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ABSTRACT: Fine tuning of metal ion reduction kinetics is crucial to the successful synthesis of designer bimetallic nano-
materials with well-defined morphologies and tailored localization of the constituent elements for use in catalysis, sensing, 
and other applications. However, achieving desired reduction kinetics can be challenging within the restrictions of available 
reducing agents, seed particle stability, metal ion solubility, and competing chemical processes such as galvanic exchange. 
Herein, we report the plasmon-assisted reduction of Pt ions onto Ag cores by using visible light illumination to accelerate the 
oxidation kinetics of a weak reducing agent, trisodium citrate. Using this approach, we are able to synthesize both core-shell 
and core-satellite structures composed of a plasmonic Ag core and a poorly plasmonic Pt shell or satellites. The controlled 
formation of these hybrid structures relies on the plasmon-mediated enhancement of the Pt ion reduction rate into a range 
where, under standard thermal conditions, reduction with citrate is too slow and reduction using even low concentrations of 
a slightly stronger reducing agent is too fast. This work expands the scope of citrate-assisted plasmon-mediated synthesis to 
metals other than Ag, opening possibilities for using plasmon-enhanced reduction by citrate as a more generalizable synthetic 
tool.  

Introduction 
The synthesis of well-defined bimetallic nanoparticles, 

whether alloyed, intermetallic, core-shell, or core-satellite, 
presents numerous challenges resulting from differing 
metal ion precursor chemistry and materials parameters.1-3 
For example, differences in lattice parameters or one metal 
having a high cohesive energy can lead to segregation and 
island formation.4-7 Differences in reduction potential or re-
duction kinetics between two metal ion precursors can 
make it challenging to find a single reducing agent to reduce 
both precursors at appropriate relative rates to enable the 
formation of desired structures with intended composi-
tions.8 Two-step seed-mediated and co-reduction ap-
proaches can be employed to overcome some of these chal-
lenges when a core-shell or core-satellite structure is de-
sired,9, 10 though appropriate reducing conditions must still 
be identified to ensure deposition of the second metal oc-
curs either conformally or at specific locations, as intended.  

A particular challenge arises when the shell or satellite 
metal has a higher reduction potential than the core metal 
because ions of the second metal can oxidize atoms of the 
core metal. This process, known as galvanic exchange or 
galvanic replacement, often generates hollow or partially 
hollow structures due to the stoichiometry of the reaction, 
especially for silver (Ag) cores (+1 ion charge) with higher 
valent metals such as gold (Au3+) or palladium (Pd2+).11-13 
When well-controlled, galvanic replacement can yield struc-
tures ranging from exotic bimetallic morphologies with 
complex voids to simple epitaxial monolayers of a second 

metal.6, 14-17 However, reducing agents must be carefully se-
lected to balance direct reduction against desired or unde-
sired galvanic exchange processes when designing bimetal-
lic nanostructures with less noble cores, such as Ag and cop-
per.18, 19  

The synthesis of core-satellite structures with islands at 
designated sites of high chemical reactivity or strong plas-
monic enhancement requires especially fine control of 
metal ion reduction.20, 21 The strength of many common re-
ducing agents used in metal nanoparticle synthesis can be 
increased (or decreased) by raising (or lowering) the reac-
tion pH or temperature, or the reduction rate can be accel-
erated by selecting a metal ion precursor with a higher re-
duction potential. However, many of these parameters for 
increasing reduction rate also increase the rate of galvanic 
exchange. For deposition of Pt on Ag cores, for example, 
raising the reaction temperature or the reduction potential 
of the Pt precursor will also concomitantly increase the rate 
of undesired galvanic exchange, where Pt ions are reduced 
at the expense of oxidizing multiple Ag atoms to Ag+, gener-
ating hollow voids and/or structural rearrangements.12 
Modification of pH is possible within a range, but even a 
strongly basic pH may be insufficient to increase reducing 
strength to an appropriate level and may lead to the for-
mation of insoluble hydroxides and oxides.22 Alternatively, 
lowering the pH to temper the reducing strength of a 
stronger reducing agent can lead to etching and instability 
when depositing a secondary metal onto Ag cores. 

