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’ INTRODUCTION

Gold nanoparticles (AuNPs) have stimulated tremendous
research interest owing to their fascinating optical, electronic,
chemical properties, and promising applications in photoelectric
devices, catalysis, biological sensing, and imaging.1�16 Since the
intrinsic characters and relevant applications of AuNPs are
closely related with their size, shape, and surface properties,
great efforts have been devoted to the controlled synthesis of
AuNPs in recent years.17�31 Preparation of AuNPs usually
involves the reduction of metal ions in solutions or at high
temperature gaseous environments in the presence of reductive
reagents. The high surface energy of these nanosized particles
makes them extremely unstable and leads to particle aggregation
when AuNPs surface is not well protected or passivated.32�34 It is
therefore highly important to develop new chemical routes to
prepare AuNPs that are stable and well dispersible in water. Some
of the commonly used methods for AuNPs surface passiva-
tion include encapsulation in the water pools of reverse
microemulsions35 and dispersion in polymeric matrixes.36 The
most important route is decorating the AuNPs surface with
specific protection ligands.37 To name a few, Turkevish and
Frens pioneered the work of using sodium citrate to reduce auric
chloride and stabilize the as-synthesized AuNPs.38,39 The use of
capping reagents such as tiopronin and coenzyme A,40 4-
(dimethylamino)pyridine (DMAP),41 and thiol-derivative con-
taining hydrophilic groups42�46 can also increase the hydro-
philicity of AuNPs.

On the other hand, novel environmentally friendly and econom-
ically viable methods to synthesize metallic nanomaterials are

attracting more and more attention since the topic of “green”
chemistry and chemical processeswas proposed.47�53 In this regard,
nontoxic chemicals have been introduced as environmentally
friendly reducing and capping reagents for the synthesis of noble
metal nanoparticles. For example, Wallen and co-workers54 have
successfully synthesized “starched” silver nanoparticles in the size
range of 1�8 nm by gently heating an aqueous solution of silver
nitrate, soluble starch, and glucose, where glucose served as an
environmentally benign reducing reagents, and starch provided
stable surface passivation or protection. Sub-10 nm AuNPs have
been successfully synthesized by employing β-D-glucose as both a
reducing reagent and a capping reagent under controlled pH
environments.55 Mono- and bimetallic nanoparticles have also been
prepared in alkaline solutionwith the reducing and capping ability of
β-cyclodextrin.56

Inspired by these works, we provide a facile route to synthesize
water-soluble AuNPs by using biosurfactant sodium cholate57 as
a reductive reagent and a protective reagent. The cholate-capped
AuNPs with narrow size distributions can be conveniently
obtained by incubating chloroauric acid with sodium cholate at
ambient temperature. The factors such as sodium cholate/HAu-
Cl4 molar ratio and preparative alkaline conditions that affect the
size of as-synthesized AuNPs are studied. This approach is con-
sidered to be a one-step and “green” process. In addition, the
obtained cholate-capped AuNPs are utilized in electrocatalysis
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ABSTRACT: We report a facile method to synthesize water-
soluble gold nanoparticles (AuNPs) using a biosurfactant
sodium cholate as reducing reagents and protective groups in
aqueous solution at ambient temperature. The diameters
(13�70 nm) of uniform AuNPs can be readily adjusted by
changing the initial molar ratio of sodium cholate to chloroauric
acid (HAuCl4). Also, the alkaline condition of preparative
solution is found to affect the size of as-synthesized AuNPs.
This synthetic approach is one-step and “green”. The obtained
AuNPs exhibit a good electrocatalytic activity toward methanol
oxidation. Meanwhile, the AuNPs thin films can serve as an efficient substrate for surface-enhanced Raman scattering (SERS).
Furthermore, platinum nanoparticles (PtNPs) are also prepared by reducing sodium tetrachloro platinate hydrate with sodium cholate.
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toward the oxidation of methanol and can serve as an efficient
substrate for surface-enhanced Raman scattering (SERS). So-
dium cholate can be also applied to synthesize platinum nano-
particles (PtNPs).

