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ABSTRACT: We report the development of an isocyanide-
based molecular probe for in situ characterizing the
overgrowth of a second metal on silver nanocrystal seeds in
solution by surface-enhanced Raman scattering (SERS). As
the first demonstration, we elucidate that the vibrational
frequency of 2,6-dimethylphenyl isocyanide (2,6-DMPI) can
serve as a distinctive reporter for capturing the nucleation of
Pt on the edges of Ag nanocubes in the aqueous solution
containing a Pt precursor, ascorbic acid, and poly(vinylpyrrolidone) under ambient conditions. Our success relies on the
difference in stretching frequency for the NC bond when the isocyanide group binds to the Ag and Pt atoms. Specifically, σ
donation from the antibonding σ* orbital of the −NC group to the d-band of Ag would strengthen the NC bond, blue
shifting the stretching frequency. In contrast, π-back-donation from the d-band of Pt to the π* antibonding orbital of the
−NC group would weaken the NC bond, leading to a red shift of stretching frequency. Therefore, it is feasible to in situ
characterize the outermost surface that consists of both newly deposited Pt atoms and remaining Ag atoms by following the
stretching frequencies and intensities of 2,6-DMPI in real time. Because the SERS hot spots on the edges of Ag nanocubes
coincide with the {110} facets preferred for the nucleation of Pt atoms, this technique is capable of resolving 27 Pt atoms
being deposited on each edge of a 39 nm Ag nanocube in the original growth solution. Collectively, in situ SERS, with its
consummate sensitivity to molecular structure and bonding of isocyanide-based molecular probe, could elucidate the
mechanistic details involved in the seeded overgrowth of a catalytically significant metal, such as Pt, Pd, Ir, Rh, and Ru, on
the surface of a Ag or Au nanocrystal seed.

KEYWORDS: surface-enhanced Raman scattering, SERS, heterogeneous nucleation, site-selective deposition, seeded growth,
bimetallic nanocrystals

Bimetallic nanocrystals have received significant interest
owing to their properties that are often superior to the
monometallic counterparts.1−6 Among various meth-

ods, seeded overgrowth has emerged as the most powerful
route for the synthesis of bimetallic nanocrystals.7−12 Despite
the remarkable progress, it remains a grand challenge to directly
detect the nucleation of the second metal on the surface of a
seed in a colloidal suspension, in particular, when the deposited
amount is below one monolayer. Two different approaches
have been implemented to address this issue. Using in situ
liquid-cell transmission electron microscopy (TEM), Ross and
co-workers observed the dynamic nucleation and growth of Cu
clusters during electrodeposition.13 Zheng and Alivisatos
visualized the growth of a single colloidal Pt nanocrystal in
real time.14 In parallel, small- and wide-angle X-ray scattering

has enabled the monitoring of temporal evolution of both
particle size and crystal structure during the heterogeneous
nucleation and growth of metal nanoparticles.15−17 Unfortu-
nately, both electrons and X-ray may induce unexpected
reactions that include the photochemical reduction of metal
precursors, hydrolysis, and thermal and photoelectrical
destruction,17 making it difficult to elucidate the mechanistic
details. It is also challenging to resolve the elemental
composition during the course of a wet synthesis by these
diffraction- or imaging-based techniques. In this case, ex situ
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characterization techniques such as energy-dispersive X-ray
spectroscopy (EDX) and electron energy loss spectroscopy
(EELS) are often needed for elemental analysis.
Here, we propose to address the challenge by taking a

paradigm shift through the development of isocyanide-based
molecular probes for in situ characterizing heterogeneous
nucleation and early stage deposition of a second metal (M)
on the edges of Ag nanocubes by surface-enhanced Raman
scattering (SERS). Figure 1 illustrates the concept of SERS

detection. Because the isocyanide group (−NC) binds to a
metal surface in a manner similar to that of carbon
monoxide,18−20 we argue that the stretching frequency of the
NC bond (νNC) would be highly dependent on the work
function of the metal. As illustrated in Figure 1A, for example, σ
donation from the antibonding σ* orbital of the −NC group to
the d-band of Ag would strengthen the NC bond, resulting in a
blue shift for νNC(Ag).

21 In contrast, π-back-donation from the d-
band of M to the π* antibonding orbital of the −NC group
would weaken the NC bond, leading to a red shift for νNC(Pt).

