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Abstract

Palladium (Pd) nanoparticles are of particular interest to various fundamental studies and
emerging areas of technology. The properties of Pd nanoparticles have a strong dependence on
particle size. Nevertheless, it has been challenging to synthesize uniform Pd nanoparticles with
controllable sizes and in relatively large quantities. Herein, we demonstrate a simple yet robust
one-pot synthesis for the preparation of single-crystal Pd nanoparticles with controllable sizes in
the range of 2 nm to 14 nm. The synthesis is simply performed by mixing polyvinylpyrrolidone
(PVP), NaxPdCls, and ethylene glycol in a glass vial that is placed in an oil bath with stirring.
The sizes could be conveniently and tightly controlled by adjusting the amount of PVP or
Na2PdCl4/PVP. The final products are highly uniform in terms of size and shape. Notably, the
strategy of size control was successfully extended to Pt and Rh nanoparticles. The synthesis
could be scaled up to allow for the production of gram-level quantities of Pd nanoparticles in a
short period of time. The uniform Pd nanoparticles with controllable sizes are believed to find

important use in different areas, such as fundamental nanoresearch, catalysis, and biomedicine.
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INTRODUCTION

Palladium (Pd) nanoparticles have attracted enormous research interests in both academia
and industry, owing to their fascinating physicochemical properties and broad applications in
catalysis and recent biomedical studies.! It is well known that the physicochemical properties of
Pd nanoparticles have a strong dependence on their size.” For example, particle size was found to
play vital roles in determining the catalytic performance of Pd nanoparticles in a number of
important reactions, such as Suzuki cross-coupling reactions,®’ hydrogenation reactions,'®!! CO

1213 and oxidation of formic acid.'*'> Particle size also matters in biomedical

oxidation,
applications of Pd nanoparticles. For instance, only if the size of Pd nanoparticles is ultra-small
(< 10 nm) can they be cleared out from the body in high efficiencies via the renal excretion
route.!®!7 In another example, it was reported that the antimicrobial activities of Pd nanoparticles

were highly size-dependent.!®

A fine-scale differences in size (<1 nm) could alter their
antimicrobial activities.

Driven by these and many other examples, it has become significant to develop synthetic
protocols for producing Pd nanoparticles with a precise control over the size. Of particular
interest is size control at the sub-ten nanometer regime, at which the impact of size on the
physicochemical properties of Pd nanoparticles is more evident.!”** Owing to the great work of
many researchers, it is now experimentally feasible to generate Pd nanoparticles with different
sizes.!?® Despite the successful demonstrations, we noticed that the synthesis of quality Pd
nanoparticles having highly uniform shapes and narrow size distributions has been met with
limited success. It should be mentioned that the uniformity of Pd nanoparticles could be
improved by a two-step strategy known as seed-mediated growth, which allows for better control
over the growth process of preformed seeds.?®?® Nevertheless, in comparison to one-pot
synthesis, seed-mediated growth is less straightforward since it involves multiple steps.?’ In
addition, seed-mediated growth is typically used to fabricate small quantities of nanoparticles,
imposing the difficulties in producing nanoparticles at industrially relevant scales. Taken
together, production of Pd nanoparticles with great uniformity and large quantity is important,
yet challenging.

In this work, we report a facile one-pot synthesis of uniform Pd nanoparticles with
controllable sizes in the range of approximately 2-14 nm. The synthetic system is simple which

only involves three chemicals — polyvinylpyrrolidone (PVP), Na>PdCls, and ethylene glycol



(EG). The synthesis was performed by simply adding 1.0 mL of NaxPdCls solution in EG to a
glass vial containing 2.0 mL of PVP solution in EG that was preheated at 160 °C under magnetic
stirring (see Figure 1 and Experimental Section for details). The size of Pd nanoparticles as final
products could be conveniently controlled by varying the amount of PVP or Na;PdCls/PVP in
EG (Figure 1). The synthesis could be easily scaled up to produce quality Pd nanoparticles at
gram-level quantities.