Plasmon-mediated nanoparticle synthesis provides an al-
ternative, non-thermal means for influencing nanoparticle 
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growth kinetics by using low-intensity visible light to drive 
metal ion reduction.23 The first reported plasmon-mediated 
synthesis for noble metal nanoparticles was a method for 
generating Ag triangular nanoprisms.24 While the exact 
mechanism is somewhat debated, it is commonly accepted 
that excitation of the localized surface plasmon resonance 
(LSPR) of Ag seeds accelerates the kinetically slow oxida-
tion of the weak reducing agent, trisodium citrate, thereby 
driving a redox cycle that leads to Ag ion reduction and na-
noparticle growth.25, 26 This result opened up new prospects 
for using the properties of light, such as wavelength and in-
tensity, as additional handles with which to tune metal ion 
reduction rate in combination with traditional chemical pa-
rameters such as concentration and pH.23  

For fifteen years, the field of plasmon-mediated noble 
metal nanoparticle synthesis was limited to the plasmon-
mediated reduction of Ag, either in monometallic Ag nano-
particles or in Au core-Ag shell nanostructures.23 Recently, 
there have been a few reports of plasmon-mediated synthe-
ses of Au nanoprisms, in which the chemical composition of 
the nanoparticle growth solution is modified slightly to fa-
cilitate light-assisted growth of Au.27, 28 In this case, metha-
nol serves as a hole scavenger while polyvinylpyrrolidone 
functions to assist nanoprism formation.27 Plasmonic exci-
tation has also been used to directly reduce Pt ions onto Au 
nanorods with excited hot electrons,29-31 as well as to reduce 
a Pt oxide layer that had been pre-deposited on Ag via gal-
vanic exchange.32 However, the original plasmon-mediated 
synthesis via the plasmonic photoreduction of citrate re-
mains exclusive to Ag nanostructure formation. 

The ability to use light to enhance the reducing ability of 
a weaker reducing agent, such as citrate, provides an ave-
nue toward controllable nanomaterials synthesis in the 
chemical range where citrate would normally be too weak 
of a reducing agent, while even low concentrations of a 
slightly more powerful reducing agent, such as ascorbic 
acid, are too strong. We report the plasmon-mediated syn-
thesis of Ag-Pt hybrid plasmonic/poorly-plasmonic 
nanostructures by using visible light excitation of Ag right 
triangular bipyramid cores to drive the photo-oxidation of 
citrate, which in turn provides electrons to reduce Pt ions. 
The rate of Pt ion reduction is controllable using both chem-
ical parameters—such as Pt ion and citrate concentra-
tions—and illumination parameters—such as wavelength 
and intensity. With careful tuning of reaction kinetics, we 
successfully synthesize core-satellite structures with Pt 
spheres localized at the tips of the Ag bipyramid cores, as 
well as other morphologies, such as core-shell structures. 
To our knowledge, this is the first example of the extension 
of the classic citrate-assisted plasmon-mediated synthesis 
to the reduction of a metal other than Ag. 

Methods 
Chemicals. Silver nitrate (AgNO3, 99.9999% trace metals 

basis), sodium tetrachloroplatinate (II) hydrate (Na2PtCl4 • 
xH2O), and sodium borohydride (NaBH4, granular, 99.99% 
trace metals basis) were purchased from Sigma-Aldrich. 
Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipo-
tassium salt (BSPP, C6H5P(C6H4SO3K)2 • 2H2O, min. 97%) 
was purchased from Strem Chemicals. Trisodium citrate di-
hydrate (citrate, Na3C6H5O7, ACS, 99.0% min.) and sodium 
hydroxide (NaOH, beads/pellets, 99.99% metals basis) 

were purchased from Alfa Aesar. Hydrochloric acid (HCl, 
TraceMetal™ grade) and nitric acid (HNO3, Trace-Metal™ 
grade) were purchased from Fisher Scientific. Deionized 
(DI) water with a resistivity of 18.2 MΩ (Labconco Water 
Pro PS) was used to prepare all solutions and all chemicals 
were used without further purification. 