’MATERIALS AND METHODS

Materials. Sodium cholate (Alfa Aesar, 99%), hydrochloroauric acid
tetrahydrate (HAuCl4 3 4H2O, Alfa Aesar, 99.9%), sodium tetrachloro-
platinate hydrate (NaPtCl4 3H2O, Alfa Aesar, 99.95%), and p-ami-
nothiophenol (PATP, Alfa Aesar, 96%) were used as received. All the
other chemicals were of A.R. Grade of Beijing Chemical Co.
Preparation of Cholate-Capped AuNPs. The synthesis of

cholate-capped AuNPs was achieved by the reduction of HAuCl4 with
sodium cholate in aqueous solution. In a typical synthesis, 1.5 mL of
100.0 mM sodium cholate solution was maintained at 25 �C for hours.
1.5mL of 2.0mMHAuCl4 was added with intensive vortex to give a clear
solution. The final concentrations of sodium cholate and HAuCl4 were
50.0 and 1.0 mM, respectively. Then the mixture was kept under static
conditions in a thermostat container at 25.0 ( 0.5 �C. If not specific
mentioned, the reduction reaction was performed for 5 days. The
solution gradually turned into its final appearance (wine red). The
intensity of the SPR band was used to monitor the reaction process. The
completion of reduction reaction can be indicated by the saturation of
UV-vis absorption. Then the AuNPs in solution were collected by
centrifugation and washed with deionizeds water for several times. The
concentrations of sodium cholate or HAuCl4 were varied to examine
their effects on the synthesis of AuNPs. The concentration of NaOHwas
changed to investigate their effects on AuNPs synthesis.

A similar procedure was carried out to synthesize PtNPs. In a typical
synthesis, 1.5 mL of 100.0 mM sodium cholate solution was main-
tained at 40 �C for hours. 1.5 mL of 10.0 mMNaPtCl4 was added with
intensive vortex to give a clear solution. The final concentrations of
sodium cholate and NaPtCl4 were 50.0 and 5.0 mM. Then the
mixture was kept under static conditions in a thermostat container
at 40.0( 0.5 �C. If not specific mentioned, the reduction reaction was
performed for 3 days. The solution gradually turned into its final
appearance (gray black).
Characterization of Sodium Cholate-Capped AuNPs. The

cholate-capped AuNPs were characterized by transmission electron
microscopy (TEM, FEI Tecnai T20, 200 kV), scanning electron
microscopy (SEM, Hitachi S4800, 5 kV), high-resolution TEM
(HRTEM, JEM-2100F, 200 kV), X-ray diffraction (XRD, Rigaku
Dmax-2000, Ni-filtered Cu KR radiation), ultraviolet�visible
(UV�vis) spectrophotometry (Beijing Purkinje General Instrument
Co., Ltd. TU-1810), Fourier transform infrared spectrophotometry
(FT-IR, NICOLET iN10 MX, Thermo Scientific), and Zeta PALS Zeta
Potential Analyzer (Brookhaven Instruments). For TEM and SEM
measurements, the obtained products were dispersed in water and
dropped onto a Formvar-covered copper grid and a silicon wafer,
respectively, followed by drying in air. For XRD measurements, dry
powder of AuNPs was filled into a fillister on clean glass slide. For
UV�vis and Zeta Potential measurements, the well-dispersed AuNPs in
deioned water were used. For FT-IR, dry powder of AuNPs was
examined with microattenuated total reflection (ATR) method.
Dynamic Light Scattering (DLS). DLS was performed with a

spectrometer (ALV-5000/E/WINMultiple Tau Digital Correlator) and
a Spectra-Physics 2017 22 mW He/Ne laser (632.8 nm wavelength).
The scattering angle was 90�, and the intensity autocorrelation functions
were analyzed by using the methods of Contin.
Electrochemical Measurements. A CHI 706 electrochemical

workstation (CHI Instrument Co., Austin, TX) with a conventional
three-electrode cell was used to perform electrochemical measurements.
The working electrode was a glassy carbon electrode with a diameter of

4 mm. A KCl saturated calomel electrode (SCE) was used as the
reference electrode and a platinum electrode as the auxiliary electrode.
All the electrochemical experiments were conducted at ambient tem-
perature (20 ( 0.5 �C) under N2 protection. For the preparation of
AuNPs-modified GC electrodes (GC), the prepared AuNPs were dispersed
in deionized water to obtain a uniform suspension by sonication. Glassy
carbon electrodes were first polished with 0.3 and 0.05 μm alumina slurries
successively and thenwashed ultrasonically in distilledwater and ethanol for
5 min. The GC electrodes were coated by casting 5 μL of the AuNPs
suspension and drying naturally in the air. Finally, 4 μL of 0.05 wt %Nafion
solution in alcohol was cast on the surface of the sample and dried naturally
in the air.
Raman Measurements. For the preparation of SERS sample,