Our synthesis has several promising features that may make them widely applicable in the
laboratory and industry: simple synthetic procedure (involvement of only three commonly used
chemicals), production of nanoparticles with high purity (nearly 100%) and good uniformities (in
terms of size, shape, and crystallinity), convenient control over nanoparticle size (by varying the
amount of one or two chemicals), easy scale up (by simply increasing the amount of each
chemical at the same scale), and applicability in size-controlled synthesis of Pt and Rh
nanoparticles. In comparison, those previously reported one-pot syntheses of Pd nanoparticles
oftentimes involved multiple chemicals/steps, production of non-uniform nanoparticles, and/or

relatively complicated procedures for size control and scale up.2!2% 30-34

EXPERIMENTAL SECTION

Chemicals and Materials. Sodium tetrachloroplatinate(Il) hydrate (Na2PtCls-xH20), sodium
tetrachloropalladate(Il) (Na2PdCls, 98%), rhodium(III) chloride (RhCI3), poly(vinylpyrrolidone)
(PVP, Mw = 55,000), hydrochloric acid (HCL, 37%), and acetone (>99.9%) were purchased from
Sigma-Aldrich. Ethylene glycol (EG) was bought from J. T. Baker. The water used in all
experiments was deionized (DI) water with a resistivity of 18.2 MQ-cm.

Synthesis of Pd Nanoparticles. In a standard synthesis of 5.3 nm Pd nanoparticles, 40 mg of
PVP was dissolved in 2.0 mL of EG and was then put to a 20-mL glass vial. The vail was then
put to a 160 °C oil bath for preheating under magnetic stirring. Then, 1.0 mL of Na2PdCls
solution in EG (16 mg/mL) was quickly injected into the vial using a pipette. After 1 hour, the
reaction was terminated by using an ice-water bath, to which the vial was immersed. The final
products were washed one time with acetone and two times with DI water in order to remove
excess reagents. For syntheses of Pd nanoparticles of other sizes, a similar procedure was used,
except for the variations of the amounts of PVP and NaPdCls as specified in Table 1.

Percent Conversions of Pd Precursor during the Synthesis. The amount of NaxPdCls



remaining in the reaction solution was quantified using UV-vis spectroscopy.’ Specifically, an
aliquot of 0.1 mL was taken out of the reaction solution at # = 3 seconds by a pipette and quickly
injected into 1.4 mL of 0.1 M HCI aqueous solution to quench the reaction and to prevent
PdCls*" from hydrolysis.>® Then, Pd nanoparticles were separated from the solution through
centrifugation. The supernatant was subject to UV-vis measurement after it had been diluted with
0.1 M HCI solution. The concentration of PACl4*>~ left over in the reaction solution, which had an
absorbance peak at 420 nm, could be derived by comparing to a calibration curve generated from
PdCl4* standards. Finally, percent conversion of Na:PdCls to Pd(0) was calculated from the
concentrations of the remaining and initial PdCls>.

Scale-up Synthesis. The 50-fold scale up synthesis was conducted in a 500 mL flask as the
reaction container. A similar procedure as the standard synthesis was used, except that: i) the
volumes of PVP and NaxPdCls solutions in EG were increased by 50 times, while their
concentrations were kept the same as those in small scale synthesis; i) the PVP solution was
preheated in the oil bath for 30 min to ensure a thorough preheat; and iii) the Na2PdCls solution
(50 mL) was poured to the reaction solution using a beaker.

