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ABSTRACT: Bimetallic nanoparticles in which a metal is
coated with an ultrathin (~1 nm) layer of a second metal are
often desired for their unique chemical and physical properties.
Current synthesis methods for producing such core—shell
nanostructures often require incremental addition of a shell
metal precursor which is rapidly reduced onto metal cores. A
major shortcoming of this approach is that it necessitates
precise concentrations of chemical reagents, making it difficult
to perform at large scales. To address this issue, we considered
an approach whereby the reduction of the shell metal
precursor was controlled through in situ chemical modification
of the precursor. We used this approach to develop a highly
scalable synthesis for coating atomic layers of Pt onto Ag
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nanocubes. We show that Ag—Pt core—shell nanostructures are synthesized in high yields and that these structures effectively
combine the optical properties of the plasmonic Ag nanocube core with the surface properties of the thin Pt shell. Additionally,
we demonstrate the scalability of the synthesis by performing a 10 times scale-up.
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B INTRODUCTION

The physical and chemical properties of bimetallic nano-
particles highly depend on the arrangement of atoms in the
nanoparticles."~* One commonly desired configuration is that
of core—shell nanostructures in which a “core” metal is
surrounded by a thin layer of a second metal. There are several
appealing features to this architecture, including the following:
(i) the shell metal can provide mechanical, thermal, or chemical
stability for the core metal; (i) the core of an expensive metal
can be substituted for a cheap metal to reduce the overall cost;
and (iii) the chemical reactivity of a shell metal can be
perturbed by a core metal through a combination of ligand and
strain effects.” " Another emerging area of interest for metallic
core/thin-shell nanoparticles involves combining the optical
properties of a metal core with the surface properties of a shell
metal. For example, nanoparticles of Cu, Ag, and Au are known
to interact strongly with visible light through excitation of
localized surface plasmon resonance (LSPR).'°™"* There is a
great deal of interest in coating a plasmonic metal nanoparticle
with a very thin layer of another metal as these core—shell
nanostructures retain the optical properties of the plasmonic
core while exhibiting surface properties associated with the shell
metal."* These hybrid plasmonic structures could be useful for a
number of applications such as surface-enhanced Raman
spectroscopy, photothermal plasmonic heating, and plasmonic
catalysis.'>"¢

To take full advantage of the potential of these core/thin-
shell nanostructures, it is imperative to develop robust and
scalable synthesis methods. Typically, the synthesis of
bimetallic core—shell nanoparticles employs a seed-mediated
approach whereby nanoparticles of the core metal are used as
seeds and a metal precursor for the shell metal is deposited
onto the seeds using a chemical reducing agent.”_19 In general,
this approach suffers from two potential drawbacks. The first
issue is related to the scalability. To minimize side reactions
such as uncontrolled homogeneous nucleation of the shell
material, it is necessary to keep the concentration of the shell
metal precursor in a mixture of seed cores very low. This is
accomplished by very slow injection of the precursor into the
mixture under strong reducing conditions. While this approach
has been successfully implemented to coat thin layers of Au
onto Ag, Pt onto Pd, and Ag—Pd onto Ag, it has also been
recognized that it is difficult to implement such a synthesis at
large scales as the reaction volume must be increased
proportionally to maintain the appropriate low concentrations
of all chemical reagents.”*~**
combinations of metals is related to the spontaneous galvanic

Another issue which affects some
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Figure 1. (a) Scanning transmission electron microscopy (STEM) image of Ag nanocubes after reacting with [PtCl,]*~ precursor. Ag is oxidized by
the Pt precursor, resulting in hollow nanostructures. (b) Energy diagram sketch of d-splitting for [PtCl,]*~ metal complex and Pt precursor following
ligand exchange with OH™. Hydroxide is a stronger field ligand than CI7, resulting in a larger splitting between the orbitals. (c) UV—vis extinction of
aqueous [PtCL,]*” following addition of NaOH solution. (d) Characterizing reduction of [PtCl,]*” by ascorbic acid. As the precursor is reduced to
Pt metal, the solution turns black and optical extinction in the visible wavelength range increases. (e) Characterizing reduction of ligand-exchanged
Pt** precursor. The visible optical extinction of the solution does not change over 2 h.

replacement of a core metal with the shell metal, which can lead
to uncontrollable evolution of the nanostructure.””**

