high aspect ratio NRs with abundant pinholes, nanoplates, and other
NCs). The effect of the reconstruction process on the surface-enhanced Raman scattering (SERS) performance of NCs was
investigated.

■ INTRODUCTION
Noble nanocrystals (NCs) attracted much attention in the past
few decades due to their potential applications in cancer
therapy, catalysis, optics, and electronics.1−5 Among noble
NCs, Ag−Au bimetallic NCs have excellent optical perform-
ances because both metals have fine-tuned localized surface
plasmon resonance absorption in the visible and near-infrared
region.6−10 The structure and composition of Ag−Au
bimetallic NCs strongly affect their physical and chemical
properties.11−17 Therefore, the development of new methods
and technology for controllably preparing Ag−Au bimetallic
NCs is of great interest in both fundamental research of crystal
growth and meeting the needs of practical applications.
For the controlled preparations of Ag−Au bimetallic NCs,

various technologies (seed-mediated growth, soft template,
thermo-decomposition, and etching) have been demonstrated
to be effective.18−25 Of them, etching is a very powerful tool to
tune the morphology, composition, and structure of NCs. For
example, galvanic etching can be used to synthesize diverse
hollow nanostructures.26−30 Other chemical etchings were also
adopted in many reports and O2 in the air often serves as an
etchant.31,32 Compared to O2, H2O2 possesses stronger etching
capacity and can oxidize some noble metals, especially Ag.31

Thereby, H2O2 is very popular in the rapid construction of Ag
NCs. Yang’s group prepared a variety of multibranched Ag
NCs by suffering Ag octahedral NCs to position-specific
etching in H2O2 and aqua ammonia.31 The oxidation capacity
of H2O2 has been a scientific fact for a very long time.
Interestingly, several reports showed that H2O2 could trigger

the shape transformation of Ag NCs from a sphere to a
plate.33−35 In these studies, the mechanism that H2O2 may
serve as an oxidant to oxidize Ag nanospheres to Ag(I) and
then as a reductant to transform Ag(I) to Ag atoms for
growing nanoplates was proposed. The studies also demon-
strated that this strategy had a size limit. The shape
transformation cannot be achieved when the diameter of
starting Ag nanospheres is larger than 10 nm. Moreover, such
H2O2-triggered shape transformation has not been fully
understood so far, and a lot of questions remain unanswered.
For example, is this technology only suitable for synthesizing
platelike Ag NCs? Can other shaped Ag NCs be used as
starting materials? Therefore, it is worth putting more efforts to
explore this technology, and only by doing so, the mechanism
could be fully understood based on solid scientific evidence.
Here, we adopted large-sized Ag−Au−Ag segmental nanorods
(NRs) as starting materials and found that the method is still
very effective compared to bimetallic nonspherical NCs and
challenging the above size limit. A variety of bimetallic NCs,
including high aspect ratio NRs and nanoplates, were prepared
by adjusting the kinetics of crystal growth. The prepared long
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Ag−Au−Ag NRs have abundant pinholes on their surface, and
therefore exhibit better surface-enhanced Raman scattering
(SERS) performance.

■ MATERIALS AND METHODS
Materials. Chloroauric acid (HAuCl4·4H2O) was purchased from

Shanghai Chemical Ltd. Silver nitrate (AgNO3) was purchased from
Sinopharm Group Co. Ltd. Poly(diallyldimethylammonium chloride)
(PDDA) with molecular weight 400 000−500 000, hydrogen peroxide
(H2O2), sodium chloride (NaCl), sodium hydroxide (NaOH), and
ammonium hydroxide (NH4OH, 20 wt % in water) were purchased
from Shanghai Aladdin Reagent Co. Ltd. Diethylene glycol (DEG)
was purchased from Xilong Chemicals Co. Ltd. 2-Naphthalenethiol
was purchased from Sigma-Aldrich. All chemicals were of analytical
grade and used as received. Deionized water (18.2 MΩ cm) was
obtained using Elix-Milli-Q (Millipore) and used in all experiments.
Preparations of Au Decahedral NCs and Segmental Ag−