22

In essence, an isocyanide-based molecular probe can be used to
differentiate M from Ag, making it possible to detect nucleation
of M atoms on the outermost surface layer of Ag nanocrystals
by following the νNC(Ag) and νNC(M) bands.
For the proof of concept, we focus on a well-defined model

system based on Ag nanocubes with slight truncation at corners
and edges. According to the simulation results (Figure 1B)
obtained using the finite element method (FEM),23 the local
electric field (E-field, |E|) is intensified most significantly on the
edges of a Ag nanocube upon excitation of its localized surface
plasmon resonance (LSPR), giving hot spots for ultrasensitive
SERS detection. When the {100} facets of a Ag nanocube are
selectively passivated by a capping agent such as poly-
(vinylpyrrolidone) (PVP), the surface free energies of the
three low-index facets increase in the order of γ100 < γ111 < γ110.
As a result, the M atoms derived from the reduction of a

precursor should be selectively deposited on the {110} facets of
a Ag nanocube, as confirmed by our recent findings.24 Because
the SERS hot spots on the edges of a Ag nanocube coincide
with the {110} facets preferred for the nucleation of M atoms,
it is feasible to observe the overgrowth of M on Ag nanocubes
in situ by SERS with sensitivity.
In this work, we demonstrate that the vibrational frequency

of 2,6-dimethylphenyl isocyanide (2,6-DMPI) can serve as a
distinctive reporter for Pt atoms being deposited on the edges
of Ag nanocubes, with a detection limit well below one
monolayer. Remarkably, SERS analysis can be conducted while
the particles are still suspended in the original reaction solution,
making it possible for probing the heterogeneous nucleation
and early stage deposition events in real time. Most
significantly, we demonstrate the capacity to resolve approx-
imately 27 Pt atoms being deposited on each edge of a Ag
nanocube in the reaction solution by following the stretching
frequencies of the NC bond when 2,6-DMPI binds to Ag and
Pt atoms. Through an integration of the capabilities in terms of
ultrasensitive detection, metal differentiation, and in situ
characterization, this SERS-based methodology would elucidate
the mechanistic details involved in the overgrowth of other
metal M, such as Pd, Ir, Rh, and Ru, on the surface of a Ag
nanocrystal seed due to the π-back-donation from the d-band of
M to the π* antibonding orbital of the −NC group. The
outcomes would help establish a scientific basis to enable the
rational design and deterministic synthesis of bi- and
multimetallic nanocrystals sought for applications in plasmonics
and catalysis.

RESULTS AND DISCUSSION
We first followed the published protocol to prepare Ag
nanocubes with an average edge length of 39.2 ± 1.4 nm.25

Based on the TEM and SEM images in Figure S1, A and B, as
well as our previous work,26 we could assign the dimensions to
different types of facets on a nanocube (Figure S2). In the
standard protocol, we dispersed the Ag nanocubes (at a fixed
number of particles) in an aqueous solution containing ascorbic
acid (AA) and PVP, followed by the titration of H2PtCl6
solution at room temperature. As illustrated in Figure 2, with an
increase in the titration volume of precursor, we believe that Pt
atoms derived from the reduction by AA (via chemical
reduction) and Ag nanocubes (via galvanic replacement
reaction) would be selectively deposited on the edges of Ag

Figure 1. (A) Schematic illustration showing the difference in
stretching frequency for the NC bond when the isocyanide group
binds to Ag and M atoms. (B) Plot of the intensity of electric field
on the surface of a slightly truncated 39 nm Ag nanocube at the
laser excitation of 532 nm.