We recently reported, for the first time, a synthesis method
for depositing a thin layer of Pt onto Ag nanocubes and
demonstrated the usefulness of these nanostructures in
plasmonic catalysis.'"* However, the procedure used in this
prior work suffers from many of the above-mentioned
constraints, making it tedious and difficult to perform the
synthesis at large scales. Herein, we present a robust and easily
scalable synthesis method for coating a thin layer of Pt onto Ag
nanocube seeds. These bimetallic nanostructures are of interest
as they combine the optical properties of Ag with the surface
properties of Pt which makes them attractive for applications in
plasmonic catalysis and surface-enhanced Raman spectroscopy.
The synthesis of these Ag/ Pt core/thin-shell nanostructures has
proven to be very difficult since it requires controlling the
homogeneous nucleation of Pt and the added challenge of
preventing spontaneous galvanic replacement of Ag by Pt.'"**
We show that by chemically modifying a Pt metal complex
under the condition of synthesis, we can decrease the reduction
potential of the Pt precursor, and in doing so prevent
homogeneous reduction of the Pt metal precursor and the
detrimental galvanic replacement of Ag by Pt. We demonstrate
that this approach makes the synthesis much less sensitive to
the concentration of chemical reagents in the reaction vessel,
allowing large-scale syntheses to be performed. We also show
that by employing this approach, we have excellent control of
the Pt shell thickness ranging from 0.6 to 1.4 nm, and that we
are able to synthesize high yields of the core—shell
nanostructures with uniform Pt shell thickness.
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B RESULTS AND DISCUSSION

We first illustrate a shortcoming of a simple synthesis approach
where preformed Ag nanocubes are used as seeds and a
common Pt precursor (K,PtCl,) is reduced on the Ag
nanocube seeds using a common mild reducing agent (ascorbic
acid) at room temperature. If an aqueous solution of K,PtCl, is
added to an aqueous mixture of Ag nanocubes and ascorbic
acid, atoms of Ag in the metal nanocubes will rapidly be
oxidized through galvanic replacement with Pt resulting in the
formation of hollow structures (Figure la). This detrimental
side reaction is a consequence of the difference in the reduction
potentials of the Pt metal complex [PtCl,]*~ and the reduction
potential of the Ag oxidation product, AgCL*® Since the
reduction potential of [PtCl,]*” is higher than the reduction
potential of AgCl, the replacement reaction of 2Ag + [PtCl,]*~
— 2AgCl + Pt + 2CI” is thermodynamically favorable. To avoid
triggering this reaction, we explored using a Pt metal complex
with a lower reduction potential than [PtCl,]*”, thereby
making the galvanic replacement reaction thermodynamically
unfavorable.

To identify a Pt metal complex with the appropriate
reduction potential, we considered a chemical modification of
[PtCl,]*" through ligand exchange of the Cl” ligands. [PtCl,]*~
is a square planar d® metal complex with a Pt** metal center
requiring two electrons for reduction to Pt metal. In the
framework of crystal field theory, the splitting of d-orbitals of
the Pt** metal center can be changed by exchanging Cl” ligands
with other ligands, thereby changing the energy of the Sd,,_,,
orbitals (Figure 1b).*” For example, if the CI” ligands are
exchanged with stronger field-splitting ligands (such as OH™),
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Figure 2. (a) STEM image of a collection of Ag—Pt core—shell nanocubes demonstrating high yield of core—shell structures, (b) a single Ag—Pt
nanocube, (c) the edge of a single nanocube in which the ~1 nm Pt shell is clearly visible, and (d) atomic resolution image showing five atomic
layers of Pt epitaxially deposited onto the Ag nanocube. (e) EDS elemental line scan across a representative Ag—Pt nanocube showing that the shell
is made of Pt and the core of Ag. EDS elemental map of (f) Ag, (g) Pt, and (h) the overlay of the two.

then the energy level of the Sd,,_, orbital will increase, thereby
necessitating higher energy electrons to reduce Pt** to Pt metal
(ie, lowering the reduction potential of the complex), as
depicted in Figure 1b.

To prepare a Pt metal precursor with lower reduction
potential than [PtCl,]*", we performed ligand exchange of a 4
mM aqueous solution of [PtCl,]*~ with OH™ by increasing the
pH of the solution to ~12 through addition of a NaOH
solution. The high concentration of OH™ in solution promotes
ligand exchange of the CI™ ligands of [PtCl,]™* with OH™.
UV—vis spectroscopy was used to characterize the ligand
exchange. The data in Figure 1c show that the increase in the
pH of the solution was accompanied by changes in the optical
extinction by the metal complex, suggesting that the electronic
structure of the metal complex changed through chemical
interactions with OH™ ions. The changes to the metal
precursor were complete after 10 min.