Instrumentation. Transmission electron microscope (TEM) images were obtained from a
JEOL JEM-1011 microscope operated at 100 kV. UV-vis absorption spectra were recorded using
an Agilent Cary 60 UV-vis spectrophotometer. Concentrations of Pd element from Pd
nanoparticles were measured using an inductively coupled plasma-mass spectrometry (ICP-MS,
a JY2000 Ultrace ICP atomic emission spectrometer), in which Pd nanoparticles were dissolved
and converted to Pd ions with aqua regia. X-ray diffraction (XRD) data was aquired from a
Scintag XDS2000. An ultracentrifuge (Beckman Coulter Optima™ Max-XP Tabletop) was used
for the centrifugation of all nanoparticles. The X-ray photoelectron spectroscopy (XPS) analyses
were performed on a Physical Electronics 5400 system. Thermal gravimetric analysis (TGA) was
performed with a Shimadzu’s TGA-50 analyzer. In TGA analysis, sample at room temperature
was heated to 600 °C (10°C per minute) and was kept at 600 °C for 30 minutes under nitrogen

flow at 20 mL per minute.

RESULTS AND DISCUSSION
Synthesis of 5.3 nm Pd nanoparticles

We started with the standard synthesis (see Figure 1a and Experimental Section for details),



in which the amounts of Na2PdCls and PVP in EG were set to 16 and 40 mg, respectively. Figure
2a shows a typical low-magnification transmission electron microscopy (TEM) image of the
final products prepared from a standard synthesis. The products were monodispersed
nanoparticles with high purity and good uniformity. From Figure 2b (i.e., a magnified TEM
image), the shape of the products was resolved to be truncated octahedron. It is worth noting that
truncated octahedron is a thermodynamically favored shape with minimal total surface free
energy (i.e., the so-called Wulff shape®”*®), implying the synthesis was under thermodynamic
control.*’

Analyses on 200 random particles indicated that the average size (defined as the distance
between two opposite {100} facets of a truncated octahedron, see Figure S1) of the final
products was 5.3 nm. Figure 2c¢ shows a high-resolution TEM (HRTEM) image of an individual
Pd nanoparticle and the corresponding Fourier transform (FT) pattern, where periodic lattice
fringes without twin boundaries could be clearly resolved. The lattice fringe spacing of 2.2 and
1.9 A, respectively, could be assigned to the {111} and {200} crystal planes of face-centered
cubic (fec) Pd.** These observations suggested the final products were single-crystal Pd truncated
octahedrons encased by both {100} and {111} facets.* In the following discussion, the Pd
truncated octahedrons as final products will be referred to as Pd nanoparticles for simplicity.
XRD pattern of the same sample is shown in Figure 2d. All the peaks in the diffraction pattern
could be indexed to fcc Pd (JCPDS no. 05-0681), confirming the nanoparticles were made of Pd
and crystallized in an fcc structure. The quantity of Pd nanoparticles from one batch of synthesis
was determined to be 5.68 mg by inductively coupled plasma-mass spectrometry (ICP-MS)
analysis, indicating that 98.6% of the Pd precursor (i.e., Na2PdCls) was converted to Pd
nanoparticles.

To investigate surface properties of as-prepared Pd nanoparticles, we conducted X-ray
photoelectron spectroscopy (XPS) analysis. Figure 2e shows the XPS survey spectra of the
sample. The presence of peaks for C 1s, N 1s, O 1s, and Pd 3d suggested the chemisorption of
PVP molecules on Pd surface.*”* Figure 2f highlights the Pd 3d region of the XPS spectra,
where weak Pd*" peaks could be seen. The presence of Pd(Il) species indicated that part of
surface Pd atoms was oxidized.* It should be mentioned that the absorbed PVP on Pd surface
could effectively prevent nanoparticles from aggregation and ensure good water solubility for the

nanoparticles, which is favored in many biomedical applications.*’ In catalysis, however, PVP on



nanoparticle surface may hinder key reactive species from accessing to Pd surface.*® Previous
studies demonstrated that the absorbed PVP could be effectively removed through UV-ozone
treatment,*’ thermal oxidation treatment,*® or chemical (e.g., acid, base, and sodium borohydride)
treatment.***° To quantitatively understand the absorbed PVP, we determined the packing density
of PVP on the surface of as-prepared Pd nanoparticles through thermal gravimetric analysis
(TGA). In TGA analysis, the sample was heated to 600 °C at a rate of 10 °C per minute. The loss
of weight at range 350-550 °C could be ascribed to the combustion of PVP, while the weight
leftover at 600 °C was from Pd.’! Based on the TGA data (Figure S2) and the size/shape of Pd
nanoparticles (Figure 2b), the PVP packing density was roughly estimated to be 0.06 nm?
accordingly to the method described in our recent publication.*’

