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Au-Pt bimetallic nanoparticles have been synthesized through a one-pot
synthesis route from their respective chloride precursors using block copolymer
as a stabilizer. Growth of the nanoparticles has been studied by simultaneous
in situ measurement of X-ray absorption spectroscopy (XAS) and UV-Vis
spectroscopy at the energy-dispersive EXAFS beamline (BL-08) at Indus-2 SRS
at RRCAT, Indore, India. In situ XAS spectra, comprising both X-ray near-edge
structure (XANES) and extended X-ray absorption fine-structure (EXAFS)
parts, have been measured simultaneously at the Au and Pt L;-edges. While the
XANES spectra of the precursors provide real-time information on the
reduction process, the EXAFS spectra reveal the structure of the clusters
formed in the intermediate stages of growth. This insight into the formation
process throws light on how the difference in the reduction potential of the two
precursors could be used to obtain the core—shell-type configuration of a
bimetallic alloy in a one-pot synthesis method. The core—shell-type structure of
the nanoparticles has also been confirmed by ex situ energy-dispersive
spectroscopy line-scan and X-ray photoelectron spectroscopy measurements
with in situ ion etching on fully formed nanoparticles.

1. Introduction

In recent years, bimetallic nanoparticles (NPs) have attracted
considerable attention in the scientific community due to their
unique properties and multiple functionalities in the field
of catalysis, electrochemistry and environmental science
(Stamenkovic et al., 2007; Tao et al., 2008; Lim et al., 2009;
Omori et al., 2011; Gonzalez et al, 2011). In catalysis, bi-
metallic NPs show improved activity and selectivity compared
with their monometallic constituents (Toshima & Yonezawa,
1998; Toshima et al., 1989; Zhang et al., 2011a,b, 2012). For
example, Au-Pt bimetallic NPs show higher CO oxidation
activity relative to Au and Pt monometallic NPs (Lang et al.,
2004). Ataee-Esfahani et al. (2010a) have shown that Au-Pt
NPs with dendritic Pt shells and Au cores show high activity as
an electrocatalyst for methanol oxidation reaction also. Zhang
& Toshima (2013) have demonstrated higher activity of Au/Pt
bimetallic alloys for aerobic glucose oxidation. These studies
inculcate the idea that alloying Au with Pt improves the
activity and selectivity of the catalyst. However, the perfor-
mance of the catalyst also depends on the shape, size and
configuration of the bimetallic NPs. The bimetallic NPs can
exist in a wide range of sizes (1-100 nm), can adopt different
shapes (spherical, polyhedral, nanorod, dendritic and tripod)
and can exist in different configurations (random, inter-
metallic, core—shell, efc.) (Frenkel, 2012; Liu et al., 2012;
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Sankar et al., 2012). The existence of these particles in a wide
spectrum of sizes, shapes and configurations opens up the
scope of material engineering to tailor material properties
based on various applications. Since the sizes, shapes and
configurations in which the bimetallic NPs exist solely depends
on the synthesis route which in turn affects the properties of
the NPs, a rigorous in situ study of the synthesis process is
extremely important in order to synthesize tailor-made
bimetallic NPs.

Recently, with the advent of synchrotron sources, time-
resolved X-ray absorption spectroscopy (XAS), which consists
of two techniques, viz. X-ray near-edge structure (XANES)
and extended X-ray absorption fine-structure (EXAFS), has
become a popular tool for studying the reaction processes
in situ which can give an insight into the structural aspects of
the nucleation and growth process of NPs (Polte et al., 2010;
Ohyama et al., 2011; Ma et al., 2013; Lin et al., 2006; Harada &
Kamigaito, 2012; Boita et al, 2014). XAS is an excellent
technique for studying the bimetallic nanoparticle system due
to its local structure sensitivity, element specificity and high
spatial resolution. The local structure information of different
elements of the bimetallic NPs can be obtained through XAS
analysis which can throw light on the structure and config-
uration of these nanoparticle systems. In situ XAS can provide
information on how these bimetallic NPs are formed which in
turn will be helpful in designing and synthesizing NPs of
desired properties. For example, Chen er al. (2007) have
performed in situ EXAFS on Pd—-Au NPs which revealed the
formation of Pd-Au bimetallic clusters with various Pd-Au
atomic stackings by properly performing hydrazine reduction
and redox trans-metallation reactions.

