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a b s t r a c t

This paper describes the use of reversed-phase liquid chromatography (RPLC) to rapidly characterize
Au/Pt core/shell nanoparticles (NPs) produced through seed-assisted synthesis. We monitored the sizes
of Au/Pt core/shell NPs by using a porous silica-based RPLC column (pore size: ca. 100 nm) and 30 mM
sodium dodecyl sulfate in deionized water as the mobile phase; the plot of the retention time with respect
to the logarithm of the size of the Au NPs was linear (R2 = 0.997) for diameters falling in the range from
eywords:
u/Pt
ore/shell
anoparticles
eversed-phase liquid chromatography

5.3 to 40.1 nm; from five consecutive runs, the relative standard deviations of these retention times were
less than 0.4%. We used the optimal separation conditions of the RPLC system to study the effects that the
rate of addition of the reducing agent and the volumes of the seed, shell precursor metal ion, and reducing
agent solutions had on the sizes of the Au/Pt core/shell NPs. A good correlation existed between the sizes
of the Au/Pt core/shell NPs determined through RPLC and those determined using transmission electron
microscopy. RPLC appears to be a useful technique for monitoring the sizes of NPs and nanomaterials in

general.

. Introduction

Metal nanoparticles (NPs) are attracting a great deal of atten-
ion from practitioners in a wide variety of scientific fields [1–6].
ecause the physical and chemical properties of NPs are directly
elated to their chemical compositions, sizes, and surface structural
haracteristics [7–10], the design, synthesis, and characterization
f nanostructures have become very important aspects of the
merging field of nanomaterials, where macroscopic properties are
irectly influenced by subtle nanostructural changes. Among the
any metals currently under investigation for their nanomaterial

roperties, platinum (Pt) is one of the mostly researched noble met-
ls because it is widely used in the fabrication of biosensors, in
uel cell technology, and as an effective catalyst for many industrial
eactions [11–16].

The particle size effect is related to the variation of a reaction
ate, selectivity, and/or sensitivity with respect to the character-
stic dimensions of metallic clusters at the electrified solid–liquid

nterface [17–20]. Therefore, the design and synthesis of Pt nanos-
ructures having well controlled sizes or shapes is of critical
mportance for their successful application, especially in the field
f catalysis [21–24].
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In a previous study, we prepared core/shell Au/Pt NPs through
“seed-assisted synthesis,” a successive reduction process that is
effective for the size-controlled synthesis of Pt metal NPs [25]. The
seed-assisted synthesis of Au/Pt NPs involves reducing Pt ions on
the surfaces of preformed Au seeds – using a mild reducing agent
(e.g., ascorbic acid) [25] – by minimizing the degree of nucleation
while maximizing particle growth to achieve a shell of uniform
thickness. Because the size of the core (seed) is predetermined, the
overall dimensions of the core/shell NPs are dependent upon the
thickness of the shell material.

When a set number of preformed seeds is used as nucleation
centers for the fabrication of core/shell NPs, the NP growth con-
ditions can be controlled simply through varying the fabrication
parameters—e.g., the ratio of seeds to the shell metal precursor ions
[1] or the rate of addition of the reducing agent [26]. Because there
are other important parameters that influence the final sizes and
shapes of core/shell NPs, when developing a new medium for the
core/shell NP synthesis, it would be ideal if the final NP products
could be characterized rapidly in terms of their final sizes to provide
feedback so that the synthetic conditions could be optimized.

Reversed-phase liquid chromatography (RPLC) has been
employed recently to separate and characterize water-soluble

NPs [27]. After using transmission electron microscopy (TEM) to
calibrate NP standards, RPLC analysis can then be applied as a
stand-alone technique to determine the sizes of synthetic NPs.
The prevalence of automated LC systems suggests that, in some
instances, such approaches might be superior to other techniques

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:fkliu@nuk.edu.tw
dx.doi.org/10.1016/j.chroma.2010.01.032
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ypically employed for the characterization of NPs, such as dynamic
ight scattering (DLS) [28,29] and TEM [30,31].