To gain insight into the formation of these Pd nanoparticles, aliquots of sample were taken
out of a standard synthesis at different time, followed by the examination using TEM. In the
early stage (¢ = 10 s, Figure S3a), the products were Pd nanoparticles with a relatively broad size
distribution. Most of them were small particles of a few nanometers in size. The HRTEM image
(see inset of Figure S3a) showed these small particles exhibited a quasi-circular profile and took
a single crystal structure. At t+ = 30 s (Figure S3b), interestingly, the size distribution and
uniformity of the nanoparticles had been greatly improved, implying the involvement of Ostwald
ripening during the synthesis.’>> At this stage, the nanoparticles took an overall spherical shape
with a diameter of ~3.9 nm. This observation suggests Ostwald ripening played a key role in
ensuring the emergence of uniform products. When the reaction time was prolonged to 5 min, the
average size of nanoparticles increased to ~4.9 nm (Figure S3c), while the shape remained the
same. Thereafter (from 5 min to 1 h), the growth of nanoparticles became fairly slow. Eventually
(t = 1 h, Figure S3d), the average size of nanoparticles reached ~5.3 nm. Notably, the
nanoparticles had evolved to truncated octahedrons with distinguishable edges and corners. No
obvious change in either the particle size or shape was observed when the reaction time was
further extended.

Synthesis of 2-4 nm Pd nanoparticles

We then demonstrated that Pd nanoparticles with sizes smaller than 5.3 nm could be obtained
by simply increasing the amount of PVP in a standard synthesis, while keeping all other reaction
conditions unchanged (see Figure 1b and Table 1). For example, the size of Pd nanoparticles as

final products reduced to 3.8 nm (Figure 3a) when the amount of PVP was increased from 40 to



200 mg. Importantly, the reduction of particle size did not compromise the uniformity of the
nanoparticles. Further increase of PVP amount to 1,600 mg resulted in the formation of 2.1 nm
Pd nanoparticles (Figure 3b) as final products. The inset of Figure 3b shows a typical HRTEM
image of an individual nanoparticle. It can be seen that the nanoparticle was single-crystal Pd
nanocrystal. It should be pointed out that, unlike the 5.3 nm Pd nanoparticles (Figure 2), the
truncated octahedral shape could been barely resolved from these small-sized nanoparticles
shown in Figure 3. Instead, they displayed an overall spherical shape. We assume the change of
particle shape from truncated octahedron to sphere might be ascribed to the shrinkage of particle
volume. It is known that volume shrinkage would increase the surface free energy of
nanocrystals and thus promote the migration of atoms on edges/corners to the entire surface of a
nanocrystal.*'** Therefore, the final product tended to display a spherical shape. The additional
low-magnification TEM images in Figures S4 demonstrate that both the 3.8 and 2.1 nm Pd
nanoparticles could be obtained with high purities and good uniformities. Taken together, these
results suggest that Pd nanoparticles with sizes smaller than 5.3 nm could be produced from the
same synthetic system by simply increasing the amount of PVP.