Figure 2. Schematic illustration of proposed pathway for the
deposition of Pt atoms onto Ag nanocubes in an aqueous solution
containing Ag nanocubes, AA, and PVP, followed by the titration of
aqueous H2PtCl6 at room temperature.
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nanocubes and then diffused to corners and side faces, in a
similar fashion to the deposition pathway of Pd atoms on Ag
nanocubes reported in our prior work.20

In an initial study, we validated the use of 2,6-DMPI to
report the deposition of Pt atoms on Ag nanocubes by SERS.
Specifically, we titrated different volumes of aqueous H2PtCl6
solution (0.2 mM) into an aqueous suspension containing Ag
nanocubes (2.1 × 1011) in the presence of AA and PVP. After
the collection of the as-obtained Ag−Pt nanocubes by
centrifugation, we incubated them in an ethanol solution of
2,6-DMPI (10−4 M) for 60 min and then collected the solids by
centrifugation. After being washed with deionized (DI) water
twice, the particles were suspended in DI for SERS measure-
ments at a particle concentration of approximately 6.9 × 1010

particles/mL. Figure 3A shows the SERS spectra of 2,6-DMPI
adsorbed on the Ag nanocubes before and after they had
reacted with different volumes of H2PtCl6. Before the titration,
the spectrum shows two characteristic peaks at 2172 and 645
cm−1, with assignments to the NC stretching (νNC(Ag)) and C−
NC stretching (νC−NC(Ag)) bands, respectively, of 2,6-DMPI
adsorbed on Ag. The remaining peaks can be assigned to the
ring-associated bands of 2,6-DMPI.27 As the volume of H2PtCl6
was increased to 1 μL and then 3 μL, in addition to the
predominant νNC(Ag) and νC−NC(Ag) bands, two new peaks

located at 2105 and 675 cm−1 can be assigned to the νNC(Pt) and
νC−NC(Pt) bands, respectively, of 2,6-DMPI adsorbed on Pt.
When compared with the νNC and νC−NC bands in the ordinary
Raman spectrum of 2,6-DMPI in its neat state (Figure S3 and
Table S1), the νNC(Ag) and νNC(Pt) bands were blue- and red-
shifted from 2123 cm−1 to 2172 and 2105 cm−1, respectively,
while the νC−NC(Ag) and νC−NC(Pt) bands were blue-shifted from
640 cm−1 to 645 and 675 cm−1, respectively. These results
indicate that νNC is indeed sensitive to the interaction between
the −NC group and the metal, supporting the detection
mechanism proposed in Figure 1A. By assuming that the added
precursor was completely reduced to Pt atoms and then
deposited uniformly on the edges of all Ag nanocubes in the
reaction solution (see Supporting Information for more
details), we estimated that 10 μL of H2PtCl6 would be needed
for generating one monolayer of Pt atoms to cover all the edges.
Because the peak of νNC(Pt) was well-resolved in the SERS
spectrum collected for the sample obtained with the titration of
3 μL of H2PtCl6, we claim a submonolayer detection sensitivity
for monitoring the deposition of Pt atoms on Ag nanocubes.
As the titration volume of H2PtCl6 was increased from 3 to

30 μL, the intensity of νNC(Pt) monotonically increased while
that of νNC(Ag) peak decreased accordingly. Similar behaviors
were observed for the νC−NC(Pt) and νC−NC(Ag) peaks. These

Figure 3. (A) SERS spectra recorded from aqueous suspensions of 2,6-DMPI-functionalized samples prepared by reacting 39 nm Ag
nanocubes (2.1 × 1011) with different volumes of aqueous H2PtCl6 (0.2 mM). (B) Calculated E-field distributions on a 39 nm Ag nanocube
with different numbers of Pt atomic layers deposited on the edges, {110} facets, of the nanocube.
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results indicate that SERS is sensitive enough for detecting the
deposition of Pt atoms on Ag nanocubes by monitoring the
intensity of νNC. With a further increase of titration volume to
50 and 100 μL, we could only identify the characteristic bands
of νNC(Pt) and νC−NC(Pt), whereas those peaks associated with
νNC(Ag) and νC−NC(Ag) are difficult to resolve due to the decrease
in SERS intensity. By monitoring the peak of νNC(Pt) at 2105
cm−1, we found that its intensity dropped by 56 and 83% as the
titration volume was increased from 30 μL to 50 and 100 μL,
respectively. We argued that the Pt atoms would be
progressively deposited on the edges (i.e., hot spots for
SERS) of Ag nanocubes and ultimately activate the damper
effect of Pt on the SERS properties of Ag nanocubes, in
agreement with previous findings.24,28