Synthesis of Ag Right Triangular Bipyramids. Ag right 
triangular bipyramids were synthesized according to a pre-
viously reported method with minor modifications to im-
prove structural quality and uniformity.22 First, planar-
twinned Ag seeds were synthesized according to a litera-
ture approach.22 These seeds were stable for months when 
stored under refrigeration in the dark. In a subsequent step, 
DI water (17.9 mL), AgNO3 (0.7 mL, 10 mM), BSPP (0.7 mL, 
10 mM), trisodium citrate (0.3 mL, 100 mM), the planar-
twinned Ag seeds (0.5 mL), and sodium hydroxide (0.9 mL, 
100 mM) were mixed in a 22 mL glass vial with a Teflon 
septa cap (Thermo Scientific EPA screw vial). The final vol-
ume of the growth solution was 21 mL. The growth solution 
was then irradiated using a 150 W halogen lamp (Dolan-Jen-
ner Fiber-Lite MI-150) in combination with a bandpass fil-
ter (550 ± 20 nm, Intor, 25 mm diameter). The power of the 
lamp was set to 0.15 W, measured at the light source by a 
photodiode power sensor (Thorlabs, S121C, 9.5 mm aper-
ture diameter). The reaction vial was positioned horizon-
tally with the bandpass filter directly against the bottom of 
the vial and a 1 cm distance between the bottom of the 
vial/filter and the lamp. At the base of the vial, the measured 
power was 75% of the power at the light source, and the il-
lumination area was 4.91 cm2. Prior to illumination, the 
sides of the vial were wrapped in foil to block out other light 
and immobilize the bandpass filter.  The growth solution 
was illuminated overnight. 

Synthesis of Ag-Pt Hybrid Nanoparticles. After over-
night illumination, a 15 mL aliquot of the as-synthesized Ag 
bipyramids was transferred to a 15 ml conical tube and cen-
trifuged for 10 min at 7830 RPM to isolate the bipyramids 
from residual reactants. After the particles were spun down, 
the supernatant was removed and the bipyramids were re-
suspended in 1.6 mL of DI water. The purified Ag bipyra-
mids were combined with trisodium citrate (0.1-1.0 mL, 
100 mM), Na2PtCl4 (25-100 μL, 10 mM), and enough DI wa-
ter to bring the total volume to 21 mL in a 22 mL glass vial 
with a Teflon septa cap. (Note: the Na2PtCl4 solution was 
prepared using the anhydrous molecular weight.) In a 
standard reaction, the vial was then irradiated at 550 nm 
and a power of 0.1 W using the same setup as described 
above. Non-standard illumination conditions are described 
in the main text. The growth solution was illuminated for 
three hours and then removed from the light. 

Synthesis of Ag Triangular Prisms. To synthesize large 
Ag triangular prisms, DI water (19.0 mL), AgNO3 (0.6 mL, 10 
mM), BSPP (0.6 mL, 10 mM), trisodium citrate (0.3 mL, 100 
mM), and planar-twinned Ag seeds (0.5 mL) were mixed in 
a 22 mL glass vial with a Teflon septa cap. The vial was then 
irradiated at 550 nm and a power of 0.19 W overnight using 
the same setup as described above. To synthesize small Ag 
triangular prisms, DI water (18.875 mL), AgNO3 (0.6 mL, 10 
mM), BSPP (0.6 mL, 17.5 mM), trisodium citrate (0.3 mL, 
100 mM), NaOH (0.125 mL, 100 mM) and planar-twinned 
Ag seeds (0.5 mL) were mixed in a 22 mL glass vial with a 
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Teflon septa cap. The vial was then irradiated at 550 nm and 
a power of 0.19 W overnight using the same setup as de-
scribed above. 

Instrumentation. Scanning electron microscopy (SEM) 
imaging was carried out using Hitachi SU-70 and SU-5000 
field emission microscopes. Scanning transmission electron 
microscopy energy dispersive X-ray spectroscopy (STEM-
EDS) imaging and mapping was conducted using a FEI Tec-
nai Osiris 200 kV TEM. Nanoparticle samples for SEM and 
STEM imaging were prepared by centrifuging a 0.5-1.0 mL 
aliquot of the reaction solution at 6,000 RPM for four 
minutes, washing the isolated particles with DI water to re-
move any excess reagents, and then centrifuging and resus-
pending the washed particles in 100 μL of DI water. The 
washed particles were drop-cast onto a slice of silicon wafer 
(for SEM) or formvar/carbon-coated copper grids (for 
STEM-EDS) and allowed to air dry.  