Au−Ag NRs. Au decahedral NCs and segmental Ag−Au−Ag NRs
were prepared by following the methods reported previously.36,37

First, a DEG solution containing AgNO3 was prepared with a
concentration of 10 mg/mL. Then, PDDA (60 μL) was mixed with
10 mL of DEG, 12.5 μL of HAuCl4 (0.48 mol/L), and 600 μL of
AgNO3 DEG solution. The solution was well mixed at room
temperature and then heated in a 210 °C oil bath. In about 15 min,
the solution turned red, indicating the formation of Au decahedral
NCs. After 30 min, the solution was cooled to room temperature and
then 10.6 mL of water was introduced. For the synthesis of segmental
Ag−Au−Ag NRs, an AgCl suspension was first prepared by mixing 5
mL of NaCl aqueous solution (2.8 mg/mL) with 5 mL of AgNO3
aqueous solution (8 mg/mL). Then, 1.5 mL of NH4OH was added to
the AgCl suspension. The mixture immediately became transparent
due to the formation of water-soluble [Ag(NH3)2]

+. Then, 20 mL of
Au decahedral NC solution was mixed with 700 μL of [Ag(NH3)2]

+

solution. The mixtures were warmed up to 70 °C and stirred for 12 h
for growing Ag−Au−Ag NRs. For purification, 1 mL of Ag−Au−Ag
NR solution was mixed with 8 mL of water and then the NRs were
precipitated through centrifugation. The above process was repeated
three times to remove excess PDDA, DEG, and other by-products.
The resulting precipitate was dispersed in 2 mL of deionized water.
Reconstruction of Ag/Au NCs. The purified Ag−Au−Ag NR

solution (2 mL) was mixed with different volumes of H2O2 (0.03 wt
% in water) in a 10 mL plastic tube and followed by 5 min ultrasonic
treatment. Then, the mixture was allowed to stand without
disturbance at room temperature. After 24 h, the supernatant liquid
was taken out carefully using a plastic dropper and discarded, and
then the precipitates were dispersed in 1 mL of water. Because no
organics were added, further purification was not needed.

SERS Measurement. Ethanol solution of 2-naphthalenethiol (2 ×
10−5 mol/L, 0.5 mL) was mixed with 0.5 mL of water containing
purified NCs (2.00 μmol of the metal in each case), followed by 30
min ultrasonic treatment. A capillary tube was filled with the above
solution by imbibition and then was used to obtain Raman spectra on
a Renishaw Ramascope micro-Raman system attached with a Leica
microscope (a 50× objective was used). The excitation wavelength of
the laser was 532 nm, in conjunction with a grating of 1200 lines/mm,
at a power of 50% of the laser output.

Characterizations. An ultrahigh-resolution field-emission scan-
ning electron microscope (SEM) (Nova 100, FEI) was used to
observe the morphology of the NCs. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) were carried out on a JEM-2100F microscope
(JOEL, Japan) attached with a high-angle annular dark-field
(HAADF) detector.

■ RESULTS AND DISCUSSION

Evolution from Short NRs to Long NRs. We used the
short Ag−Au−Ag NRs (Figure 1a) as a starting material to
study the morphological evolution. The synthetic method for
the short Ag−Au−Ag NRs was previously reported by our
group.37 Due to the large difference between the atomic
number of Ag (47) and Au (79), the HAADF image shows a
clear segmental structure (Figure 1a). The white and gray
sections are attributed to the Au atoms of decahedral NCs and
Ag atoms, respectively. These PDDA-stabilized Ag−Au−Ag
NRs can be dispersed in solvents with high polarity. After
removing excess DEG, PDDA, and other by-products, the
purified NRs were dispersed into water. To induce
reconstruction, 150 μL of H2O2 was added into the above
solution containing starting Ag−Au−Ag NRs, and then the
solution was subjected to ultrasonic treatment, followed by 24
h structure reformation at room temperature. Some gray
precipitates were observed at the bottom of the containers and
the HAADF image shows that they are high aspect ratio NRs
(Figure 1d). Their image contains one white section
overlapped by the gray section, as well as starting Ag−Au−
Ag NRs. The white section should be Au decahedral NCs
because H2O2 is unable to etch Au at room temperature
(Figure 1a). For the gray section, it is possible to be a
substance containing Ag. The results of elemental mapping
demonstrate this conclusion (Figure 2). The element
distribution of Ag and Au agrees well with HAADF results