5 mL of the as-prepared aqueous dispersion containing cholate-capped
AuNPs was first condensed to 50 μL by centrifugation, followed by
ultrasonic redispersion. The surface-enhanced Raman scattering (SERS)
substrate was prepared by dropping the concentrated dispersion onto
the 1 � 1 cm2 Si (111) wafer, which was allowed to dry naturally in air.
Then, the Si wafer covered with the AuNPs thin film was immersed into
a PATP solution in ethanol (1 mM) for 30 min. After drying in the dark
at room temperature, it was rinsed with deionized water and absolute
ethanol several times to remove the free PATP molecules and dried in
air. For comparison purposes, a Si wafer covered with Au particles was
prepared by directly reduction of 10 mM HAuCl4 by 30 mM ascorbic
acid. The reaction took place within 30 min. The obtained gold particles
applied as the SERS substrate in a similar way. Raman measurements
were conducted with a Renishaw System 1000 Raman imaging micro-
scope (Renishaw plc, U.K.) equipped with a 25mW(632.8 nm)He�Ne
laser (model 127-25RP, Spectra-Physics, USA) and a Peltier-cooled
CCD detector (576 pixels � 384 pixels). A 50� objective (NA = 0.80)
mounted on an Olympus BH-2 microscope was used to focus the laser
onto a spot∼1 μmdiameter and collect the backscattered light from the
sample.

’RESULTS AND DISCUSSION

AuNPs Preparation and Characterization. As a representa-
tive demonstration, the preparation of AuNPs by reducing
1.0 mM HAuCl4 with 50.0 mM sodium cholate at 25 �C will
be discussed in detail. Figures 1a and 1b present typical low- and
high-magnification transmission electron microscopy (TEM)
images of the cholate-capped AuNPs, which shows uniform gold
spheres with a diameter of 20.0( 2.0 nm. It is found from TEM
images that AuNPs are well-dispersed without any aggregation,
indicating the colloidal stability of these dispersions. Dynamic
light scattering (DLS) provides a measure for the mean hydro-
dynamic radius of AuNPs. As Figure 1d shows, the mean
hydrodynamic radius is about 18.0 nm, namely, 36.0 nm in
diameter, which is relatively bigger than that derived from TEM.
This can be rationalized that nanoparticle aggregation may occur
during DLS measurement or sample preparation. Different from
TEM technique, DLS cannot effectively differentiate the dis-
persed nanoparticle and aggregated nanoparticles; even a minor
fraction of nanoparticle aggregation may result into relatively
larger nanoparticle diameter in DLS. In addition, the difference
may also originate from different measuring principle of DLS, in
which the apparent hydrodynamic diameter is greatly influenced
by the ligand shell and surface charge.58�60 The selected area
electron diffraction (SAED) pattern illustrates that AuNPs are
polycrystalline and adopt a face-centered cubic (fcc) structure
(Figure 1b, inset). The high-resolution TEM (HR-TEM) images
shown in Figure 1c exhibit interplanar spacing of 0.235 nm,
corresponding to the (111) planes fcc Au.
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Energy-dispersive spectroscopy (EDS, Figure 2a) exhibits
peaks exclusively attributed to Au besides the Cu and C signals
arising from the carbon-covered copper grid. X-ray diffraction
(XRD, Figure 2b) pattern shows four sharp reflections char-
acteristic of the (111), (200), (220), and (311) planes of an fcc
lattice of Au (JCPDS No. 04-0784). The peak corresponding to
the (111) plane is more intense than the other peaks. The
intensity ratio of (200) and (111) diffraction peaks is 0.36,
which is obviously lower than the conventional value (0.52).
This suggests that the (111) plane is the predominant
orientation.61,62

The UV�vis spectrum of the as-prepared AuNPs is given in
Figure 3a, which shows a typical absorption profile with a well-
resolved peak. The characteristic surface plasmonic resonance
(SPR) band of the 20 nm AuNPs is narrow and located at
521 nm, suggesting a good dispersion and narrow size distribu-
tion of AuNPs. Figure 3b shows an image of corresponding
AuNPs dispersion in deioned water which is wine red in color. In
this work, the intensity of the SPR band is used to monitor the
reaction process. The SPR intensity is found to monotonically
increase with elongating reaction time and reach a constant value
after 5 days, indicating the completion of the reaction (Figure S1).
The resultant AuNPs dispersion is remarkably stable and remained
unchanged after several months of storage under ambient
conditions.