Inductively coupled plasma mass spectrometry (ICP-MS) 
quantification of Pt content was carried out using a Perkin 
Elmer Elan DRC-e ICP-MS. To prepare samples for ICP-MS 
analysis, a 0.5 mL aliquot of the reaction solution was taken 
at different time points and immediately centrifuged for 10 
min at 14,800 RPM to isolate the nanoparticles. The super-
natant was removed, the particles were resuspended in 0.5 
mL of DI water to wash away unreacted Pt ions and citrate, 
and the sample was again centrifuged for 10 min at the same 
rate. The supernatant was removed and the purified nano-
particles were resuspended in 0.5 mL of DI water and trans-
ferred to a 15 mL conical tube. The particles were then dis-
solved in 2.0 mL of aqua regia (3:1 HCl: HNO3, CAUTION: 
strong acid.) Prior to ICP-MS analysis, the solution was di-
luted to a total volume of 5.0 mL with 2.5 mL of DI water. 
Triplicate measurements originate from three separate re-
actions. UV-visible spectra were collected using an Agilent 
Cary 100 UV-visible spectrophotometer. 

Results and Discussion 
Ag right bipyramid cores were synthesized according to a 

previously reported approach with slight modifications to 
improve shape and size monodispersity (Figure S1).22, 33 In 
a standard synthesis of Ag-Pt hybrid nanostructures, 15.0 
mL of as-synthesized Ag right bipyramids were centrifuged 
at 7830 RPM for 10 minutes. The supernatant was then dis-
carded to remove residual reagents from the Ag bipyramid 
synthesis and the bipyramids were resuspended in 1.6 mL 
of water. These resuspended particles were combined in a 
22 mL glass scintillation vial with Na2PtCl4 (25-150 µL, 10 
mM) and trisodium citrate (0.1-1.0 mL, 100 mM) in enough 
DI water to bring the total volume to 21.0 mL. The vial con-
taining the growth solution was shaken to mix the reagents 
and then immediately irradiated for three hours using a hal-
ogen lamp with a bandpass filter centered at a wavelength 
of 550 nm and a power of 0.1W, unless otherwise specified. 
The deposition of Pt onto the Ag cores is accompanied by a 
color change from pink to purple, blue, or teal, depending 
on the amount of Pt deposited (Figure S2A). 

At room temperature, the reduction of Pt2+ by citrate is 
thermodynamically feasible based on redox potentials but 
it is kinetically slow, and Pt deposition in this synthesis pro-
ceeds via a plasmon-assisted mechanism. Plasmon-medi-
ated syntheses take advantage of the plasmonic properties 

of Ag and Au nanoparticles to overcome this kinetic bar-
rier.23 The excitation of the LSPR of the core Ag bipyramids 
generates hot electrons and hot holes. Analogous to the 
plasmon-mediated synthesis of Ag nanoparticles, the hot 
holes irreducibly photo-oxidize surface-adsorbed citrate 
molecules to 1,3-acetonedicarboxylate and carbon dioxide, 
and the resulting electrons from this oxidation reaction are 
transferred to the Ag nanoparticle.25, 26 These thermalized 
electrons then reduce Pt2+ ions to Pt0 at the nanoparticle 
surface, facilitating Pt deposition. Unlike hot electrons that 
have lifetimes on the order of femtoseconds, the electrons 
that result from plasmon-assisted oxidation of citrate have 
been shown to be long lived and able to move throughout 
the nanoparticle.25 Consequently, the location of metal dep-
osition in plasmon-mediated nanoparticle synthesis is con-
trolled by reaction kinetics and is not limited to sites of high 
electric field density.23 

 

Figure 1. Models (left) and scanning electron microscopy 
(SEM) images (right) of Ag-Pt hybrid nanoparticles highlight-
ing the following Pt growth modes: (A) thin shell formation; (B) 
thick shell formation with spherical protrusions at the bipyra-
mid tips; (C) isolated growth of spheres at the bipyramid tips. 
The Ag-Pt hybrids were synthesized under the following con-
ditions: (A) 23.8 μM Pt2+, 4.76 mM citrate, three hours illumi-
nation; (B) 71.4 μM Pt2+, 4.76 mM citrate, twenty hours illumi-
nation; and (C) 47.6 μM Pt2+, 0.95 mM citrate, three hours illu-
mination. All reactions were illuminated at 550 nm and 0.1 W. 
Scale bars: 200 nm. 
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Figure 2. Scanning transmission electron microscopy energy dispersive x-ray spectroscopy (STEM-EDS) images and elemental maps 
of Ag-Pt hybrids with a uniform Pt shell (A-D) and a Pt shell with significant tip protrusions (E-H). Scale bars: (A-D) 40 nm and (E-
H) 30 nm. 