Figure 1. HAADF images and length distribution histograms of short Ag−Au−Ag NRs untreated with H2O2 (a−c) and long Ag−Au−Ag NRs after
treated with H2O2 (d−f). Insets in (a) and (d) are the high-magnification HAADF images.
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(Figure 2b−d). Elemental line scanning gives the same result
(Figure 2e,f). These long NRs are indeed segmental Ag−Au−
Ag NCs. This was confirmed by HRTEM images. Distinctly,
the lattice fringe image in one NR demonstrates that it is
highly crystalline (Figure 3a,b). The adjacent interplanar
spacing is 0.238 nm attributable to Ag(111) (Figure 3c),38

which demonstrates that the NR is composed of Ag atoms
rather than the Ag(I)-related substance. The fast-Fourier
transform (FFT) pattern manifests that the NR has no

structure difference (Figure 3d), compared with the starting
Ag−Au−Ag NRs, that is, both of them are fivefold-twinned.39

Although both NRs have the same structural features, their
lengths are dramatically different. The starting Ag−Au−Ag
NRs have a mean longitudinal length of 84 nm and a transverse
length of 55 nm (Figure 1b,c). After the treatment with H2O2,
the mean longitudinal length increased to 645 nm, and even
some micron-sized NRs were observed (Figure 1e). However,
their transverse length had no such significant change and only
slightly increased by 13 nm (from 55 to 68 nm).

Effect of H2O2. In the results shown above, we observed
the morphological transition of NRs from a low aspect ratio to
a high aspect ratio by the treatment of H2O2, which motivates
us to analyze the mechanism of the morphological transition.
The system contains H2O, PDDA, H2O2, Ag, and Au. H2O
often serves as a high-stability solvent in the synthesis of Ag
NCs, and therefore, it is impossible to induce the size change
to such an extent. Excess PDDA molecules have been removed
during purification. Moreover, it has been reported that PDDA
could act as a capping agent for preparing Ag−Au−Ag NRs
and no such length change was observed.37 Therefore, H2O2 is
the only cause for the morphological transition. When H2O2
was absent, no change occurred (Figure S3), which further
provided a piece of strong evidence for our inference. To
investigate the effect of H2O2 on the evolution of morphology,
the amount of H2O2 was adjusted in a series of parallel
experiments. As described above, the long Ag−Au−Ag NRs
were formed with the addition of 150 μL of H2O2 (Figures 1a
and 4a1,a2). When 200 μL of H2O2 was introduced, most
products were still rodlike (Figure 4b1,b2). However, their
longitudinal length decreased to 448 nm and transverse length
increased to 132 nm (Figures 5 and S4c). Moreover, the inside
Au decahedral NCs are close to one side of NRs along the
transverse direction rather than in the central position.
However, for both the starting Ag−Au−Ag NRs and long
Ag−Au−Ag NRs (Figure 1), the Au decahedral NCs are in the
middle along the transverse direction. The results indicate that
the growth of the crystal along the transverse direction around
Au decahedral NCs was isotropic, and a high concentration of
H2O2 changed the growth preference. With further increasing
H2O2 to 250 μL, products including dominant NRs and some
nanoplates were formed (Figure 4c1,c2). The mean transverse
length kept increasing to 170 nm and the longitudinal length
reduced to 386 nm (Figures 5 and S4d). When 300 μL of
H2O2 was introduced, almost all products were nanoplates and
very few were NRs (Figure 4d1,d2). Their mean transverse
length is 211 nm (Figures 5 and S4e). The longitudinal length
had a 126 nm decrease compared with products prepared using
250 μL of H2O2 (Figures 5 and S4e). The composition and
structure of nanoplates were investigated with elemental
mapping and HRTEM. The Ag (green) and Au atom (red)
distributions agree well with the HAADF result (Figure 6a−d).
Elemental line scanning profiles further confirmed the
structure (Figure 6e,f), demonstrating that Au decahedral
NCs are located only on one side of the nanoplates.
HRTEM characterization was performed to observe the

detailed structure of nanoplates (Figure 7). The nanoplate has
a trapezoidal shape. The HRTEM image shows that the Au
decahedron is located on one side (Figure 7a). Three regions
were selected along the transverse direction. HRTEM images
and corresponding FFT patterns show that they have different
crystalline structures. For area 1 (Figure 7b), it is difficult to
obtain a very clear lattice fringe image because of the small