Core/shell NPs exhibit a variety of properties depending on the
ature of their components and their thicknesses. For example, the
igh electrocatalytic activities of Pt NPs toward many molecules
an be adjusted by changing the thickness of the Pt shell of Au/Pt
ore/shell NPs [32,33]; therefore, before investigating their appli-
ability, it would be useful to determine the NPs’ sizes to establish
he relationship between the catalytic behavior and the NP size.
ecause LC is a rapid, economical technique for separating NPs, we
uspected that it might allow us to efficiently determine the size
henomena of fabricated Au/Pt core/shell NPs. Therefore, in this
tudy, we investigated the effects of several important parameters
the rate of addition of the reducing agent and the volumes of the

dded seeds, shell metal ion precursor, and reducing agent solu-
ions in the reaction medium – on the RPLC separations and sizes
f Au/Pt NPs fabricated through seed-assisted synthesis. Because
EM is an accurate reference method for observing the morpholo-
ies of NPs [30], we also compared the accuracies of using RPLC- and
EM-based methods to characterize the sizes of Au/Pt core/shell
Ps.

. Experimental

.1. Apparatus

A Hitachi L-2000 liquid chromatography system (Tokyo, Japan)
as used for RPLC separation of the NPs. The RPLC apparatus was

quipped with a diode array detection (DAD) system. A Nucleosil
18 column (Macherey-Nagel, Duren, Germany; 250 mm × 4.6 mm;
ore size: 100 nm; particle size: 7 �m) and a 0.2-�m pre-column
lter were employed for analytical separation, using a mobile phase
f 30 mM sodium dodecyl sulfate (SDS) in deionized water at a flow
ate of 1.0 mL min−1; the detection wavelength was 520 nm and
he injection volume was 20 �L. To confirm the accuracy of the
ize characterization by RPLC, a JEOL JEM-2010 transmission elec-
ron microscope (Tokyo, Japan) was used to independently analyze
he Au/Pt core/shell NPs. A KDS 100 syringe pump (KD Scientific,
olliston, MA, USA) was used during the synthesis of the NPs.

.2. Chemical reagents

Hydrogen tetrachloroaurate (HAuCl4) and hydrogen hex-
chloroplatinate (H2PtCl6) were purchased from Acros Organics
Geel, Belgium). Ascorbic acid and sodium citrate were obtained
rom Merck (Darmstadt, Germany). SDS was obtained from Tokyo
hemical Industry (Tokyo, Japan). Standard Au NPs having a mean
iameter of 5.3 nm [standard deviation (SD): 0.5 nm] were obtained
rom Sigma (St. Louis, MO, USA). Au NPs having mean diameters of
0.1 nm (SD: 3.2 nm) were obtained from BB International (Cardiff,
K). All eluents were prepared afresh each day and filtered through
0.45-�m nylon membrane filter (Alltech, Deerfield, IL, USA) prior

o use. Deionized water (>18 M� cm−1) was used throughout the
xperiments.

.3. Preparation of Au NPs

The synthetic procedure for the formation of smaller-sized
u NPs through citrate-mediated reduction of HAuCl4 has been
escribed elsewhere [28]. The resulting Au NPs were spherical;
fter digitizing TEM images, 2D-grain analysis revealed particle

iameters of 12.1 ± 0.9 nm.

For the preparation of larger-sized Au NPs, two 20-mL sample
ials (labeled A and B, respectively) were charged with deionized
ater (10 mL); a volume of 12.1-nm Au NPs (serving as seeds:

.3 mL in A; 0.1 mL in B) was added to each vial, followed by
r. A 1217 (2010) 1647–1653

HAuCl4 solution (3.0 × 10−3 M, 0.5 mL). While the solutions were
stirring, ascorbic acid (1.0 × 10−2 M, 0.5 mL) was added slowly
(0.5 mL min−1) from a burette to each vial. The resulting solutions
were then stirred for 30 min. These procedures were performed
at room temperature (ca. 25 ◦C). The resulting Au NPs were spheri-
cal; after digitizing TEM images, 2D-grain analysis revealed particle
diameters for samples A and B of 21.2 ± 3.6 and 29.4 ± 3.1 nm,
respectively.