The localization of Pt deposition on the Ag bipyramid 
cores is dependent on the kinetics of Pt deposition. The rate 
and amount of Pt deposited can be tuned by modifying the 
concentration of citrate and Pt2+, as well as by changing the  
excitation wavelength and intensity (Figures 1 and 2). At 
moderate reaction rates (23.8 µM Pt2+, 4.76 mM citrate), a 
thin, rough shell of Pt is deposited on the Ag bipyramid 
cores under this low-intensity visible light illumination 
(Figures 1A, 2A-D, and S3A). With an increased initial Pt 
concentration (71.4 µM Pt2+, 4.76 mM citrate) or when the 
reaction time is extended (up to 20 hours), a thicker coating 
of Pt is deposited, with formation of spherical lobes at the 
tips of the bipyramids (Figures 1B, 2E-H, and S3B). Notably, 
under slower rates of Pt deposition (47.6 µM Pt2+, 0.95 mM 
citrate), Pt deposition can be selectively localized at the tips 
of the Ag bipyramids (Figures 1C and S3C). Under kinet-
ically slow reaction conditions, metal deposition preferen-
tially occurs at the highest energy sites, which in this case 
are the tips of the bipyramids due to their high surface cur-
vature and the presence of planar twin defects in the core 
bipyramids. This localization of Pt at areas of high electric 
field density has applications in the development of core-
satellite bimetallic photochemical catalysts.34, 35 

Under conditions where the concentration of citrate and 
the illumination wavelength and intensity are held con-
stant, the amount of Pt deposited on the Ag bipyramid cores 
increases approximately linearly with the concentration of 
Pt2+ in solution (Figures S2B and S4). This, in turn, leads to 
a tunable and gradual redshift of the LSPR maximum of the 
Ag-Pt hybrid nanoparticles (Figure S2C). The intensity of 
the LSPR maximum does decrease somewhat with increas-
ing platinum coverage but, importantly, it does not disap-
pear even at high Pt coverages (Figure S2D). The retention 
of LSPR intensity in the visible region is key to the use of 
hybrid materials composed of a combination of plasmonic 
metals (such as Ag) and poorly plasmonic metals (such as 
Pt) in plasmonic applications. The formation of Ag core-Pt 
shell structures, as opposed to removal of the Ag core via 

galvanic replacement, is likely a key factor in the mainte-
nance of plasmonic properties in the Ag-Pt hybrid 
nanostructures. The LSPR of the three different Ag-Pt parti-
cle morphologies likewise red-shifts with increasing Pt cov-
erage at the tips. The core-shell particles (Figure 1A) have 
the least shifted LSPR while the particles with both a thick 
shell and tip protrusions (Figure 1B) have a significantly 
red-shifted LSPR (Figure 3). 

 

Figure 3. Normalized UV-visible spectra of Ag bipyramids and 
different Ag-Pt particle morphologies: core-shell, core-satellite, 
and core with shell and spherical lobes. 

Plasmon-mediated chemical reactions have a series of 
characteristics that distinguish them from more common 
thermal reactions as well as from reactions driven by plas-
mon-induced photothermal heating. These characteristics 
include: (1) a reaction rate that trends with the LSPR spec-
trum of the nanoparticle being excited; (2) a linear depend-
ence of reaction rate on illumination intensity; and (3) a lack  
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Figure 4. Wavelength dependence of Pt deposition rate during Ag-Pt hybrid particle formation. (A) Plot of the amount of Pt deposited 
onto Ag triangular bipyramids over time under different illumination wavelengths from 400 to 600 nm (all at 0.03 W). (B) Plot of 
reaction rate vs. wavelength, showing a correspondence between Pt deposition rate and the LSPR of the Ag bipyramid cores. Rates 
in (B) were estimated from a linear fit of the data in (A). Pt content was measured using inductively coupled plasma mass spectrom-
etry (ICP-MS).

of reaction, or reduced reaction rate, in the absence of illu-
mination.36 In addition, citrate becomes a significantly more 
effective reducing agent at elevated temperatures—it is 
commonly used at or near reflux during the synthesis of no-
ble metal nanoparticles37-39—and therefore contributions 
from overall solution heating under illumination must be 
isolated or excluded. 