To further support our argument, we used FEM to calculate
the E-field near a Pt-decorated Ag nanocube (see Figure S2) at
an excitation wavelength of 532 nm, after the deposition of
one-, three-, and 10-atomic layers of Pt atoms on the edges of
nanocubes. Figure 3B indicates that the strongest |E| enhance-
ment occurs at the four edges of a nanocube parallel to the
polarization of the laser, contributing most to the SERS signals
due to the |E|4 dependence.29 The calculation also shows that,
when the number of Pt atomic layers on the edges of a
nanocube is increased from one to two, |E| is comparable.
However, with a continuing increase to three atomic layers, |E|
starts to decay. Based on our above estimation, 30 μL of
H2PtCl6 would generate three atomic layers of Pt atoms to cover
all the edges. Hence, we believe that the threshold value of
H2PtCl6 volume would be 30 μL for activating the damper
effect of Pt, consistent with the trend in SERS measurements.
We also used inductively coupled plasma mass spectrometry
(ICP-MS) to measure the Pt content in the as-obtained solid
samples. As shown in Figure S4, the Pt content in the solid
product increased linearly from 0.05 to 0.08, 0.16, and 1.44 wt
% as the volume of H2PtCl6 solution titrated into the reaction
system was increased from 3 to 5, 10, and 100 μL, respectively.
In the second set of experiments, we demonstrated that 2,6-

DMPI could be directly introduced into the synthesis to report
the deposition of Pt atoms on Ag nanocubes in the original
reaction solution. Specifically, we added 2,6-DMPI (10−5 M,
dissolved in ethanol) to a standard reaction solution containing
Ag nanocubes, AA, and PVP, followed by the injection of
aqueous H2PtCl6 under magnetic stirring at room temperature.
Afterward, aliquots were sampled from the reaction solution at
different time points for SERS characterization. Figure 4A
shows the SERS spectra recorded after we introduced 5 μL of
0.2 mM H2PtCl6 into a reaction solution. At t = 5 min, we
observed the νNC(Ag) and νNC(Pt) bands at 2169 and 2109 cm−1,
respectively, suggesting the presence of submonolayer Pt atoms
on the edges of the nanocubes. As the reaction progressed to 15
min, SERS spectrum remained essentially the same but with
variations in peak intensity. These data indicate the SERS is
capable of monitoring the nucleation and growth of Pt on Ag
nanocubes. More interestingly, we also compared the in situ
result with the data point of 5 μL in Figure 3A by calculating
the peak intensity ratio of νNC(Pt) and νNC(Ag). We found that
ratio of in situ result was 0.5 at t = 15 min, close to the ratio of
0.6 obtained from Figure 3A when the probe molecule was
absent during the synthesis. Taken together, we believe that
2,6-DMPI would not alter reaction and the deposition pathway
of Pt atoms on the Ag nanocubes significantly. Next, we
decreased the concentration of aqueous H2PtCl6 from 0.2 to
0.05 mM while keeping all other experimental parameters the

same. In this case, it is anticipated that fewer Pt atoms would be
deposited on the edges of Ag nanocubes due to the smaller
amount of H2PtCl6 added into the reaction solution. As shown
in Figure 4B, we resolved the νNC(Ag) and νNC(Pt) bands at t = 5
and 15 min, respectively. However, the ratio of peak intensities
for νNC(Pt) and νNC(Ag) became smaller when compared with
that shown in Figure 4A, confirming that fewer Pt atoms were
deposited on the edges of Ag nanocubes. To further evaluate
the detection sensitivity of SERS, we doubled the number of Ag
nanocubes from 4.2 × 1011 to 8.4 × 1011 to react with 5 μL of
0.05 mM aqueous H2PtCl6. Figure 4C shows the time-
dependent SERS spectra. At t = 0 min, we observed stronger

Figure 4. Time-dependent SERS spectra of 2,6-DMPI recorded
from an aqueous mixture of 39 nm Ag nanocubes (4.2 × 1011), AA,
and PVP after the addition of 5 μL of (A) 0.2 mM and (B) 0.05 mM
H2PtCl6 solution up to 15 min; (C) SERS spectra of 2,6-DMPI
recorded from an aqueous mixture of 39 nm Ag nanocubes (8.4 ×
1011), AA, and PVP after the addition of 5 μL of 0.05 mM H2PtCl6
solution up to 15 min. The ethanol peaks originated from the
added 2,6-DMPI solution.
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SERS signals of 2,6-DMPI adsorbed on Ag nanocubes than
what was shown in Figure 4B due to an increase in the number
of Ag nanocubes. However, at t = 5 min, we only identified an
extremely weak peak for the νNC(Pt), suggesting that this sample
was approaching the detection limit. Taken together, based on
the experimental parameters used to collect the spectra shown
in Figure 4B, we estimated that SERS could resolve the
deposition of approximately 27 Pt atoms on each edge of a Ag
nanocube while it was suspended in the reaction solution.
In an attempt to verify the preferential deposition of Pt onto