Tuning the Size of AuNPs. The size variation of AuNPs is
found to be realized upon varying the initial molar ratio between
sodium cholate and HAuCl4. Figure 4a�c shows the represen-
tative TEM images collected from a set of AuNPs dispersions
prepared at different sodium cholate/HAuCl4 ratio. Herein, the
concentration of sodium cholate is fixed at 50 mM while the
initial HAuCl4 concentration increases gradually. As shown in
TEM images, the average diameters of nanoparticles are found to
increase from 14.4( 2.0, to 24.7( 4.0, and 46.7( 6.0 nm when
HAuCl4 concentrations is 0.5, 2.0, and 5.0 mM, respectively.
Consistent with this microscopic evidence, DLS results
(Figure 5a) also give the nanoparticle diameters of 27.0, 46.9,
and 92.0 nm, which further confirm the tendency of AuNPs size
increase.
It is well-known that the position and intensity of the SPR

band depend largely on the size and aspect ratio of gold
nanocrystals.26,27,30,62 The UV�vis absorption spectra of AuNPs
in Figure 5b shows that the SPR band of these AuNPs dispersions
red-shifts from 513, 526, to 531 nm with increasing the initial
HAuCl4 concentrations from of 0.5, 2.0, to 5.0 mM. The insert
photo of AuNPs dispersions’macroscopic appearance shows the
color changes gradually from red to purple. This is in accordance
with TEM and DLS results, suggesting the particle size increases
with decreasing sodium cholate/HAuCl4 ratio.
In an alternative way, the sodium cholate/HAuCl4 ratio can be

changed by increasing sodium cholate concentration while
HAuCl4 concentration is kept at 1.0 mM. As Figures S2 and
S3a show, the diameter of AuNPs decrease from 25.2( 2.0, 16.6
( 2.0, and 13.4 ( 2.0 nm, when sodium cholate concentration
increase from 25, 100, to 150 mM, respectively. DLS results
(Figure S3b) give the nanoparticle diameters of 48.4, 28.4, and
21.8 nm. The trend is in agreement with the TEM images and
further confirms the AuNPs size decrease. The size variation of
AuNPs is accompanied by blue-shift in UV�vis spectra (Figure
S3b). Meanwhile, the appearances of the AuNPs dispersions

Figure 1. As-prepared AuNPs: (a) low- and (b) high-magnification
TEM and (c) HRTEM images. Inset in (b) shows the corresponding ED
pattern. (d) DLS analysis.

Figure 2. Componential characterization of cholate-capped AuNPs: (a) EDS spectrum and (b) XRD pattern.

Figure 3. (a) UV�vis spectrum and (b) macroscopic appearance of the
as-prepared AuNPs.
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change from purple to red (Figure S3b insert). These results
clearly demonstrate this approach can enable facile preparation
of AuNPs over a broad size range (13�50 nm), where effective
control of nanoparticle size is achieved by varying sodium
cholate/HAuCl4 ratio.
AuNPs Growth Mechanism. Because there are only three

starting materials, namely, sodium cholate, HAuCl4, and water, it
is believed that sodium cholate serves as both reducing reagents
and protecting groups in the synthesis of AuNPs. In the
literature, the hydroxyl groups often act as the reducing species
to reduce Au(III) into metallic Au and can be simultaneously
oxidized into carboxylic groups. The oxidation product of cholate
bearing negative charge would provide a more efficient capping
on the surface of AuNPs due to the Au�COO� interaction. The
capping of cholate on the surface of AuNPs is evident from the
Fourier transform infrared (FT-IR) spectra (Figure S4). All the
absorption bands of pure sodium cholate (Figure S4a) appear in
the spectrum of the cholate-capped AuNPs (Figure S4b), con-
firming the presence of cholate as an essential component of
the as-prepared AuNPs. The zeta potential of the as-prepared