To probe the wavelength dependence of Pt deposition, 
growth solutions of constant chemical composition (23.8 
µM Pt2+ and 4.76 mM citrate) were illuminated at wave-
lengths of 400, 450, 500, 550, and 600 nm (all ± 20 nm) at a 
constant intensity of 0.03 W. The citrate concentration was 
selected to be in significant excess, and a moderate Pt2+ con-
centration was chosen to ensure a sufficient reaction rate to 
be differential but also to limit the possibility of galvanic re-
placement from a high concentration of excess Pt ions. The 
illumination intensity of 0.03 W is the maximum intensity 
possible with the 150 W halogen lamp light source and the 
400 ± 20 nm bandpass filter. Samples were taken from the 
reactions at one-hour intervals and immediately centri-
fuged and washed to remove unreacted Pt ions. The isolated 
nanoparticles were then dissolved in aqua regia and ana-
lyzed by inductively coupled plasma mass spectrometry 
(ICP-MS) to quantify the amount of Pt deposited onto the Ag 
nanoparticle cores (Figure 4A and S5). The final product at 
three hours under each condition was also imaged via scan-
ning electron microscopy (SEM) (Figure S6). 

The Pt deposition rate at each wavelength was estimated 
using a linear fit of the data from these time course Pt dep-
osition experiments (Figure 4A). A plot of the Pt deposition 
rate at each wavelength versus the extinction spectrum of 
the initial Ag bipyramid cores (Figure 4B) shows a strong 
correspondence between rate and the LSPR intensity. Illu-
mination at 500 and 550 nm, on either side of the longitudi-
nal LSPR maximum of the Ag bipyramids, yields the highest 
reaction rate, while the rate is slower at the absorbance 
minima (450 and 600 nm). The second peak in the extinc-
tion spectrum—at approximately 375 nm—corresponds to 

the transverse plasmon resonance of the Ag bipyramids33 
and, consequently, the rate increases slightly under 400 nm 
illumination relative to the rate at 450 nm. This strong trend 
of Pt deposition rate with the extinction spectrum of the Ag 
bipyramids supports a plasmon-mediated reduction mech-
anism. 

Using the same chemical reaction conditions and ICP-MS 
kinetics technique described above, the intensity depend-
ence of Pt reduction rate was evaluated using a constant 
wavelength of 550 nm with an illumination power gradient 
of 0.03, 0.05, 0.10, 0.15, and 0.20 W (Figure 5A, S7, and S8). 
These values correspond to power densities of 5, 8, 15, 23, 
and 31 mW/cm2, respectively (Table S1). Plasmonic excita-
tion can lead to localized heat increases at the nanoparticle 
surface, known as photothermal heating.40 Chemical pro-
cesses that are driven by photothermal heating exhibit an 
exponential increase in rate with increasing illumination in-
tensity.36 In contrast, the rate of Pt deposition on the Ag bi-
pyramids exhibits a linear dependence on intensity at low 
intensities and a sublinear dependence at higher intensities 
(Figure 5B). This is consistent with a slow, rate-limiting 
plasmon-mediated process at low intensities and a mass 
transport limited process at higher intensities. Wu et al. ob-
served similar behavior for the plasmon-mediated synthe-
sis of Ag triangular nanoprisms and proposed that at low in-
tensities the plasmon-assisted oxidation of citrate is rate-
determining, while at higher intensities—and therefore 
faster rates of citrate oxidation—the mass transport of Ag+ 

ions becomes limiting due to their low concentration in so-
lution.26 The concentration of Pt2+ ions in the current syn-
thesis is likewise low, and it is likely that an analogous effect 
is responsible for the observed linear to sublinear trend. 

When a growth solution with the same chemical compo-
sition is left in the dark at room temperature (22 ℃) for 
three hours, there is a small amount of Pt deposition, but it 
is significantly lower than what is observed under standard 
illumination conditions (550 nm, 0.1W) (Figure 6 and S9A). 
The thermal reduction of Pt2+ is thermodynamically 
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Figure 5. Intensity dependence of Pt deposition rate during Ag-Pt hybrid particle formation. (A) Plot of the amount of Pt deposited 
onto Ag triangular bipyramids over time under different illumination powers from 0.03 to 0.2 W (all at 550 nm). (B) Plot of reaction 
rate vs. intensity, showing a linear to sublinear dependence of Pt deposition rate on light intensity. Rates in (B) were estimated from 
a linear fit of the data in (A). Pt content was measured using ICP-MS.