To test whether this ligand exchange affected the reducibility
of the Pt*" metal complex, an experiment was performed in
which two aqueous solutions of 4 mM K,PtCl, were reduced
with 0.06 M ascorbic acid. The reactions were monitored using
UV—vis spectroscopy. In the control sample, the pH of the
solution was not adjusted and data in Figure 1d show that the
reduction of the Pt precursor began taking place within 30 min
of introducing the reducing agent. In the other sample, the
solution pH was adjusted to ~12, and the solution containing
the reducing agent (also kept at pH 12) was added after 10
min. As discussed above, these conditions allowed the
precursor to undergo the above-described ligand exchange
before the reducing agent was added. In contrast to the control
sample, data in Figure le show there was no reduction of the Pt
precursor for over 2 h after addition of the reducing solution.
This suggests that the reduction potential of the Pt precursor is
lowered following ligand exchange of CI™ with OH™.

The chemically modified Pt precursor was then used for the
synthesis of Ag—Pt core—shell nanocubes. Exact details of the
synthesis protocol are provided in the Supporting Information
document. The synthesis was performed by mixing 1 mL of a

solution containing Ag nanocube seeds (~0.7 mg/mL) with a
solution of ascorbic acid and polyvinylpyrrolidone (PVP), a
polymeric stabilizing agent. We note that we have also
performed this synthesis with reducing agents other than
ascorbic acid (see the Supporting Information document for
associated discussion and data). The pH of the mixture was
adjusted to ~12 with aqueous NaOH. The ligand-exchanged
Pt** precursor was prepared as described above by increasing
the pH of a 4 mM aqueous solution of K,PtCl, to ~12 through
addition of NaOH solution and allowing ligand exchange to
occur for 10 min. The ligand-exchanged Pt** precursor solution
was then added to the Ag nanocube mixture under stirring.
This brought the final volume of the solution to 16 mL with a
concentration of 2 mM ligand-exchanged Pt*" precursor, 36
mM ascorbic acid, and 17 mM PVP at a pH of ~12. The
mixture was allowed to react for 2 h. It was found that the pH
of the solution gradually decreased over time possibly due to
the consumption of ascorbate anions (i.e., the reducing agent)
over time. As ascorbate anions are consumed, ascorbic acid
dissociation will increase, thereby increasing the concentration
of protons and lowering the pH. Because the chemical
modification of the Pt** precursor is driven by a high
concentration of OH™ (ie., high pH), a decrease in pH causes
the modified precursor to become unstable, resulting in the
galvanic replacement of the Ag nanocubes by Pt. To avoid this,
25 uL of a NaOH solution (1.25 M) was introduced to the
reaction mixture every hour to maintain a high pH.

Scanning transmission electron microscopy (STEM) was
used to characterize the Ag—Pt core—shell nanoparticles. Figure
2a shows a collection of Ag—Pt core—shell nanocubes,
demonstrating that the nanostructures were produced in high
yields with some etching at the corners of the nanocubes due to
galvanic replacement of undercoordinated Ag atoms at the
corners. A representative nanoparticle is shown in Figure 2b.
An elemental line scan (Figure 2e) and elemental mapping
(Figure 2f—h) performed using energy-dispersive X-ray spec-
troscopy (EDS) demonstrate that Pt atoms completely
surround the cubic Ag core. The high resolution and atomic
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resolution images in Figure 2c,d show that the average
thickness of the Pt shell was 1.0 + 0.1 nm, which corresponds
to five atomic layers of epitaxially deposited Pt atoms. The
thickness of the Pt shell could also be varied by changing the
reaction time of the synthesis. For instance, a reaction time of
0.5 h produces a Pt shell thickness of 0.6 + 0.1 nm and a
reaction time of 8 h produces a 1.4 + 0.1 nm thick shell of Pt
(data shown in Figure S1). The slow, nonlinear increase in shell
thickness with reaction time suggests that the initial reduction
of Pt** onto the surface of the Ag nanocubes is relatively fast
compared to the subsequent reduction of Pt** onto Pt surface
atoms. This suggests that the surface Ag atoms are quickly
coated with a layer of Pt which is followed by a much slower
reduction of Pt** onto Pt surface atoms, resulting in the
epitaxial growth of the Pt shell.

The optical properties of the core—shell nanoparticles were
characterized using UV—vis extinction spectroscopy (Figure
3a). The optical extinction of the Ag nanocube seeds displays
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Figure 3. (a) Normalized optical extinction spectra of Ag nanocube
seeds and Ag—Pt nanocubes. (b) DRIFTS data for CO adsorption on
the surface of the Ag—Pt nanocubes. The feature centered at 2057
cm™! represents the vibrational frequency of the C—O bond when CO
is adsorbed on the surface of the nanoparticles. The peaks at 2120 and
2170 cm ™" are for residual gas-phase CO.

multiple peaks associated with dipolar, quadripolar, and higher
order plasmon resonances.”® The data in Figure 3 show that
when Pt is coated on the Ag nanocubes, the nanoparticles
retain their plasmonic properties. The higher order plasmon
resonance features are smeared and the main dipolar resonance
peak is slightly broadened and red-shifted. The red shift in the
plasmon peak can be attributed to a slight increase in the size of
the nanoparticles as it is well-known that larger plasmonic
nanoparticles have a lower energy LSPR frequency.””*® The
width of the peak is related to the decay rate of excited
plasmons which increases when Pt is coated onto the Ag
nanocubes due to an increase in absorption.'**’