the edges of Ag nanocubes, we used aberration-corrected high-
angle annular dark-field scanning TEM (HAADF-STEM) to
characterize some of the samples used for SERS measurements,
as shown in Figure 3A. At 5 μL, we were unable to resolve any
Pt atoms on the Ag nanocubes. Figure 5 shows one of the
particles prepared with 30 μL of H2PtCl6. In this case, based on
the aforementioned assumption, we estimated that three atomic
layers of Pt should be deposited on the edges of the Ag
nanocubes. Figure 5A shows a HAADF-STEM image taken
from a nanocube that was orientated along the [001] zone axis,
from which we still could not differentiate Pt from Ag by
contrast due to the tiny amount of Pt (less than 0.6 nm thick
for three atomic layers of Pt) deposited on the Ag nanocube.
Figure 5B,C shows two atomic-resolution HAADF-STEM
images collected from the corner site of the nanocube. By
focusing the electron beam on top of the nanocube, we were
able to resolve the columns of the Ag atoms located on the
{100} facets, together with some vague features of atoms at the
corner (Figure 5B). By simply refocusing the electron beam
further away from the top to the bottom of the cube, we could
no longer clearly resolve the columns of the Ag atoms but
rather those atoms located on the edges (Figure 5C),
suggesting the presence of Pt. We also collected another set

of HAADF-STEM images from a nanocube that was orientated
along the [110] zone axis (Figure 5D). In this case, atomic-
resolution HAADF-STEM images clearly revealed the deposi-
tion of Pt atoms on the edges of the Ag nanocube by the bright
contrast (Figure 5E,F). We attempted to collect EDX maps of
the Pt atoms, but the signals from Pt were too weak to reach
any decisive conclusion (Figure S5). Collectively, our results
suggest that neither HAADF nor energy-dispersive spectrosco-
py (EDS) is capable of detecting the deposited Pt atoms with
sensitivity below one monolayer.
It is worth mentioning that we also made efforts to validate

the deposition of Pt atoms on the edges of a Ag nanocube by
selectively removing the Ag with 3% aqueous H2O2 to generate
nanoframes.24 When the titration volume was below 50 μL, we
could hardly collect any solids by centrifugation after the
etching process due to the insufficient coverage of Pt atoms on
the edges of nanocubes. However, as shown in Figure S6, we
observed the formation of broken nanoframes and nanoframes
at titration volumes of 50 and 100 μL, confirming the
deposition of Pt atoms on the edges of Ag nanocubes (see
Figure 2).

CONCLUSIONS
In summary, we demonstrated that SERS detection combined
with an isocyanide-based molecular probe could provide an
ultrasensitive method for observing the heterogeneous
nucleation and early stage deposition of the second metal on
Ag nanocubes in the original growth solution. In a proof-of-
concept study, we introduced 2,6-DMPI as a SERS probe to a
reaction solution containing 39 nm Ag nanocubes, H2PtCl6,
AA, and PVP under ambient conditions. When 2,6-DMPI
molecules were coordinated with Ag and Pt surface atoms, in
comparison with the νNC obtained from the normal Raman