Synthesis of 6-14 nm Pd nanoparticles

Based on the standard synthesis for 5.3 nm Pd nanoparticles, we demonstrated that Pd
nanoparticles with larger sizes could be obtained by spontaneously increasing the amounts of
NaxPdCls and PVP (see Figure 1c and Table 1). For instance, when 80 mg of Na2PdCls and 200
mg of PVP were used in the synthesis, the final products became 8.0 nm Pd nanoparticles
(Figure 4a). As shown by Figure 4b-d and Table 1, the size of Pd nanoparticles as final products
could be conveniently and precisely enlarged in the range of 8.0 — 14.4 nm by step-wisely
increasing the amounts of Na:PdCls and PVP. It should be noted that further increase of
Na;PdCls and PVP amounts led to the saturation of their EG solutions. The additional low-
magnification TEM images (see Figure S5) of the samples shown in Figure 4 demonstrate that
these Pd nanoparticles could be obtained with high purities and good uniformities. All these
samples took nearly perfect Wulff shape. Compared to the 5.3 nm Pd nanoparticles shown in
Figure 2, the edges and tips of these larger Pd nanoparticles are more evident.

Mechanistic understanding on size control

Generally, one-pot synthesis of metal nanocrystals involves the formation of seeds and

subsequent growth as the two critical steps.*!**> During a synthesis, salt precursors are reduced to



metal atoms. Once the concentration of metal atoms has reached the point of supersatuation,
small clusters begin to appear through self-nucleation.*!*® These clusters will evolve into seeds
through the autocatalytic effect, which will then serve as the active sites for subsequent crystal
growth. The continuous growth of the seeds will eventually lead to the formation of metal
nanocrystals as final products. Therefore, the size of the final product is primarily determined by
the percentage of conversion from salt precursor to metal atoms at the initial stage of nucleation
or seed formation.*!® A greater percent conversion of precursor indicates the generation of a
relatively larger number of seeds and thus the formation of smaller sized final products, and vice
versa (see Figure 1).

To quantify such percent conversion of precursor at the initial stage of our synthetic system,
we determined the concentrations of PdCls* ions by recording their UV-vis spectra.®’
Specifically, the reaction was quenched at ¢t = 3 s using an ice-water bath when small clusters
with sizes < 1 nm were formed (i.e., the initial stage). Then the sample was centrifuged to
remove precipitates. The supernatant was collected and diluted to a level suitable for UV-vis
measurement. On the basis of the calibration curve generated from NaPdCls solutions of known
concentrations (see Figure S6), the percent conversion of Na;PdCls could be derived by
comparing the amount of Na>PdCls remaining in reaction solution and the amount of initial
NazPdCls introduced to the reaction. Figure 5 summarizes the percent conversions of Na2PdCls
at the initial stage for all Pd nanoparticles shown in Figures 2-4. As expected, the size of final
product was found to be inversely proportional to the percent of Na2PdCls4 conversion.

These results indicate the successful size control of Pd nanoparticles relied on our capability
in varying the percent conversion of Na2PdCls at the initial stage of a synthesis. Experimentally,
based upon the conditions for synthesis of 5.3 nm Pd nanoparticles, our strategy to reduce the
size for final products (e.g., the 2.1 and 3.8 nm Pd nanoparticles shown in Figure 3) was to
increase the amount of PVP (see Figure 1b). This is because PVP is a dual functional polymer
that can serve as both colloidal stabilizer and reductant.’’>® When the amount of Na:PdCls is
kept the same, the increase of PVP amount will enhance the reducing power of the reaction
solution. As such, the percent conversion of Na2PdCls at the initial stage was increased, resulting
in the reduction of particle size for final products.

On the other hand, our strategy to enlarge the particle size of final products (e.g., the 8.0,

10.9, 12.8, and 14.4 nm Pd nanoparticles shown in Figure 4) was to increase the amount of