 

Figure 6. Quantification of the amount of Pt deposited onto Ag 
triangular bipyramids after three hours under various control 
conditions compared to standard chemical and illumination 
conditions. Pt content was measured using ICP-MS. 

allowed, so it is possible that some thermal reduction occurs 
in the dark. It is also possible that in the absence of signifi-
cant plasmon-assisted reduction of Pt2+ by citrate, galvanic 
replacement becomes more predominant. However, an illu-
minated reaction solution with only Pt2+ (no added citrate) 
shows negligible Pt deposition after three hours (Figure 6 
and S10), so it is likely there is a small thermal reduction 
contribution, at least in the dark. The lack of Pt2+ deposition 
in the absence of the reducing agent sodium citrate also sup-
ports a classic plasmon-mediated redox cycle involving the 
hole-mediated oxidation of citrate and the subsequent re-
duction of Pt2+ by thermalized electrons.  

When stored overnight—either under room light or in the 
dark—the Ag-Pt hybrid nanoparticles synthesized under 
standard illumination conditions change color slightly, indi-
cating continued slow thermal Pt deposition. After a few 
days to a week, they have all become a teal color, which is 

typical of significant Pt deposition. However, when the par-
ticles are instead immediately centrifuged after three hours 
of synthesis and resuspended in water, they remain stable 
for at least a month without any observable color change 
(Figure S11). Both Pt2+ and citrate are in excess and are not 
used up in three hours of reaction, and therefore the pres-
ence of residual reactants results in continued Pt deposition 
via a non-plasmonic mechanism.  

Illumination of the growth solution with the halogen lamp 
does cause some increase in the overall temperature of the 
reaction solution. For most reactions, the average solution 
temperature is in the range of approximately 30-40 ℃ after 
three hours, while for illumination at 550 nm and 0.2 W, the 
average temperature reaches a maximum of 47 ℃ (Table 
S2). Therefore, control reactions were conducted in the 
dark at 40 ℃ and at 60 ℃, the latter of which is well above 
the temperature reached by any of the reaction conditions. 
In both cases, the amount of reduced Pt is significantly be-
low what is observed at the standard 500 nm/0.1 W illumi-
nation—a condition which reaches an average temperature 
of 41 ℃ (Figure 6 and S9B,C). This shows that while increas-
ing temperature does increase the rate of non-plasmonic 
processes—either thermal reduction or galvanic ex-
change—these thermal reactions are not responsible for 
the observed deposition under visible light illumination. In 
addition, a plot of reaction rate vs. final temperature di-
verges at high temperatures, again showing that the reac-
tivity cannot be explained by heating (Figure S12). 

As mentioned above, a reaction solution with no added 
citrate shows negligible Pt reduction after three hours, 
while in the presence of citrate and illumination significant, 
tunable Pt deposition occurs on the same timescale. How-
ever, this reaction without citrate does proceed slowly un-
der illumination and, if the solution without added citrate is 
illuminated overnight (20 hours), tip deposition of Pt occurs 
onto the Ag bipyramid cores and the reaction solution be-
comes teal (Figure 7A and S13B). This selectivity to tip dep-
osition is indicative of a kinetically slow process. Identical 
reaction solutions incubated at 22 °C or 40 °C overnight in 
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the dark showed no color change and no Pt deposition, con-
firming that this is a light-induced process (Figure S13A-D). 
In addition, a reaction solution without citrate remains sta-
ble in the dark for over a week but reacts slowly over the 
same period if left under room light, demonstrating that 
even very low intensity light is sufficient to drive this pro-
cess (Figure S13E). It is important to note that there is likely 
a very small amount of residual citrate leftover from Ag bi-
pyramid synthesis even in reactions without added citrate. 
To test the role of this residual citrate, the Ag bipyramids 
were washed once with water in addition to simply isolating 
them via centrifugation. These washed bipyramids were il-
luminated overnight with 23.8 µM Pt2+ in a total volume of 
21 mL, identically to the “no citrate” control. The resulting 
solution turned a light teal and SEM images again show tip 
deposition, with some contrast that could potentially be due 
to galvanic replacement (Figure 7B). This suggests that 
growth in the presence of citrate proceeds via a process me-
diated by citrate oxidation, while a separate, very slow, di-
rect hot electron reduction process and/or plasmon-in-
duced galvanic replacement occurs in the absence of citrate. 
The significant difference in time scales between citrate-
mediated Pt deposition (Figure 1) and direct reduction of Pt 
ions by hot electrons (Figure 7 and S10A) points to the inef-
ficiency of the second process, which is highly localized to 
the tips of the Ag bipyramid cores by short carrier lifetimes. 