2.4. Seed-assisted synthesis of Au/Pt core/shell NPs: varying the
rate of addition of the reducing agent

Three 20-mL sample vials (labeled C–E, respectively) were
charged sequentially with deionized water (7.5 mL), 12.1-nm Au
seeds (0.75 mL), and H2PtCl6 solution (1.0 × 10−3 M, 2.5 mL). Ascor-
bic acid (1.0 × 10−2 M, 0.5 mL) was added to each vial via a syringe
pump (operated at rates of 5.0, 200, and 2000 mL h−1 for vials
C–E, respectively), while stirring. Finally, SDS (8.0 × 10−2 M, 10 mL)
was added to each vial and the resulting solutions stirred for
30 min. These procedures were performed at room temperature
(ca. 25 ◦C).

2.5. Seed-assisted synthesis of Au/Pt core/shell NPs: in the
presence of various seed volumes

Two 20-mL sample vials (labeled F and G, respectively) were
charged sequentially with deionized water (7.5 mL), 12.1-nm Au
seeds (1.0 and 0.4 mL for vials F and G, respectively), and H2PtCl6
solution (1.0 × 10−3 M, 2.5 mL). Ascorbic acid (1.0 × 10−2 M, 0.5 mL)
was added to each vial via syringe pump (at a rate of 5.0 mL h−1),
while stirring. Finally, SDS (8.0 × 10−2 M, 10 mL) was added to each
vial and the resulting solutions stirred for 30 min. These procedures
were performed at room temperature (ca. 25 ◦C).

2.6. Seed-assisted synthesis of Au/Pt core/shell NPs: in the
presence of various volumes of shell precursor metal ions

Two 20-mL sample vials (labeled H and I, respectively) were
charged sequentially with deionized water (7.5 mL), 12.1-nm Au
seeds (1.0 mL), and H2PtCl6 solution (1.0 × 10−3 M; 4.5 and 5.5 mL
for vials H and I, respectively). Ascorbic acid (1.0 × 10−2 M, 0.5 mL)
was added to each vial via a syringe pump (at a rate of 5.0 mL h−1),
while stirring. Finally, SDS (8.0 × 10−2 M, 10 mL) was added to each
vial and the resulting solutions stirred for 30 min. These procedures
were performed at room temperature (ca. 25 ◦C).

2.7. Seed-assisted synthesis of Au/Pt core/shell NPs: in the
presence of various volumes of reducing agent

Three 20-mL sample vials (labeled J–L, respectively) were
charged sequentially with deionized water (7.5 mL), 12.1-nm Au
seeds (1.0 mL), and H2PtCl6 solution (1.0 × 10−3 M, 2.5 mL). Ascor-
bic acid (1.0 × 10−2 M; 0.5, 1.0, and 1.5 mL for J–L, respectively) was
added to each vial via a syringe pump (at a rate of 5.0 mL h−1), while
stirring. Finally, SDS (8.0 × 10−2 M, 10 mL) was added to each vial
and the resulting solutions stirred for 30 min. These procedures
were performed at room temperature (ca. 25 ◦C).

3. Results and discussion
3.1. Evaluation of the formation of Au/Pt NPs by seed-assisted
synthesis

Before employing RPLC to study the sizes and size distributions
of the Au/Pt core/shell NPs, we first confirmed that it was possible
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Fig. 1. (a) Left: TEM image of Au seeds; right: EDS spectrum of the sa

o produce Au/Pt core/shell NPs using the seed-assisted synthe-
is strategy. In the core/shell NP fabrication process, the colors
f the solutions changed gradually from red (prior to synthesis)
o brown-gray (after the synthesis). This color transformation is
ndicative of the chemical reduction of H2PtCl6 and the deposition
f Pt onto the surfaces of the Au seeds [32]. A TEM image (Fig. 1a,
eft) recorded prior to performing the synthesis reveals that the Au
eeds were spherical and had a quite-uniform size distribution. The
verage particle size of the seeds, determined through 2D-grain
nalysis after digitizing the TEM images, was 12.1 ± 0.9 nm. We
sed energy dispersive spectroscopy (EDS; Fig. 1a, right) to con-
rm that the seeds were composed of Au; the signal for Cu in
he EDS spectrum was due to the use of a Cu grid as the sample
older in TEM analysis. After completing the fabrication proce-
ure for sample C (see Section 2 for the fabrication procedure),
he TEM image (Fig. 1b, left) revealed that its size distribution was
lso uniform. These particles appeared to have a “custard apple”

orphology, similar to that of the Au/Pt NPs fabricated by Fan et

l. [34]. The average particle size, determined through 2D-grain
nalysis after digitizing the TEM image, was 18.3 ± 2.4 nm. The EDS
nalysis (Fig. 1b, right) reveals that the particles in sample C com-
rised Au and Pt elements (again, the signal for Cu arose from the
(b) Left: TEM image of Au/Pt NPs; right: EDS spectrum of the sample.

use of a Cu grid as a sample holder). Thus, seed-assisted synthesis
appears to be a useful method for the fabrication of Au/Pt core/shell
NPs.