Figure 2. HAADF images (a), elemental mapping images (b−d), and
elemental line scanning patterns (e, f) of one individual long Ag−Au−
Ag NR. The red arrow in (e) indicates the scanning direction.

Figure 3. HRTEM images of one individual long Ag−Au−Ag NR (a)
and a detailed HRTEM result (b) of the area marked by the green box
in (a). (c) The detailed structure from the positions marked by the
red box and (d) is the FFT pattern obtained based on the HRTEM
result marked by the blue box in (b).
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spacing of the crystal plane parallel to the incident electron
beam. However, it can be distinctly recognized that the spacing
of adjacent crystal planes is 0.121 nm attributable to Ag(220)
(Figure 7c). The corresponding FFT pattern implies that the
incident electron beam was along [1̅11] (Figure 7d), and thus
the two large bounding facets perpendicular to the incident
electron beam should be Ag(111). The image contrast is
inhomogeneous in area 2 because the crystalline orientation
changes with positions (Figure 7e). The FFT pattern
corresponding to the HRTEM image demonstrates that this
area has a fivefold-twinned feature (Figure 7f), as well as the
Au decahedron. Area 3 is far away from the fivefold axis and a
feature similar to the single crystalline structure was observed
(Figure 7g,h). Based on these TEM results, we can infer the
structure of the trapezoidal nanoplate to be a combination of a
single-twinned nanoplate and a fivefold-twinned NR (Figure
7i). This formation of the structure is related to two factors
(the internal strain of fivefold-twinned NCs and growth
kinetics) and will be discussed later.
Effect of Reaction Time. The above results show that

H2O2 can result in a significant change in products. To gain a
deep understanding of the growth, the products with different
reaction times were investigated after 150 μL of H2O2 was
added. For the products within 1 min reaction time, the
products are polydispersed and a lf small-sized particles are
observed (Figure 8a). We carefully removed the large-sized

particles through low-speed centrifugation (1500 rpm). The
small-sized particles left in the solution were observed with a
SEM and the result shows that they are Au decahedral NCs
(inset in Figure 8a). The HRTEM image shows that Ag atoms
were not etched completely (Figure S16c,d). These large-sized
particles discarded in the centrifugation are Ag2O, which is
confirmed by elemental line scanning results (Figure S16a,b).
If the reaction time was increased to 2 h, long NRs were
observed, and the number of irregular particles reduced

Figure 4. SEM images and corresponding schematic illustrations of products prepared through the addition of the different volumes of H2O2: (a1,
a2) 150 μL; (b1, b2) 200 μL; (c1, c2) 250 μL; (d1, d2) 300 μL. Insets are the high-magnification HAADF images of corresponding products.

Figure 5. Transverse length (a) and longitudinal length evolution (b)
as a function of the volume of H2O2.

Figure 6. HAADF images (a), elemental mapping images (b−d), and
elemental line scanning profiles (e, f) of one individual triangular
plate. The red arrow in (e) indicates the scanning direction.
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(Figure 8b). It indicated that the reduction of Ag(I) to Ag
atoms occurred. The increase of the reaction time to 8 h
further raised the percentage of Ag−Au−Ag NRs (Figure 8c).
When the reaction was carried out for 24 h, most of the
products are Ag−Au−Ag NRs (Figure 8d). In the current case,
almost no irregular particles were observed, implying that
Ag(I) was consumed almost completely. It is necessary to
mention that in the experiment, no additional Ag precursor
was introduced and the formation of large-sized Ag−Au
bimetallic NCs indicates that only a small amount of Au
decahedral NCs served as nucleation centers in the Ag
regrowth. A large number of separate Au decahedral NCs were
observed after the regrowth. Due to the large size difference,
Ag−Ag NCs can be separated easily from Au decahedral NCs
via precipitation to gain products with a uniform shape (Figure
1b).
Growth Mechanism. Based on the time-dependent