 
Figure 7. SEM images of Ag-Pt hybrid particles formed after 
twenty hours of illumination in the absence of citrate (Pt2+ 
only). The Ag bipyramid core particles in (A) were isolated via 
centrifugation according to the standard protocol before use 
while the Ag core particles in (B) were also washed once with 
water before use. Scale bars: 200 nm. 

Evidence for Ag-Pt hybrid nanoparticle formation that is 
driven by thermalized electrons from citrate oxidation ra-
ther than its hole scavenger capabilities can be found in the 
Pt shell growth that takes place in the reactions with higher 
concentrations of citrate. Hot electrons have short lifetimes 
and therefore Pt deposition due to direct reduction by hot 
electrons would be expected to be localized at the areas of 
highest electric field density—the tips of the bipyramids. In 
contrast, work on citrate-mediated Ag deposition onto Au 
and Ag cores has shown that electrons produced via plas-
mon-enhanced oxidation of citrate have long lifetimes and 
therefore lead to the formation of core-shell structures ra-
ther than core-satellite structures.25, 41  

To confirm the role of the Ag core, large Ag triangular na-
noprisms with a LSPR maximum in the near infrared region 
(975 nm) were synthesized and then purified and illumi-
nated under the same chemical and illumination conditions 
used for the other control experiments. Plasmon-mediated 

reduction of Pt2+ would be expected to be slow or non-exist-
ent on these nanostructures because their LSPR maximum 
is very red-shifted from the illumination wavelength of 550 
nm (Figure S14). Indeed, SEM images of the large triangular 
nanoprisms after exposure to Pt deposition conditions 
show evidence of galvanic replacement (hollow feature for-
mation) along with scalloped edges that likely result from 
oxidative etching of the core nanoprisms under illumination 
(Figure S15). Previous reports in the literature have shown 
that when monometallic Ag nanostructures have a plasmon 
resonance that is red-shifted from the excitation wave-
length, they stop growing due to the lack of plasmon-as-
sisted citrate oxidation to produce electrons for reduc-
tion.33, 42 Without this illumination, oxidation by dissolved 
O2 in aqueous solution can become predominant. In con-
trast, illumination of a purified solution of smaller triangu-
lar nanoprisms—which absorb at 550 nm—under the same 
conditions that led to selective tip deposition for the bipyr-
amids (47.6 µM Pt2+, 0.95 mM citrate, 550 nm/0.1 W excita-
tion) results in Ag nanoprisms with Pt islands at their tips 
(Figures S14 and S16). This confirms that plasmonic excita-
tion of the Ag core is key to hybrid Ag-Pt nanostructure for-
mation and shows that the plasmon-mediated deposition of 
Pt facilitated by citrate is extendable to other Ag core shapes 
as well, highlighting the versatility of the approach.  

Conclusions 
The plasmon-assisted oxidation of citrate described 

herein provides a powerful tool for achieving controlled Pt 
ion reduction kinetics in range that is inaccessible using 
thermal reduction and chemical parameters alone. In turn, 
this fine degree of kinetic control enables the selective dep-
osition of a poorly plasmonic metal, Pt, at the tips of polyhe-
dral plasmonic Ag cores. Importantly, this work expands the 
scope of citrate-assisted plasmon-mediated syntheses to 
metals other than Ag. Due to the broad use of citrate as a 
reducing agent for noble metals, we anticipate that this ap-
proach will be generalizable to other materials combina-
tions and particle architectures. 

ASSOCIATED CONTENT  
Additional SEM images, ICP-MS data, photographs, UV-visible 
spectra, table of power density calculations, and table of aver-
age reaction temperatures. This material is available free of 
charge via the Internet at http://pubs.acs.org. 
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