Figure 5. HAADF-STEM images of a sample obtained by reacting the 39 nm Ag nanocubes (2.1 × 1011) with 30 μL of 0.2 mM H2PtCl6. (A−
C) Images taken from one of the nanocubes when it was oriented along the ⟨100⟩ axis. (E,F) Images taken from one of the nanocubes shown
in (D) when it was oriented along the ⟨110⟩ axis. The bright patches and dots in the atomic resolution images (E and F) indicate the presence
of Pt layers and individual atoms.
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spectrum, we observed a blue shift of νNC(Ag) and a red shift of
νNC(Pt), suggesting the σ donation from the antibonding σ*
orbital of the −NC group to the d-band of Ag and the π-back-
donation of the d electrons from Pt atoms to the −NC group,
respectively. Hence, it is feasible to observe the heterogeneous
nucleation and early stage deposition events of Pt on Ag
nanocubes by following the stretching frequencies and
intensities of 2,6-DMPI in real time. Because the SERS hot
spots and the sites for preferential heterogeneous nucleation
coincide at the edges of Ag nanocubes, we were able to resolve
approximately 27 Pt atoms being deposited on each edge of a
39 nm Ag nanocube in the growth solution in real time. This in
situ SERS methodology, with metal differentiation and
detection sensitivity at a submonolayer resolution, would
elucidate the mechanistic details and support the rational
design and knowledge-based synthesis of bi- and multimetallic
nanocrystals, instead of the current approach, which is still
largely based upon empirical methods and chemical intuition.

EXPERIMENTAL SECTION
Chemicals and Materials. Ethylene glycol (EG) was obtained

from J.T. Baker. Chloroplatinic acid hexahydrate (H2PtCl6·6H2O,
≥37.50% Pt basis), silver trifluoroacetate (CF3COOAg, 98%),
poly(vinylpyrrolidone) with an average molecular weight of 29 000
(PVP-29) or 55 000 (PVP-55), sodium hydrosulfide hydrate (NaHS·
xH2O), aqueous hydrochloric acid (HCl, 37%), L-ascorbic acid (99%),
2,6-DMPI (≥98.0%), and hydrogen peroxide (H2O2, 30 wt % in H2O)
were all purchased from Sigma-Aldrich. All chemicals were used as
received. All aqueous solutions were prepared using DI water with a
resistivity of 18.2 MΩ·cm.
Synthesis of Ag Nanocubes.We followed the protocol published

by Xia and co-workers for the synthesis of Ag nanocubes with an
average edge length of 39 nm.25

Deposition of Pt Atoms on Ag Nanocubes. In a typical process,
we introduced 2 mL of 1 mM PVP-29 (MW ≈ 29 000) aqueous
solution into a 23 mL glass vial, followed by the addition of 0.5 mL of
aqueous AA (100 mM), 0.5 mL of water, and 35 μL of an aqueous
suspension of the Ag nanocubes (approximately 2.1 × 1011 particles in
total) under magnetic stirring at room temperature. Next, we titrated
different volumes of aqueous H2PtCl6 (0.2 mM) into the vial at a rate
of 0.02 mL/min with the aid of a syringe pump. After reaction for 1 h,
we collected the products by centrifugation at 6000 rpm for 15 min,
washed with water three times, and then dispersed them in water for
further use.
SERS Measurements. The as-prepared samples were mixed with 1

mL of ethanol containing 2,6-DMPI (10−4 M) and incubated at room
temperature for 1 h. The 2,6-DMPI-functionalized nanocubes were
washed with DI water twice and dispersed in water to achieve a
concentration of approximately 6.9 × 1010 particles/mL. The SERS
spectra were recorded in the solution phase with a 100× objective lens.
The collection time was 10 s for all samples, together with a power of
50 mW for the 532 nm excitation laser. A sample cell was fabricated by
punching a block of polydimethylsiloxane (PDMS) with a small cavity
capable of holding 20 μL of liquid sample and then attaching it to a
piece of glass slide. Upon the addition of liquid sample to fill the
cavity, a glass coverslip with a thickness of 170 μm was placed carefully
on top of the PDMS cell to prevent solvent evaporation. The surface
of the coverslip also serves as a reference point from which the focal
plane was positioned 200 μm into the sample for SERS measurements.
In Situ SERS Measurements in the Growth Solution. In a

standard process, we mixed 2 mL of 1 mM aqueous PVP-29 (MW ≈
29 000), 0.5 mL of aqueous AA (100 mM), and 0.5 mL of 2,6-DMPI
(10−5 M, in ethanol) in a 23 mL of glass vial under magnetic stirring,
followed by the introduction of 70 or 140 μL of an aqueous
suspension of the Ag nanocubes (approximately 4.2 × 1011 or 8.4 ×
1011 particles in total). Next, we injected 5 μL of aqueous H2PtCl6 (0.2
mM or 0.05 mM) into the vial using a pipet. After reaction for 5 min,

SERS spectra were recorded from the reaction solution (with an
aliquot of 20 μL) with a 100× objective lens. The collection time was
10 s for all samples, together with a power of 50 mW for the 532 nm
excitation wavelength. The same setup was also used to record the
ordinary Raman spectrum of 2,6-DMPI solid.