dispersion of 20 nm AuNPs was measured to be �23.9 mV,
which also indicated that cholate may serve as the capping
reagents to provide both steric and electrostatic stabilization
for AuNPs.
The nucleation�growth mechanism is illustrated in Scheme 1,

which involves three steps: (1) Sodium cholate and HAuCl4 are
dispersed in water. (2) Au(III) species are reduced into metallic
Au by cholate and AuNPs are formed through a fast nucleation
process. Owing to the interaction between AuNPs and carboxyl
groups, the cholate molecules will cap on the surface of AuNPs.
With the protection of cholate, the Au nucleus aggregation is
prevented and the growth of AuNPs is controlled. (3) A
coagulation stage which is diffusion-controlled is followed. The
data available herein seem to be consistent with the nucleation�
growth mechanism of classic citrate reduction route, as demon-
strated by the literature.38,39,63,64 Under this explanation frame-
work, the effect of sodium cholate/HAuCl4 ratio on AuNPs
size can be rationalized. In our experiment, the nucleation rate of
AuNPs is thought to increase when the concentration of sodium
cholate increases (namely, sodium cholate/HAuCl4 ratio in-
creases). On the other hand, a higher sodium cholate concentra-
tion means more effective capping of cholate molecules as a
stabilization reagent on the particle surface to prevent the particle
growth, resulting in smaller Au nanoparticles. After this initial fast
nucleation, the number of nanocrystals should keep constant in
the following diffusion-controlled growth. Therefore, the final
size of the AuNPs should decrease as the concentration of
sodium citrate increased, provided that the precursor concentra-
tion is fixed.
Alkaline Condition.To reveal the effect of alkaline conditions

on the morphology of as-prepared AuNPs, HAuCl4 was reduced
by sodium cholate in the presence of different amounts of sodium

Figure 4. TEM images of AuNPs synthesized at various initial concentration of HAuCl4: (a) 0.5, (b) 2.0, and (c) 5.0 mM. The concentration of sodium
cholate is set as 50 mM.

Scheme 1. Possible Nucleation�Growth Mechanism of
AuNPs Formation

Figure 5. AuNPs obtained at various initial concentration of HAuCl4: (a) DLS analysis; (b) UV�vis spectra. Inset in (b) shows the macroscopic
appearance of the AuNPs. The concentration of sodium cholate is set as 50 mM.
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hydroxide. As shown in DLS curves (Figure 6a), the as-obtained
AuNPs diameters are 36.0, 40.3, 78.2, 90.6, and 122.4 nm when
NaOH concentration is 0.0, 1.0, 5.0, 10.0, and 30.0 mM,
respectively. This means the size of AuNPs increases gradually
with the increase of NaOH concentration, which is accompanied
by the red shift in UV�vis spectra (Figure 6b). Meanwhile, the
appearance of the AuNPs solution changes from red to purple
(Figure 6b, inset). Collected from TEM images (Figure 7), the
diameter of AuNPs is 22.1( 2.0, 43.4( 4.0, 50.4( 6.0, and 68.2
( 8.0 nm, respectively, when NaOH concentration is 0.0, 1.0,
5.0, 10.0, and 30.0 mM. This confirms that AuNPs become larger
at higher alkaline conditions, which is in agreement with DLS
result. The result can be explained based on the facts that
deprotonation of hydroxyl group can be facilitated at high
alkaline conditions, causing the enhancement of reduction ability
of hydroxyl group.56,65 As a result, gold nucleation reaction is
accelerated at higher alkaline conditions and larger AuNPs are
formed. On the other hand, it is interesting to find that AuNPs
tend to aggregate more seriously as the NaOH concentration
increases (Figure 7c,d). This is because the larger particle size
means larger interparticle van derWaals attraction and the higher

salt concentration which may screen the interparticle electro-
static repulsion.
Electrocatalytic Activity of AuNPs. In recent years, electro-