3.2. Separation of NP standards using RPLC

In this study, we used standard sized Au NPs to calibrate the
column used to separate the Au/Pt core/shell NPs. We selected Au
NPs standards because they are commercially available and possess
very narrow size distributions (several nanometers).

Surfactants can be employed as stabilizers for the size-selective
preparation of metal particles [35,36]. Kondow et al. [37] and Chen
and Yeh [38] demonstrated that SDS has a positive stabilizing effect
on NPs. Such ionic surfactants surround the metal NPs (or core/shell
bimetallic NPs), preventing their agglomeration through electro-
static repulsion [39]. Therefore, we used SDS as a mobile phase
additive to improve the stability of our NPs during the separation

process.

The use of SDS as a mobile phase additive in the size-related
separation of NPs has another interesting function. Bettmer et al.
reported that the separation of Au NPs through RPLC required the
addition of SDS as a mobile phase additive (ca. 10 mM in their case)
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ig. 2. (a) Chromatograms of five differently sized Au NPs, eluted with 30 mM SD
2) = 12.1 nm; (3) = 21.2 nm; (4) = 29.4 nm; (5) = 40.1 nm. (b) UV–vis absorption spec
alibration curve for the elution time of Au NPs plotted with respect to the logarith
imes in terms of one standard deviation.

o prevent irreversible adsorption of the NPs on the packing mate-
ial [27]. Herein, we selected an SDS concentration of 30 mM as the
obile phase additive for our investigation of the use of RPLC for
P separations.

First, we evaluated the feasibility of performing the size-based
eparation of NPs through RPLC. We separated Au NPs of five differ-
nt sizes (5.3, 12.1, 21.2, 29.4, and 40.1 nm) using a mobile phase of
0 mM SDS in deionized water at a flow rate of 1.0 mL min−1. The
hromatograms in Fig. 2a indicate that the five differently sized
u NPs had different elution times, ranging from 2.33 to 2.68 min;

he increasing elution times upon decreasing the Au NP size paral-
els elution behavior described previously [27]. The peak widths in
ig. 2a (ca. 0.3 min) are similar to those (ca. 0.35 min) reported by
ettmer et al. [27]. In a previous study, we demonstrated that the
eak widths of NPs in liquid chromatograms are strongly related
o their size distributions [26]; namely, a larger size distribution of
Ps will result in a wider peak in a chromatogram. Therefore, the
eak shapes are not solely affected by the elution times—they are
lso affected by the size distribution.

Notably, the chromatogram of set (1) in Fig. 2a reveals two
eaks. The 5.3-nm Au NPs standard that we had purchased had

een produced through the reduction of a Au metal ion precur-
or solution with a mixture of trisodium citrate and tannic acid
40]. In the separation of NPs, UV–vis absorption spectra obtained
rom a DAD can provide information relating to the elution of the
Ps [41]. In this study, we used a DAD to record all wavelengths
eionized water. Other conditions are described in Section 2. Peaks: (1) = 5.3 nm;
the signals in (a) set (1), obtained at elution times of (1) 2.68 and (2) 2.87 min. (c)
heir diameter. Error bars in the y dimension represent the variations of the elution

simultaneously during the elution process. Fig. 2b presents the
corresponding UV–vis absorption spectra obtained when sampling
the chromatogram at different elution times. At an elution time of
2.68 min, Fig. 2b set (1) reveals a surface plasmon resonance (SPR)
peak at 517 nm, which is indicative of 5.3-nm Au NPs [42]. At an
elution time of ca. 2.87 min, Fig. 2b set (2) reveals no such SPR peak
of Au NPs; i.e., no 5.3-nm Au NPs were present in the sample matrix
(a mixture of trisodium citrate and tannic acid) passing through the
detection window of the DAD. By monitoring the spectra obtained
at the individual elution times, we assign the species that migrated
more quickly (ca. 2.68 min) to the 5.3-nm Au NPs; the more slowly
eluting species (ca. 2.87 min) was merely the sample matrix of the
Au NPs.