The chemical properties of the Ag—Pt nanocube surface were
characterized by measuring the vibrational energy of CO
adsorbed on the surface using diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). The nanoparticles
were deposited onto a Si chip, treated with air at 250 °C for 3 h,
and reduced with pure H, at 200 °C for 1 h to clean the surface
of the nanoparticles. A mixture of 10% CO in N, was then
flowed across the nanoparticles at room temperature for 10 min
to allow CO to adsorb to the surface of the Ag—Pt nanocubes.
Excess CO was then purged from the system using pure N,.
Data in Figure 3b show a vibrational spectrum for adsorbed CO
on Ag—Pt nanocubes. The vibrational frequency of the C—O
bond when adsorbed on the surface of the Ag—Pt nanoparticles
was measured to be at 2057 cm™" which is characteristic of CO

adsorbed on Pt surfaces. We note the vibrational energy of the
C—O bond on spherical Pt nanoparticles (dominated by
Pt(111) surface facet) is centered at 2060 cm™'.** In contrast,
the Ag—Pt nanocubes are dominated by the lower coordinated
Pt(100) surface facet which causes the vibrational frequency of
CO to be slightly lower.”> The combination of the optical data
and DRIFTS data in Figure 3 demonstrate that the Ag—Pt
core—shell nanoparticles effectively combine the plasmonic
properties of the Ag nanocube core with the surface properties
of the Pt shell.

We have shown above that Ag—Pt core—shell nanocubes can
be synthesized using a chemically modified Pt** precursor
prepared through ligand exchange with OH™. The low
reduction potential of the modified precursor prevents
homogeneous nucleation of monometallic Pt nanoparticles
and minimizes galvanic replacement of Ag by Pt. This
characteristic makes the synthesis relatively insensitive to the
concentration of Ag nanocube seeds or Pt** precursor, allowing
for the synthesis to be easily performed at large scales without a
substantial increase in the reactor volume. To demonstrate the
scalability of the synthesis, a 10 times scale-up of the synthesis
was performed following the procedure outlined above. After
combining all reagents, the final volume of the reaction mixture
was 20 mL which contained 10 mL of a solution of Ag
nanocube seeds (~0.7 mg/mL), 4 mM of K,PtCl,, 70 mM
ascorbic acid, and 90 mM of PVP at a pH of ~12. Despite the
increase in concentration of the reducing agent, pt* precursor,
and 10 times increase in the number of Ag nanocube seeds, the
epitaxial deposition of Pt onto the Ag nanocubes remained the
most selective reaction pathway with no evidence of
homogeneous nucleation of Pt nanoparticles and minimal
galvanic replacement (Figure 4a). UV—vis spectroscopy was
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Figure 4. (a) STEM image of Ag—Pt nanocubes produced from 10
times scale-up synthesis. (b) UV—vis extinction spectra of Ag—Pt
nanocubes in water demonstrating the success of the 10 times scale-up
synthesis.

used to compare the concentration of the 10 times scale-up
Ag—Pt product to the concentration of the small scale (~0.7
mg of Ag nanocube seed) Ag—Pt product. Data in Figure 4
show that the maximum optical extinction for the scaled-up
product was ~15 times higher than the maximum optical
extinction for the regular scale product, clearly indicating that
the scaled-up synthesis yielded at least a proportionally higher
amount of the product Ag—Pt core—shell nanostructures.

B CONCLUSION

We have developed a scalable synthesis approach for depositing
a thin layer of Pt onto Ag nanocubes. This was accomplished
using a synthesis in which the Pt*" precursor was chemically
modified through ligand exchange to decrease the precursor
reduction potential. The low reduction potential of the
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modified precursor minimized undesired side reactions such as
homogeneous nucleation of Pt nanoparticles and galvanic
replacement. This feature of the synthesis makes it relatively
insensitive to the concentration of the chemical reagents,
allowing for the synthesis to be easily scaled. As a
demonstration of the scalability of the synthesis, we performed
a 10 times scale-up without a substantial increase in the
reaction vessel volume, using double the concentration of
chemical reagents, and 10 times the amount of Ag nanocube
seeds. The Ag—Pt nanocubes effectively couple the optical
properties of Ag with the surface properties of Pt making them
useful platforms for a number of applications including
plasmonic catalysis, surface-enhanced Raman spectroscopy,
photothermal heating, and others. The ability to easily
synthesize these nanostructures at large scales should widen
accessibility of these materials for such applications.
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