oxidation of methanol has been commonly used to evaluate the
catalytic activity of gold nanomaterials.66�68 A great advantage of
Au as the catalyst toward methanol oxidation is that poisoning
intermediates are not formed, although Au is usually considered
as a poor catalyst to the reaction.69,70 It is reported that the
catalytic property of AuNPs largely depends on their size and
shape.67,71�73 Accordingly, the AuNPs obtained are deposited
onto the commercial GC electrode to prepare AuNPs-modified
GC electrodes (denoted as AuNPs electrodes), and their elec-
trocatalytic activity toward the oxidation of methanol is investi-
gated by measuring their cyclic voltammograms (CVs) in KOH
solutions. The surface area of the AuNPs electrode is calculated
to be 0.0243 cm2 from the charge consumed during the reduction
of surface oxides using the reported value of 400 μC/cm2 for a
clean Au electrode.74 This method is a standard electrochemical
method frequently used for determining the real surface area of
gold, and it has been shown that the value calculated from this
method is close to those obtained by methods using redox
probes.72 Thereafter, the measured current is normalized with
the surface area to obtain the current density.
For comparison, the electrocatalytic activity of commercial

polycrystalline Au electrodes (abbreviated as poly-Au electrodes)
is first measured in KOH solution. Figure 8a displays the typical
CV images recorded of poly-Au electrode in 0.1 M KOH
solutions with and without 2.0 M CH3OH. In the absence of
methanol, the poly-Au electrode shows a broad oxidation wave at
about 0.39 V and a relatively sharp reduction wave at about
0.079 V. According to the literature, the oxidation wave could be
ascribed to the formation of gold surface oxides, and the
reduction wave could be attributed to the subsequent removal
of the oxides.65 When methanol is added, a large anodic wave at
0.243 V is observed for the catalytic oxidation of methanol at the
poly-Au electrode, which may be ascribed to the oxidation of
methanol to formate via a four-electron-transfer reaction,69,75

indicating an electrocatalytic activity for the poly-Au. During the
negative-going potential sweep, the cathodic peak is at about
0.154 V, corresponding to the reduction of surface oxide.
Furthermore, typical CV images of the AuNPs electrode in 0.1

MKOH solutions with and without 2.0MCH3OH are presented
in Figure 8b. In the absence of methanol, the AuNPs electrode
shows a CV curve quite similar to that of the poly-Au electrode
(i.e., a broad oxidation wave at about 0.36 V and a relatively sharp
reduction wave at about 0.096 V). When methanol is added,
however, the AuNPs electrode shows an oxidation peak at

Figure 6. Cholate-capped AuNPs obtained at various concentration of HAuCl4: (a) DLS analysis; (b) UV�vis spectra. Inset in (b) shows the
macroscopic appearance of the AuNPs.

Figure 7. TEM images cholate-capped AuNPs obtained at various
concentration of NaOH: (a) 1.0, (b) 5.0, (c) 10.0, and (d) 30.0 mM.
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0.231 V, which is 12 mV more negative than the oxidation peak
potential for the poly-Au electrode (0.243 V). During the
negative-going potential sweep, the cathodic peak of AuNPs
electrode at about 0.111 V is 43 mV more negative than the
reduction peak potential for the poly-Au electrode (0.154 V).
Moreover, the current density calculated for methanol oxidation
at the AuNPs electrode (780 μA/cm2) is 2.78 times that at the
poly-Au electrode (281 μA/cm2). These results indicate that the
AuNPs electrode has higher electrocatalytic activity than poly-Au
electrode toward methanol oxidation. The increase in surface
area of AuNPs could considerably contribute to their higher
electrocatalytic activity as compared to poly-Au.
SERS Activity of AuNPs. It is well-known that gold nanoma-

terials with good SERS effects have potential applications in
identification and biological arrays. Si wafer with thin film of
obtained cholate-capped AuNPs can be further used as a SERS
substrate. Figure 9 shows typical SEM images of the thin film,

which suggest that the large-area thin film was very smooth and
consisted of nearly monodisperse AuNPs with a size of 20 nm.
The SERS sensitivity of this thin film is investigated using
p-aminothiophenol (PATP), which is an important probe
molecule in SERS.76,77 For comparison purposes, gold particles
>300 nm in diameter, which are prepared with HAuCl4 directly
reduced by ascorbic acid and deposited on the Si wafer, are used
as a reference SERS substrate. The Raman spectra of PATP solid
and the PATP molecules adsorbed on the two SERS substrates
excited with the 633 nm laser line are presented in Figure 10.
Compared with Raman spectrum of solid PATP shown in
Figure 10a, the Raman shift is changed and the Raman intensity
is enhanced in the SERS spectra on the two Au substrates,
suggesting that thiol groups in PATP contact with gold surface.78,79

As shown in Figure 10c, the SERS spectrumof the PATPmolecules
adsorbed on the cholate-capped AuNPs substrates exhibits the
bands at 1577 and 1078 cm�1 attributed to a1 modes (in-plane,
in-phase modes), and the bands at 1433, 1389, 1176, 1141, and
1006 cm�1 assigned to b2modes (in-plane, out-of-phase modes).
Generally, the a1 modes of PATP are predominantly enhanced
through the electromagnetic (EM) effect,80 whereas the b2
modes are predominantly enhanced through the chemical or

Figure 8. CVs of (a) poly-Au electrode and (b) AuNPs electrode in 0.1 M KOH solutions without CH3OH or with 2.0 M CH3OH. Scan rate was
10 mV s�1.