For RPLC to be used practically for the routine analysis of NP
sizes, it was necessary for us to validate the reproducibility of
the elution times—because it influences the precision of the size
characterization process. Thus, we measured the relative standard
deviations of the elution times from five consecutive runs using
the 5.3-, 12.1-, 21.2-, 29.4-, and 40.1-nm-diameter Au NP stan-
dards; the calculated precisions were 0.17, 0.31, 0.22, 0.19, and
0.16%, respectively. These results indicate that RPLC provides good

reproducibility of the elution behavior of Au NPs.

Fig. 2c indicates that a strong correlation (R2 = 0.997) exists
between the elution time and the logarithm of the size of the NPs;
the error bars for the y-axis reveal the variations in elution times
at one standard deviation. This plot confirms that it is possible to



F.-K. Liu, Y.-C. Chang / J. Chromatogr. A 1217 (2010) 1647–1653 1651

Fig. 3. RPLC chromatograms of Au/Pt core/shell NPs solutions synthesized using
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ifferent rates of addition of the reducing agent. Synthetic conditions for prepar-
ng these Au/Pt NPs and their separation conditions are described in Section 2. (a)
ample C; (b) sample D; (c) sample E.

mploy RPLC to characterize NPs having sizes in the nanometer
egime.

.3. Effect of rate of ascorbic acid addition on the fabrication of
u/Pt NPs

In a previous study, we examined the feasibility of fabricating
u NPs using the seed-assisted synthesis strategy; we found that
mploying the same quantities of the reducing agent, seeds, and
recursor metal ions, but varying the rate of addition of the reduc-

ng agent, significantly affected the sizes of the final Au NPs [26].
ndeed, the key feature affecting the fabrication of Au NPs with con-
rollable size distributions was the rate of addition of the reducing
gent. Therefore, in this present study, we investigated whether the
ate of addition of ascorbic acid also influenced the final sizes and
ize distributions of the Au/Pt core/shell NPs.

During chromatographic separations, the solute in the column
preads into a Gaussian shape; the peak width at half maximum
w1/2) of the Gaussian peak is equal to 2.35 times the standard
eviation [43]. Thus, if we know the elution time and the value
f w1/2 from the RPLC chromatogram of the NPs, the size cali-
ration curve of the standard NPs will provide the mean sizes
nd size distributions of the fabricated core/shell NPs. The RPLC
hromatograms in Fig. 3 suggest that the eluted samples C–E
ontained Au/Pt core/shell NPs having mean diameters (plus one
tandard deviation) of ca. 18.9 ± 4.4, 18.9 ± 4.5, and 20.4 ± 9.6 nm,
espectively. Thus, RPLC analysis revealed that the mean size of
he Au/Pt core/shell NPs increased slightly upon increasing the
ate of addition of the reducing agent. We note, however, that
he Au/Pt core/shell NPs in sample E were relatively polydisperse
hen compared with samples C and D, suggesting that they had

ormed through heterogeneous growth [1]; i.e., the formation of
ew nucleation centers presumably occurred simultaneously with
eed-assisted synthesis of the Au/Pt core/shell NPs in sample E.
herefore, rapid addition of the reducing agent did not produce
u/Pt core/shell NPs having a narrow size distribution.
Taken together, the RPLC analyses in Fig. 3 reveal that seed-
ssisted synthesis provided Au/Pt core/shell NPs having a narrower
ize distribution when the rate of addition of the reducing agent
nto the synthesis vial was slower.
Fig. 4. RPLC chromatograms of the Au/Pt core/shell NPs solutions synthesized using
various concentrations of seed Au NPs. Synthetic conditions for preparing these
Au/Pt NPs and their separation conditions are described in Section 2. (a) 12.1-nm
Au seeds; (b) Sample F; (c) Sample G.