evolution, we may conclude that the reconstruction includes
two stages. In the first stage, Ag atoms of the Ag−Au−Ag NRs
transform to Ag(I) due to the etching of H2O2 and Au
decahedral NCs remained due to their high stability. In the
second stage, Ag(I) is reduced back to Ag atoms, which
nucleate again on some Au decahedral NC surfaces along
⟨110⟩ and form Ag−Au−Ag NRs. For the first stage, it can be

easily understood because H2O2 is a strong oxidant. Many
publications also reported the etching of Ag by H2O2.

33−35

Herein, two critical questions in the second stage are worth
discussing.
The first question is which substances act as reducing

agents. As discussed before, H2O2 can also serve as a reductant
in some cases, especially when it is in an alkaline environ-
ment.33−35,40 Ekgasit et al. demonstrated that H2O2 could
trigger the shape transformation from Ag nanospheres to Ag
nanoplates.33,34 They believed that H2O2 first etched Ag and
then reduced Ag ions, resulting in the regeneration of Ag
nanoplates. In another report, Yin and co-workers systemati-
cally studied the H2O2-assisted growth of Ag nanoplates and
deepened the understanding that Ag(I) is reduced to Ag by
HO2

− anions rather than H2O2.
35 Our system could partially

be explained by the same mechanism but there are some
differences. In their systems, various organic substances were
used to stabilize nanoplates or guide crystal growth. In our
experiment, no organic substances were introduced in the
second stage. Moreover, the Ag−Au−Ag NRs were washed at
least three times to remove excess PDDA, DEG, and other by-
products. After Ag was oxidized by H2O2, Ag2O rather than
other Ag(I) complexes was formed because no other ions were
present. Ag2O is a non-water-soluble substance. After Ag atoms

Figure 7. TEM and HRTEM images of one individual plate (a, b) and HRTEM images and corresponding fast-Fourier transform patterns of
different areas: (c, d) area 1; (e, f) area 2; (g, h) area 3. The position of the Au decahedron in the nanoplate is shown by the high-magnification
HRTEM image inserted in (a). (i) The top and middle figures are the schematic illustrations at different viewpoints, and the bottom figure is the
perspective.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c01230
Langmuir 2020, 36, 9770−9779

9774

https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01230?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01230?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01230?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01230?fig=fig7&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01230?ref=pdf


on the surface are oxidized, the Ag2O layer can prevent further
etching. Ultrasonic treatment in our experiment can remove
the Ag2O layer from the Ag−Au−Ag surface. As a result,
further etching may occur. Otherwise, length and shape
changes were not that fast. An alkaline environment can
produce high-concentration HO2

− anions and then provide
H2O2 with a stronger reducing ability. In our experiment, no
alkaline substance was used, and the solution was acidic (pH =
4.7). However, the reduction of Ag(I) to Ag atoms still

occurred. Therefore, the formation of Ag2O is an important
step. The standard redox potential of Ag2O/Ag is 1.17 V,
which is higher than those the other redox pairs (E(AgCl/Ag)
= 0.222 V; E(AgBr/Ag) = 0.0713 V; E(Ag+/Ag) = 0.7996
V).41 The high standard redox potential facilitates the
reduction. To confirm this, we introduced 10 μL of PDDA
containing Cl− ions and other conditions were unchanged. On
coming in contact with Cl−, Ag2O can change into AgCl owing
to its stability difference.42 In this case, Ag should transform

Figure 8. SEM images of products prepared through adjusting the reaction time (150 μL of H2O2 was added): (a) 1 min; (b) 2 h; (c) 8 h; and (d)
24 h. The inset in (a) is the SEM image of products after removing the large-sized particles, showing the remaining Au decahedral NCs.