In our earlier communication (Nayak et al., 2016), we
investigated the growth of block copolymer stabilized gold
and platinum monometallic NPs. We were able to identify the
different stages of growth and stabilization, including the
various clusters formed during the growth of NPs. In the
present study, we are taking one step ahead to throw light
on the growth of Au-Pt bimetallic NPs stabilized by block
copolymer. In most cases bimetallic NPs are synthesized by a
two-step process where the seeds are first formed and then
coated with the shell. However, recently, Ataee-Esfahani et al.
(2010a,b) have developed a one-pot synthesis technique for
Au-Pt bimetallic alloys using block copolymers as surfactants.
This surfactant-assisted synthesis is not only convenient and
environmentally friendly but can also give rise to nano-
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structures in the shell. Therefore, in situ study of this synthesis
route can provide further insight which can help to make this
more application-oriented.

In the present study, Au-Pt bimetallic NPs are synthesized
following the one-pot synthesis route using ascorbic acid as
the reducing agent and P85 block copolymer as the stabilizing
agent. The synthesis process has been investigated by in situ
XAS (XANES and EXAFS) and UV-Vis measurements
simultaneously. Ex situ high-resolution transmission electron
microscopy (HRTEM) along with energy-dispersive spectro-
scopy line-scan and X-ray photoelectron spectroscopy (XPS)
measurements with in situ etching have also been carried out
on the samples to complement the results.

2. Experimental
2.1. Sample preparation

Gold platinum core-shell NPs have been synthesized by
mixing 2 ml of 60 mM chloroauric acid (HAuCl,.3H,0), 2 ml
of 60 mM chloroplatinic acid (H,PtCls.6H,O) with 1 ml of 1 M
ascorbic acid (AA) and 1 ml of 10 mM P85 block copolymer.
The solution was stirred continuously at room temperature.
As soon as the reducing agent AA was added to the solution,
the colour of the solution immediately turned dark violet
manifesting growth of Au NPs. After ~20 s the colour of the
solution started changing to brown and after ~50 s the colour
became black as shown in Fig. 1, manifesting formation of the
Pt shells on Au cores.

For the present study, the above synthesis process has been
carried out in a specially designed Teflon reaction cell having
paths for both X-rays and UV-Vis radiation in mutually
perpendicular directions, as shown in the schematics in Fig. 2.
X-rays are transmitted through Kapton windows while the
optical light is passed using optical fibres which are capped
with Teflon ferrules and are directly immersed in the solution.
The cell has been designed and fabricated in such a way that
the optical paths can vary from 5 mm to 20 mm for X-rays and
from 2 mm to 20 mm for UV-Vis radiation. The volume of the
cell is defined according to the adjustment of the Kapton
windows and optical fibers. The in situ reaction cell has been
placed on a magnetic stirrer for mixing the reaction solution.
The precursors (chloroauric, chloroplatinic acid and P85 block
copolymer) are taken into the Teflon reaction cell and the
reducer (ascorbic acid) is injected into it through a Teflon tube

Photographs showing the colour of the solution at different stages during the formation of Au-Pt core—shell NPs.
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using a computer-controlled motor-driven syringe pump. The
reducer is injected at a speed of 5 ml min~" and the reaction
solution is stirred at a speed of about 60 r.p.m. to have a
homogeneous solution. A photograph of the experimental
setup for simultaneous time-resolved EXAFS measurement
and UV-Visible absorption measurement is given by Nayak
et al. (2016).
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Figure 2
Schematic diagram of the experimental setup.

2.2. Characterization

In the present study, the growth of NPs was characterized
by taking the chloride precursors in the Teflon reaction cell
described above and, as the reaction proceeds, in situ XAS and
UV-Vis spectroscopy measurements were carried out at
regular time intervals starting from the instant of adding the
reducers to the respective precursors.

Time-resolved XAS measurements were carried out at the
energy-dispersive EXAFS beamline (BL-8) at the Indus-2
synchrotron source (2.5 GeV, 100 mA) at the Raja Ramanna
Centre for Advanced Technology (RRCAT), Indore, India
(Bhattacharyya et al., 2009). The above beamline works in
energy-dispersive mode employing an elliptically bent
460 mm-long Si(111) polychromator and a position-sensitive
detector (Das et al., 2004) so that the whole absorption spec-
trum can be recorded simultaneously within a fraction of a
second. For in situ XAS measurements, the Teflon reaction cell
described above was placed at the sample position of the
beamline and the Kapton windows of the cell were adjusted to
obtain an optical path length of 10 mm for X-rays through the
solution.