3.4. Effect of seed volume on the fabrication of Au/Pt NPs

Ideally, for successful seed-assisted synthesis of NPs, the seeds
must act as nucleation centers that grow through reduction of the
precursor metal ions on the NP surfaces. With fewer seed NPs
present, the number of precursor metal ions adsorbed per seed par-
ticle increases. Therefore, after reduction of the adsorbed precursor
metal ions, the shell thickness increases and, hence, the particle size
increases [44]. Thus, we investigated whether the addition of dif-
ferent seed volumes would affect the growth of the Au/Pt core/shell
NPs.

Fig. 4 presents RPLC chromatograms of the Au/Pt core/shell NPs
in samples F and G. The elution times for the Au/Pt core/shell NPs
in these samples were shorter than that of the 12.1-nm Au seeds
(Fig. 4a); the elution time of the NPs in sample F (Fig. 4b) was longer
than that for sample G (Fig. 4c). These chromatograms reveal sev-
eral phenomena. First, the fabricated Au/Pt core/shell NPs were
larger than the Au seeds, consistent with the Pt shell precursor
metal ions having been deposited onto the surfaces of the Au seed
particles; i.e., growth of the Au/Pt core/shell NPs occurred through
seed-assisted synthesis. Second, a smaller Au seed volume pro-
duced larger Au/Pt core/shell NPs, consistent with a larger number
of precursor metal ions having been adsorbed onto and reduced on
each Au seed particle [44].

According to the size calibration curve for the RPLC separa-
tions, the elution times and peak widths suggested that the Au/Pt
core/shell NPs in samples F and G had mean diameters (plus one
standard deviation) of ca. 14.6 ± 1.6 and 21.3 ± 4.2 nm, respec-
tively. Therefore, we conclude that the mean diameter of the Au/Pt
core/shell NPs increased upon decreasing the number of seeds. This
finding is consistent with previous results [44]; it demonstrates
that, when using seed-assisted synthesis for the fabrication of Au/Pt
core/shell NPs, the final sizes of the NPs can be controlled by adding
a suitable number of seed NPs to the reaction vial [28].

3.5. Effect of the volume of precursor metal ions on the
fabrication of Au/Pt NPs
Ideally, during the seed-assisted synthesis of NPs, a larger ratio
of the precursor metal ion volume to the number of seeds would
lead to a larger number of metal ions being adsorbed onto each
seed particle. Reduction of these adsorbed precursor metal ions
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Fig. 5. RPLC chromatograms obtained from Au/Pt NP solutions synthesized through
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Fig. 6. RPLC chromatograms obtained from Au/Pt core/shell NP solutions synthe-

he addition of different volumes of H2PtCl6 solution. Synthetic conditions for
reparing these Au/Pt core/shell NPs and their separation conditions are described

n Section 2. (a) 12.1-nm Au seeds; (b) sample H; (c) sample I.

ould increase the shell thickness to produce larger particles
28].

Herein, we investigated whether the addition of different vol-
mes of the precursor metal ion would affect the sizes of the Au/Pt
ore/shell NPs; we maintained the volume of the solution contain-
ng the Au seeds at 1.0 mL and varied the volume of the H2PtCl6
olution added to the synthesis medium. Fig. 5 presents RPLC chro-
atograms of the Au/Pt core/shell NPs in samples H and I. The

lution times for the Au/Pt core/shell NPs in these samples were
horter than that of the Au 12.1 nm seeds (Fig. 5a); the elution time
f the NPs in sample H (Fig. 5b) was longer than that for sample
(Fig. 5c). Thus, the elution time decreased upon increasing the

atio between the volume of the precursor metal ion solution and
he number of seeds. The RPLC chromatograms in Fig. 5 indicate
hat the NPs that eluted during the analyses of samples H and I
ad diameters (plus one standard deviation) of ca. 20.1 ± 4.4 and
3.8 ± 5.9 nm, respectively.

From these observations, we conclude that when we increased
he volume of Pt metal ions, the additional Pt metal ions were also
dsorbed onto the Au seeds and subsequently reduced to Pt(0)
y the reducing agent (ascorbic acid), thereby enlarging the final
iameters of the NPs through seed-assisted synthesis [28]. Thus,
u/Pt NPs of various sizes can be fabricated simply by modifying

he volume of the added Pt metal ions.