Figure 9. SEM images of cholate-capped 20 nm AuNPs thin film.

Figure 10. Raman spectrum of (a) solid PATP and SERS spectra of
PATPmolecules adsorbed on different substrates: (b) gold particles; (c)
thin film of 20 nm AuNPs.

Figure 11. Cholate-capped PtNPs: (a) TEM and (b) low- and (c) high-
magnification HRTEM images. Inset in (b) shows the corresponding
ED pattern. (d) DLS analysis.
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charge-transfer (CT) effect of metal to the adsorbed molecules,
which demonstrates that the PATPmolecules make contact with
the gold surface by forming a strong Au�S bond.81 Obviously, the
SERS intensity on a cholate-capped AuNPs substrate gains remark-
ably larger enhancement than that on a gold particles substrate.
Particularly, the SERS intensities of the b2 modes peaks at 1433,
1389, and 1141 cm�1 for the cholate-capped AuNPs substrate gain
considerably larger enhancement than those for a gold particles
substrate. It has been proposed that the enhancement of the Raman
intensity of the PATP molecules is largely dependent on the well-
crystallized nature of cholate-capped AuNPs and the uniformity of
AuNPs thin film, which can be attributed to the improvement of
scattering efficiency. This result suggests that the cholate-capped
AuNPs thin film could be used as an active SERS substrate.
Preparation and Characterization of Platinum Nanopar-

ticles. Furthermore, it is also found that sodium cholate can be
used to synthesize platinum nanoparticles (PtNPs). The reduc-
tion of 5.0 mM NaPtCl4 with 50.0 mM sodium cholate at 40 �C
will be discussed in detail. Figure 11a presents typical TEM
images of PtNPs, which shows that PtNPs are uniform spherical
particles with a diameter of 155 ( 17 nm. No significant PtNPs
aggregation are found on the TEM grid, suggesting good
dispersions of the nanoparticles in solution. DLS indicates the
mean hydrodynamic radius of 94.4 nm (188.8 nm in diameters)
with narrow size distribution, which agrees with the TEM images.
The SAED pattern illustrates that the obtained PtNPs are single
crystalline and adopt an fcc structure (Figure 11b, inset). The
HR-TEM images shown in Figure 11b,c exhibit interplanar
spacing of 0.23 nm, corresponding to the (111) planes fcc Pt.
EDS (Figure S5a) and X-ray diffraction (Figure S5b) pattern
confirm the nanoparticles are Pt (JCPDS No. 04-0802). Benefit-
ing from the diversity of available similar precursor, such as
chloroiridic acid and potassium hexachlororhodate, this ap-
proach is expected to be extended for preparation other metal
nanoparticles. Moreover, it can be rationally envisioned that
multiple compositional metal nanoparticles may be constructed
when multiprecursor is employed in this synthetic strategy.

’CONCLUSION

Facile synthesis of monodisperse water-soluble cholate-
capped AuNPs with controllable sizes (13�70 nm) and narrow
size distributions is realized by directly reducing hydrochloro-
auric acid with sodium cholate. The reaction process is con-
ducted in aqueous solution at ambient temperature and is
considered as a “green” process. The size and shape of as-
obtained AuNPs can be tuned by changing cholate/HAuCl4
ratio and solution pH. The obtained cholate-capped AuNPs
exhibit a good electrocatalytic activity toward methanol oxida-
tion, and the AuNPs thin films are found to serve as a useful
substrate for surface-enhanced Raman scattering (SERS). Further-
more, platinum nanoparticles (PtNPs) can also be prepared
through this method. The obtained uniform AuNPs and PtNPs
functionalized by cholate molecules would find a wide range of
biomedical applications owing to the biologically compatible
characteristic.
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