For XAS measurement at the Au and Pt L3-edges the
radiation transmitted through the sample is detected by a
position-sensitive Mythen detector (Dectris, Switzerland).
The Mythen detector is a one-dimensional X-ray detector
containing 1280 silicon microstrips. It operates in single-
photon-counting mode thus leading to no readout noise. For
each spectrum the exposure time has been fixed to 1s to

improve the signal-to-noise ratio and XAS spectra have been
recorded every second for 1 h. The beamline configuration
was adjusted in such a way that XAS spectra at both the Au
Ls-edge at ~11910 eV and the Pt Ls-edge at ~11570 eV can
be measured simultaneously at the position-sensitive detector
with a spreading of the energy band at a rate of ~1 eV pixel .
UV-Vis absorption measurements have been carried out
simultaneously with the XAS measurements using an optical-
fiber-based spectrometer (Avantes, The Netherlands) where
the optical fiber tips are capped with Teflon ferrules and are
directly immersed in the solution. Light from the source is
transmitted to the solution through the optical fiber and is
collected by another optical fiber to the spectrometer. The
path of the beam inside the liquid is 5 mm. UV-Vis spectra
have been collected at an interval of 1 s for 30 min.

High-resolution scanning transmission electron microscope
(HR-STEM) images on the above samples have been acquired
with a probe-corrected 80-300 Titan TEM at 300 kV using a
HAADF detector. Metal NPs, after 60 min of reaction, have
been collected, washed, centrifuged and then re-dispersed in
water by ultrasonicating for 20 min. A drop of this solution
was placed on a copper grid, dried at room temperature and
then imaged by TEM.

Energy-dispersive spectroscopy (EDS) line scan for
elemental mapping was carried out on a nanocrystal in the
same setup using an EDAX 30 mm Si-Li detector by tilting
the sample by 20° to maximize the collection of X-rays.

Ex situ X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out on Au-Pt bimetallic NPs using a
SPECS XPS setup with a PHOBIOS 100/150 delay line
detector and Al Ko (1486.6 eV) dual anode as the source. As
an internal reference for the absolute binding energy, the C 1s
peak (284.5 eV) was used. The Au-Pt bimetallic particles were
etched in the preparation chamber using an IQE-ITA Specs
model ion source unit having ion energy of 2 keV, operating at
a filament current of 6 mA. The XPS spectra were recorded on
the as-prepared sample as well as on the etched sample after
different periods of etching.

3. Results and discussions

Fig. 3 shows the UV-Vis spectra of the reaction solution
recorded at a time interval of 1s during the growth of bi-
metallic NPs. It has been observed that at 25 s a hump appears
near 540 nm which corresponds to the surface plasmon reso-
nance (SPR) peak of gold NPs. The intensity of the Au SPR
peak increases until 50 s which indicates the formation of gold
NPs in the solution. However, at 100 s it can be seen that the
Au SPR peak intensity decreases and it splits into a double
hump. As time proceeds further the intensity of this peak
decreases and finally, after 160s, the SPR signal almost
vanishes. This decrease in the intensity of the Au SPR peak
and finally its disappearance indicates the formation of Pt
shells on Au cores (Ataee-Esfahani et al., 2010b; Banerjee et
al., 2015; Khalid et al., 2010; Qian et al., 2006). Thus, from the
in situ UV-Vis measurements we obtain evidence of the
formation of a core—shell-type structure for the bimetallic Au—
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Figure 3
In situ UV-Vis spectra recorded at different time intervals during growth
of the Au-Pt NPs.

Pt system. It should be noted here that Pt NPs do not show any
characteristic SPR peak. Further explanation of the appear-
ance of the two peaks or hump in the SPR spectra is given
later in this paper.