FEM Calculation. The E-field strength distribution of the
nanoparticle is calculated by finite element method, a numerical
technique to solve boundary-value problem.23 Based on this method,
Maxwell equations governing the E-field distribution of the nano-
particle are differentiated in spatial coordinates, which corresponds to
the spatial discretization of calculated geometric domain. Tetrahedra
with varied sizes as elements of discretization are employed to mesh
the entire calculated geometric domain. The shortest side of the
tetrahedrons constituting the Pt layer domain is 0.1 nm, ensuring the
precision of calculation in this ultrathin layer. A plane wave
propagating along the x axis with the magnitude of electric field of 1
V/m and the polarization along the z axis as the background field is
applied to excite the localized surface plasmon of the nanoparticle.
After calculating the field distribution of the above configuration by
FEM, we can calculate time average power flow of the scattered field
and power dissipation density of the nanoparticle. Then, the energy
scattering rate is obtained by integrating the time average scattering
power flow through the surface of an imaginary sphere enclosing the
nanoparticle while energy absorption rate is acquired by integrating
the power dissipation density through the volume of the nanoparticle.
By scanning the wavelength of incident wave, the scattering and
absorption spectra can be obtained. Moreover, the extinction spectrum
is obtained by the sum of scattering and absorption spectra.

Estimation of Pt Atomic Layers on All Edges of an Individual
Ag Nanocube. The calculation model of the Ag nanocube is chosen
based on the experimentally prepared nanocube in this study, with six
{100} side facets, eight slightly rounded {111} facets at the corners
and 12 slight truncated {110} facets at the edges (the detailed sizes are
in Figure S2). The total surface area of edges in one Ag nanocube = 25
nm × 1.5 nm × 12 = 450 nm2. In a standard protocol with 2.1 × 1011

Ag nanocubes involved, the total surface area of edges for all Ag
nanocubes is 945 × 1011 nm2 (by 2.1 × 1011 × 450 nm2). Assuming
the thickness of one atomic layer of Pt is 0.2 nm, the total volume of
Pt, VPt, of one atomic layer is 189 × 1011 nm3 (by 945 × 1011 nm2 ×
0.2). Given that the unit cell volume of Pt, Vunit cell of Pt, is 0.39

3 nm3,
the number of unit cell of Pt in one atomic layer is 3.186 × 1014 (by
189 × 1011 nm3/0.393 nm3). Because Pt is a typical fcc crystal, the
number of Pt atoms in one atomic layer is 1.27 × 1015 (by 3.186 ×
1014 × 4). Hence, there are 6047 Pt atoms located on all edges per
cube (by 1.27 × 1015/2.1 × 1011). When 10 μL of 0.2 mM H2PtCl6
reacted with Ag nanocubes (2.1 × 1011), the number of Pt atoms is 1.2
× 1015 (by 0.2 mM × 0.01 mL × 6.02 × 1023), equivalent to 3.0 × 1014

number of unit cells of Pt. As a result, the atomic layer of Pt on edges
of one Ag nanocube is close to one atomic layer (by 3.0 × 1014/3.186
× 1014).