NaxPdCls (see Figure 1c). It should be pointed out that, since the number and size of Pd
nanoparticles were increased as more precursor was introduced, extra PVP was needed to
stabilize the nanoparticles. Without extra PVP (i.e., only increasing the amount of Na2PdCls),
nanoparticles were not effectively stabilized, leading to the formation of Pd nanoparticles with
broad size distributions (see Figure S7). Similarly, only decreasing the amount of PVP without
the change of Na;PdCls resulted in relative non-uniformity of the final products (Figure S8a). In
the absence of PVP, the products became large aggregates and precipitates (Figure S8b).
Therefore, the amounts Na:PdCls and PVP were spontaneously increased (see Table 1) for the
synthesis of those larger Pd nanoparticles. In this case, despite the fact that more Pd(0) was
generated at the initial stage due to the elevated concentrations of reactants, the excess amount of
remaining Na2PdCls in the reaction solution ensured the decrease of the percent conversion of
NaxPdCla. As a result, the size of final products was enlarged.

Scale-up synthesis

Importantly, the synthesis could be readily scaled up to produce large quantities of Pd
nanoparticles that are desired for industrial uses. Using the production of 5.3 nm (Figure 2) and
10.9 nm Pd nanoparticles (Figure 4b) as model examples, we scaled up the synthesis by 50
times, where a 500 mL flask was used as the reaction container (see Experimental Section for
details). Figure 6 shows TEM images of the two products obtained from the scale-up synthesis,
which were pretty uniform in both size and shape. The sizes of these products were measured to
be almost the same as those obtained in small scale syntheses. Both products displayed a well-
defined truncated octahedral shape. The quantities of Pd nanoparticles in Figure 6a and b were
measured to be 0.28 and 2.81 gram, respectively, by ICP-MS analyses. These results suggest that
the synthetic system could be easily scaled up, without the compromise of sample quality. In
comparison, conventional seed-mediated growth could only produce Pd nanoparticles at the scale
of several milligrams or less per batch.

Extension to other platinum-group metal nanoparticles

Finally, we also extended our synthetic strategy from Pd to other platinum-group metals,
including Pt and Rh. The standard synthesis for Pt or Rh nanoparticles was performed using the
same procedure for Pd nanoparticles shown in Figure 2, except for the substitution of Na:PdCl4
with the same molar amount of Na2PtCls or RhCl; as the precursor. As shown in Figure 7, Pt

(Figure 7b) and Rh (Figure 7e) nanoparticles with good uniformities were obtained from the
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standard synthesis. It should be mentioned that, unlike Pd case, as-synthesized Pt and Rh
nanoparticles took overall spheroidal and multipod-like shapes, respectively, which were
consistent with the results reported in previous work.>®* Significantly, just like the case of Pd,
the sizes of these Pt and Rh nanoparticles could be conveniently tuned by adjusting the amount
of PVP or precursor/PVP. For instance, when the amount of PVP in standard synthesis was
increased by ten times while all other parameters were kept unchanged, the sizes of Pt and Rh
nanoparticles were decreased (Figure 7a and d). The sizes of Pt and Rh nanoparticles could also
be increased when the amounts of precursor and PVP in standard synthesis were spontaneously
increased by ten times (Figure 7c and f). The low-magnification TEM images in Figure S9
demonstrate that all these Pt and Rh nanoparticles with different sizes could be obtained in high
purities and large quantities. Collectively, these results suggest that our strategy of size control

could be extended from Pd to Pt and Rh nanoparticles.

CONCLUSION

In conclusion, we have demonstrated a facile approach to the preparation of uniform Pd
nanoparticles with controlled sizes in the range of 2-14 nm via one-pot synthesis. Ostwald
ripening played a critical role in the growth process to ensure a narrow size distribution for the
final products. The key to successful size control of Pd nanoparticles was to manipulate the
percent conversion of Pd precursor at the initial stage of a synthesis. The synthesis could be
readily scaled up to produce large quantities of Pd nanoparticles without the compromise of
product quality. Notably, the strategy of size controlled synthesis could be extended to Pt and Rh
nanoparticles. This work enables simple and large-scale production of uniform Pd nanoparticles
with controllable sizes in common chemical laboratories, which will find immediate use in

fundamental nanoresearch, catalysis, and biomedical research.
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Figure 1. Schematics showing the synthesis of Pd nanoparticles with controlled sizes. (a)
Standard synthesis for Pd nanoparticles; (b) Size reduction of Pd nanoparticles by increasing the
amount of PVP in a standard synthesis; (c) Size increase of Pd nanoparticles by spontaneously
increasing the amounts of Na;PdCls and PVP in a standard synthesis. In (a-c), brown color
indicates NaPdCls in EG solution, where the color intensity denotes the concentration of