.6. Effect of the volume of ascorbic acid on the fabrication of
u/Pt NPs

In this section, we used RPLC to determine the sizes of the
u/Pt core/shell NPs obtained after the addition of three different
olumes of the ascorbic acid solution. As indicated in Fig. 6, the
esulting Au/Pt core/shell NP samples had different elution times,
hich decreased upon increasing the amount of ascorbic acid. Thus,

he addition of a suitable amount of ascorbic acid to the synthe-
is medium can be used to control the sizes of the resulting Au/Pt
ore/shell NPs. The RPLC chromatograms in Fig. 6 indicate that the

Ps that eluted during the analyses of samples J–L had diame-

ers (plus one standard deviation) of ca 15.4 ± 2.2, 23.6 ± 4.9, and
7.0 ± 9.9 nm, respectively. From these observations, we conclude
hat increasing the volume of ascorbic acid increased the probabil-
ty of the Pt metal ions adsorbed on the Au seeds being reduced to
sized through the addition of different volumes of ascorbic acid solution. Synthetic
conditions for preparing these Au NPs and their separation conditions are described
in Section 2. (a) Sample J; (b) sample K; (c) sample L.

Pt(0) by ascorbic acid, thereby enlarging the NPs. We also confirmed
that the sizes of the NPs could be controlled simply by modifying
the volume of ascorbic acid added.

3.7. Comparing RPLC- and TEM-based methods of size
characterization

To use the standard Au NP samples as calibration standards
for the size separation of Au/Pt core/shell NPs, it was essential for
us to test the accuracy of RPLC in determining the sizes of Au/Pt
core/shell NPs. Thus, we used TEM to independently analyze sam-
ple K, prepared as described in Section 2. After recording the RPLC
chromatogram of these Au/Pt core/shell NPs and measuring the elu-
tion time and value of w1/2 of the signal (Fig. 6b), we used the size
calibration curve to determine a mean size and standard deviation
of ca. 23.6 ± 4.9 nm.

TEM is a well-established reference method for observing the
sizes of NPs [30]. Fig. 7a displays a TEM image of the Au/Pt core/shell
NPs used to obtain Fig. 6b. Fig. 7b presents the size histogram of
the particles in the sample, determined through 2D-grain analysis
after digitizing the TEM image in Fig. 7a; the mean particle diam-
eter in sample K was 24.7 ± 2.5 nm. Comparing the particle sizes
determined through TEM and RPLC analyses, via a t-test with 95%
confidence level, suggested that there was no significant difference
between the two methods. Thus, our particle size analysis using
TEM (Fig. 7b) was consistent with our findings obtained using RPLC
(Fig. 6b). Therefore, we could use the standard Au NP samples to
calibrate the column used for the separation of the Au/Pt core/shell
NPs.

Using RPLC, the process of characterizing the analytes took less
than 4 min (Fig. 6b)—in contrast to the hour or more often required
for TEM analysis. By applying this RPLC method for the charac-
terization of Au/Pt core/shell NPs, the overall analysis time was
reduced significantly because it omitted the most time consuming
process—TEM sample preparation. An additional general advantage
that RPLC has over TEM is the lower cost of operation. For these
reasons alone, the performance of this RPLC method is superior to

existing TEM methods. Taken together, it appears that RPLC-based
methods are superior – in terms of accuracy and time – to TEM-
based methods for the determination of the sizes of Au/Pt core/shell
NPs.
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. Conclusion

RPLC is an effective and rapid method for characterizing the
ehavior of Au/Pt core/shell NPs, thereby, providing feedback
llowing optimization of the synthetic conditions. RPLC-based
nalyses of NPs are rapid (<4 min) and economical. The accuracy of
ur developed RPLC method for the size characterization of Au/Pt

ore/shell NPs is equal to that of TEM-based analysis; the excel-
ent correlation between these two methods suggests that RPLC is

preferable and more-attractive tool for the routine analyses of
he sizes of nanocomposites. Our results demonstrate that RPLC
an be used to rapidly screen the growth of Au/Pt core/shell NPs
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having diameters in the nanometer-scale regime. We believe that
strategies employing RPLC for the analysis of nanocomposites will
accelerate the characterization of nanomaterials in the future.
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