Instrumentation and Characterization. Transmission electron
microscopy images were captured using a Hitachi HT7700 microscope
(Hitachi, Japan) operated at 120 kV. The UV−vis spectra were
collected using a Cary 50 spectrometer (Agilent Technologies, Santa
Clara, CA). The Pt and Ag contents in each sample were analyzed
using an inductively coupled plasma mass spectrometer (NexION
300Q, PerkinElmer, Waltham, MA). A conventional centrifuge
(Eppendorf 5430) was used for the collection and washing of the
as-prepared samples. HAADF-STEM and EDS mapping were
performed with a JEM-ARM200F STEM/TEM microscope equipped
with a CEOS GmbH probe corrector operated at 200 kV. The SERS
spectra were recorded using a Renishaw inVia Raman spectrometer
coupled with a Leica microscope. The excitation wavelength was 532
nm, and the scattered light was dispersed using a holographic notch
filter with a grating of 2400 lines/mm.
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(16) Abećassis, B.; Testard, F.; Spalla, O.; Barboux, P. Probing In Situ
the Nucleation and Growth of Gold Nanoparticles by Small-Angle X-
ray Scattering. Nano Lett. 2007, 7, 1723−1727.
(17) Li, T.; Senesi, A. J.; Lee, B. Small Angle X-ray Scattering for
Nanoparticle Research. Chem. Rev. 2016, 116, 11128−11180.
(18) Gajdo, M.; Eichler, A.; Hafner, J. CO adsorption on Close-
packed Transition and Noble Metal Surfaces: Trends from ab initio
Calculations. J. Phys.: Condens. Matter 2004, 16, 1141−1164.
(19) Gruenbaum, S. M.; Henney, M. H.; Kumar, S.; Zou, S. Surface-
Enhanced Raman Spectroscopic Study of 1,4-Phenylene Diisocyanide
Adsorbed on Gold and Platinum-Group Transition Metal Electrodes.
J. Phys. Chem. B 2006, 110, 4782−4792.
(20) Robertson, M. J.; Angelici, R. J. Adsorption of Aryl and Alkyl
Isocyanides on Powdered Gold. Langmuir 1994, 10, 1488−1492.
(21) Bae, S. J.; Lee, C.; Choi, I. S.; Hwang, C.-S.; Gong, M.-S.; Kim,
K.; Joo, S.-W. Adsorption of 4-Biphenylisocyanide on Gold and Silver
Nanoparticle Surfaces: Surface-Enhanced Raman Scattering Study. J.
Phys. Chem. B 2002, 106, 7076−7080.
(22) Hu, J.; Tanabe, M.; Sato, J.; Uosaki, K.; Ikeda, K. Effects of
Atomic Geometry and Electronic Structure of Platinum Surfaces on
Molecular Adsorbates Studied by Gap-Mode SERS. J. Am. Chem. Soc.
2014, 136, 10299−10307.
(23) Jin, J. The Finite Element Method in Electromagnetics; Wiley: New
York, 2002.
(24) Li, J.; Liu, J.; Yang, Y.; Qin, D. Bifunctional Ag@Pd-Ag
Nanocubes for Highly Sensitive Monitoring of Catalytic Reactions by
Surface-Enhanced Raman Spectroscopy. J. Am. Chem. Soc. 2015, 137,
7039−7042.
(25) Zhang, Q.; Li, W.; Wen, L.-P.; Chen, J.; Xia, Y. Facile Synthesis
of Ag Nanocubes of 30 to 70 nm in Edge Length with CF3COOAg as
a Precursor. Chem. - Eur. J. 2010, 16, 10234−10239.
(26) Sun, X.; Kim, J.; Gilroy, K. D.; Liu, J.; König, T. A. F.; Qin, D.
Gold-based Cubic Nanoboxes with Well-Defined Openings at the
Corners and Ultrathin Walls Less than Two Nanometers Thick. ACS
Nano 2016, 10, 8019−8025.
(27) Joo, S. W.; Kim, W. J.; Yun, W. S.; Hwang, S.; Choi, I. S. Binding
of Aromatic Isocyanides on Gold Nanoparticle Surfaces Investigated
by Surface-Enhanced Raman Scattering. Appl. Spectrosc. 2004, 58,
218−223.
(28) McLellan, J. M.; Xiong, Y.; Hu, M.; Xia, Y. Surface-Enhanced
Raman Scattering of 4-Mercaptopyridine on Thin Films of Nanoscale
Pd Cubes, Boxes, and Cages. Chem. Phys. Lett. 2006, 417, 230−234.
(29) Schatz, G. C. Theoretical Studies of Surface Enhanced Raman
Scattering. Acc. Chem. Res. 1984, 17, 370−376.

ACS Nano Article

DOI: 10.1021/acsnano.7b01924
ACS Nano 2017, 11, 5080−5086

5086

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsnano.7b01924
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b01924/suppl_file/nn7b01924_si_001.pdf
mailto:dong.qin@mse.gatech.edu
http://orcid.org/0000-0001-5206-5912
http://dx.doi.org/10.1021/acsnano.7b01924