NaxPdCla. The nuclei and nanoparticles as final products were not drawn to scale.
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Figure 2. Pd nanoparticles with an average size of 5.3 nm that were prepared in a standard
synthesis. (a) Low-magnification TEM image; (b) Magnified TEM image. Inset shows a 3D
model of the sample; (c¢) HRTEM image of an individual Pd nanoparticle orientated along the
<110> direction. The inset is the corresponding Fourier transform pattern; (d) XRD pattern. Red
bars: JCPDS no. 05-0681 (Pd); (e) XPS survey spectra; (f) high resolution XPS spectra of the Pd
3d region.
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Figure 3. Pd nanoparticles with sizes smaller than 5.3 nm that were prepared by varying the
amount of PVP in a standard synthesis as specified in Table 1. (a) 3.8 nm Pd nanoparticles; (b)
2.1 nm Pd nanoparticles. Inset in (b) is the HRTEM image of an individual Pd particle. The 20

nm scale bar applies to both images in (a) and (b).
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Figure 4. Pd nanoparticles with sizes larger than 5.3 nm that were prepared by increasing the
amounts of Na;PdCls and PVP in a standard synthesis as specified in Table 1. (a) 8.0 nm Pd
nanoparticles; (b) 10.9 nm Pd nanoparticles; (c) 12.8 nm Pd nanoparticles; (d) 14.4 nm Pd

nanoparticles. The 20 nm scale bar applies to all images in (a-d).
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Figure 5. A plot showing the percent conversion of Na:PdCls to Pd(0) at the initial stage of

synthesis as a function of the size of Pd nanoparticles obtained from the synthesis.

22



Figure 6. TEM images of Pd nanoparticles prepared from 50-fold scale up synthesis. (a) 5.3 nm
Pd nanoparticles; (b) 10.9 nm Pd nanoparticles. Insets in (a) and (b) are TEM images of the same

samples at higher magnifications.
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= 20 nm
Figure 7. Extension to size-controlled synthesis of (a-c) Pt nanoparticles and (d-f) Rh
nanoparticles. Samples in (b) and (e) were synthesized using the procedure for preparing 5.3 nm
Pd nanoparticles shown in Figure 2, except for the substitution of Na2PdCls with the same molar
amounts of NaxPtCls (b) and RhCl3 (e) as precursors; Samples in (a) and (d) were synthesized
using the same procedures for samples in (b) and (e), respectively, except that the amount of PVP
was increased by ten times; Samples in (¢) and (f) were synthesized using the same procedures
for samples in (b) and (e), respectively, except that the amounts of precursors and PVP were

spontaneously increased by ten times. The 20 nm scale bar applies to all images in (a-f).
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Table 1. Synthetic conditions for the Pd nanoparticles of different sizes displayed in Figures 2-4.
The standard synthesis for 5.3 nm Pd nanoparticles is highlighted in gray.

Size of Pd Amount of PVP Amount of Molar

nanoparticles in 2.0 mL EG Na2PdCl4 in 1.0 ratioof  Temperatu Reaction
(nm) (mg) mL EG (mg) PVP to Pd re (°C) time (h)

2.1 1,600 16 0.53 160 1.0

3.8 200 16 0.067 160 1.0

53 40 16 0.013 160 1.0

8.0 200 80 0.013 160 1.0

10.9 400 160 0.013 160 1.0

12.8 800 324 0.013 160 1.0

14.4 1,200 480 0.013 160 1.0
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