Scheme 1. (a) Top View of Decahedral Geometry along ⟨110⟩; (b) Schematic Illustration of Transverse Growth and
Longitudinal Growth; (c) Nanocrystal Formation and Evolution with the Reduction Rate
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into AgCl instead of Ag2O after etching. The result showed
that only etching was observed, and the regrowth of Ag did not
occur because the formation of AgCl provided an energy
barrier to reduce Ag(I) to Ag atoms (Figures S10 and S11).
Another critical question is how Au decahedral NCs and

the amount of H2O2 affect the product shape. For a perfect
decahedron with fivefold symmetry, the angle between two
adjacent subunits should be 72° (Scheme 1a).36−38,43−46

However, the angle between two adjacent subunits in a
fivefold-twined Au decahedron and its derivative NR is only
70.53°, which causes a 7.35° solid-angle deficiency.47,48 To
connect each subunit, the lattices near twinned boundaries
have to be stretched. As a result, the NCs are intrinsically
strained. Moreover, the gap between two adjacent subunits
increases with the transverse length, and so does the strain.
Therefore, the internal strain always restricts the transverse
growth and favors the longitudinal growth along ⟨110⟩
(Scheme 1b).42 That is, the product with a large transverse
length is not promoted thermodynamically in the fivefold-
twinned NCs.
In our experiment, H2O2 can be divided into three parts.

Part I and part II are consumed in the etching of Ag and the
reduction of Ag2O to Ag(0), respectively. Part III is the extra
H2O2 that is not involved in the etching and reduction.
Although part III does not participate in the above two
chemical reactions, it is critical to the etching and reduction
rate. When Ag concentration is kept unchanged, the amounts
consumed in etching and reduction are constant. The total
H2O2 concentration depends on part III, determines the
collision frequency between the reactants, and affects etching
and reduction rate kinetically. With increasing H2O2, etching
and the kinetics of reduction increase.
Growth kinetics can significantly affect the growth mode and

product shape, as well as intrinsic strain.20,49,50 Slow reduction
causes low-concentration Ag atoms. As a result, after the newly
formed Ag atoms adsorb on the Au decahedral NC surface,
they can migrate to thermodynamically favorable sites for
reaching a low-energy state. As discussed above, a large
transverse length is a high-energy state. Consequently, the
growth along ⟨110⟩ is promoted, forming Ag−Au−Ag NRs
with a large aspect ratio (Scheme 1c). For a fast reduction,
high-concentration Ag atoms are generated. In this case, Ag
atoms prefer nucleating on these positions where they first
adsorb. For this reason, transverse growth is accelerated and
longitudinal growth relatively slows down (Scheme 1c), which
is unfavorable due to increased strain. It has been
demonstrated that asymmetrical transverse growth can alleviate
the strain.43,45 Therefore, transverse growth mainly occurred
along one side, generating nanoplates in which Au decahedral
NC seeds are not located in the middle rather on one side
(Scheme 1c).
Effect of Ag Precursor Concentration. The kinetics

dependent growth mode can be demonstrated again by
controlling other reaction conditions. We designed a series
of experiments in which 300 μL of H2O2 was fixed and
different amounts of pure Ag NCs were added (Figures S12−
S14). As a result of more Ag atoms, the amount of H2O2
consumed in the etching increased, and so the concentration of
H2O2 in the next reduction became low, resulting in a slow
reduction. Under this circumstance, the transverse growth rate
should decrease and transverse length must have the same
change. Results show that the products indeed evolved from
the plate with a large transverse length to high aspect ratio NRs

with the introduction of Ag NCs. Previously, Parnklang et al.
reported that only starting Ag nanospheres smaller than 10 nm
could induce the regeneration of Ag atoms because the small
size effect causes high reactivity and collision frequency.33

Otherwise, only etching was observed and Ag(I) could not be
reduced back to Ag atoms. In our system, the size of starting
Ag NCs and Ag−Au−Ag NRs are far larger than 10 nm
(Figure S12), and so there is no such size limit in our system.
This could be attributed to the high redox potential of Ag2O,
which makes the reduction of Ag(I) to Ag easier.

SERS Measurement. When Ag NCs or Au NCs are
irradiated by light, the electric field near their surface can be
heavily enhanced due to localized surface plasmon resonance
absorption. For this reason, the polarizability of the Raman
probe molecule on Ag or Au substrates has a very strong
increase, producing a strong Raman intensity. Therefore, they
are widely used as SERS substrates and their surface
morphology significantly affects SERS performance.51,52

High-resolution SEM images show that the starting Ag−Au−
Ag NRs have relatively smooth surfaces (Figure 9a), but the

prepared long NRs have a large number of pinholes on their
surface (Figure 9b). This could be caused by the concentration
difference of capping agents during their growth. The
concentration of capping agents was much lower in the
preparation of long NRs, and thereby the crystal growth was
not well guided, which might result in the formation of defects
(pinholes). It has been demonstrated that the pinhole effect on
Au or Ag NC surfaces can generate a considerable enhance-
ment of the electromagnetic field, which greatly improves their
SERS performance.53−55 Here, the SERS performance of the
two NRs were tested, and both of them give clear enhanced
Raman spectra using 2-naphthalenethiol as the probe
molecules. However, 2-naphthalenethiol ethanol solution
without metal nanoparticles could only produce a very weak
Raman signal even when the concentration is 1 M (Figure
S19), demonstrating that both bimetallic NRs have excellent
SERS performance. For the SERS tests of the two bimetallic
NRs, the Ag content is constant. However, the size of the latter
is larger than that of the former. Theoretically, the total surface
area of short NRs should be higher and result in a better SERS
performance. However, the SERS performance of long Ag−
Ag−Ag NRs is 1.4 times of that recorded on the short NRs
(Figure 9c). Here, the better SERS performance of

Figure 9. SEM images of short Ag−Au−Ag NRs (a), long Ag−Au−
Ag NRs (b), their SERS spectra (c), and corresponding FDTD
simulations of the electric field on the NC surface (d1, d2).
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reconstructed long Ag−Au−Ag NRs can result from the
pinhole effect. We also calculated the enhancement factor
(Figures S17−S20 and Table S1). Although reconstructed
Ag−Au−Ag NRs have a smaller surface area and absorb less
probe molecules than original Ag−Au−Ag NRs, the former has
a higher enhancement factor (9.0 × 105), which is 2.5 times
that of the latter (3.6 × 105). To confirm the pinhole effect, we
performed a finite-difference time-domain (FDTD) simulation.
When the source (532 nm) was injected along the longitudinal
direction, the electromagnetic field near each pinhole has an
enhancement clearly (Figure 9d1,d2), implying that surface
pinholes provide numerous hot spots. Therefore, the Raman
signal is dramatically enhanced. The surface plasmon
resonance absorption along the transverse direction could
also result in the SERS enhancement. For Ag NRs with
diameters ranging from 50 to 90 nm, the surface plasmon
resonance absorption often appears at 450 nm,56,57 but the
wavelength of the used laser in our experiment is 532 nm.
Therefore, the SERS enhancement should be due to the
pinhole effect rather than the excitation of the laser.

■ CONCLUSIONS
We have demonstrated that the two-stage reconstruction
(etching and regrowth) of fivefold-twinned Ag−Au−Ag NRs is
achieved with H2O2 both as an oxidant and a reductant.
Products with various shapes and structures can be prepared
by tuning the concentration of H2O2 and other conditions.
The internal strain of the fivefold-twinned structure has a
critical effect on the product morphology for it can restrict the
transverse growth and relatively facilitate the growth along the
⟨110⟩ direction. That is, it favors the formation of NRs with a
high aspect ratio. Growth kinetics also has decisive impacts.
Slow growth has the same effect as the internal strain.
However, fast growth prefers asymmetrical transverse growth
and the formation of nanoplates. The surface of reconstructed
Ag−Au−Ag NRs has abundant pinholes, which can enhance
the electromagnetic field and improve SERS performance
when they serve as substrates. It is believed that our studies can
considerably expand the utilization of H2O2 in the controlled
preparation of Ag NCs and practical applications.
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