The low-resolution TEM image of fully formed Au-Pt
bimetallic particles extracted from the solution after 60 min
of reaction is shown in Fig. S1 of the supporting information
while Fig. S2 of the supporting information shows the particle
size distribution histogram which reveals that most of the
particles are ~3-5nm in size though few particles of larger

sizes are also seen. Fig. 4(a) shows an ex situ HR-STEM image
of a Au-Pt nanoparticle which reveals a lattice spacing of
~0.23 nm corresponding to {111} planes The d- spacmgs of the
Au and Pt {111} plane are 2.35 A and 226 A, respectively,
which are very close and it is not possible to distinguish
between them by viewing the lattice spacing in a HRTEM
micrograph. Hence, to distinguish between the Au and Pt
regions in the particle, an EDS line scan was performed, which
is explained later in this section. It should be noted that the
HR-STEM/EDS measurements have been carried out on a
relatively larger size particle selected from the TEM micro-
graph to have more clarity in the EDS spectra.

It should be noted that the particle sizes obtained in the
case of these bimetallic NPs are significantly less than those of
the monometallic Au and Pt NPs reported by us earlier
(Nayak et al., 2016). Such small sizes for Au-Pt core—shell NPs
have also been reported by many researchers (Zhang &
Toshima, 2013; Chen et al., 2006; Gutierrez et al., 2005). Zhang
& Toshima (2013), for example, have reported that the smaller
particle size of the Au-Pt bimetallic NPs results in higher
catalytic activity for aerobic glucose oxidation. The activity
increases gradually with a decrease in Au-Pt particle size from
10 nm to 3 nm and increases drastically for particle sizes of less
than 3 nm since in this regime the proportion of the surface
atoms, which play the main role in catalysis, increases signifi-
cantly.

An EDS line scan on a representative nanoparticle is shown
in Fig. 4(b). In EDS line scans the electron beam moves along
a line on the sample surface and measures the counts of the
characteristic fluorescent X-rays coming out of the elements
present in the sample as a function of the beam position. The
count rate is measured in the selected windows of the spec-
trum corresponding to the characteristic X-ray energies of the
particular element expected in the sample. The variation of
the X-ray count rate in the selected window corresponding to
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Figure 4

(a) HR-STEM micrograph and (b) EDS line scan on fully formed Au-Pt bimetallic nanocrystal.
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a particular element gives the changes in concentration of that
element over the line of scanning. Fig. 4() indicates a higher
concentration of Au at the central portion than Pt manifesting
a nearly core-shell-type structure. Our EDS line-scan spec-
trum resembles spectra reported by several other researchers
on Au-Pt core-shell structure (Jang et al., 2014; Bian et al.,
2015; Zhang & Toshima, 2013; Li et al., 2015); however, it
should be mentioned here that in the EDS line scan we have
not observed any region where the Pt concentration is higher
than that of Au. This suggests that the core may be Au but the
shell is not entirely Pt; instead it may be a bimetallic shell of
both Au and Pt or a thick Au core and a thin Pt shell. It should
be noted here that the core—shell image contrast could not be
seen in the HRTEM micrograph due to the very similar atomic
numbers of Au and Pt.

For further insight into the structure
of the particles, ex situ XPS measure-

more Pt shell is removed by etching, we obtain the enhanced
signature of metallic Au of the core and the binding energy of
Au 4f peaks increases. This is also corroborated with the
nature of the variation of the binding energy of the Pt 4f peaks,
where we find that Pt was initially present as Pt metal and its
binding energy increases as we approach the Au/Pt interface
by etching.

Figs. 5(c) and 5(d) show the variation of intensities of the
Au 4f;, and Pt 4f;, peaks with increase in etching time. The
intensities are obtained after background correction and are
normalized with respect to the intensity value at the maximum
etching time. Intensities of both Au and Pt peaks increase with
etching due to removal of the surfactants; however, it has been
found that with etching the relative increase in intensity of the
Au 4f;,, peak is much higher as compared with that of the Pt

ments were carried out. Au-Pt bi-
metallic particles were etched with Ar*
ions for different time intervals and the

XPS spectra were recorded to see
whether the surface composition
changed with etching. Fig. 5(a) repre-
sents the XPS spectra for the Au 4f

orbital for different etching times. The
as-prepared sample with no etching
shows two Au 4f peaks (4fs, and 4f;,,)
with a difference in binding energy of

Intensity (a.u)

3.6 eV which is a characteristic of Au
(Zeng et al., 2006). However, in this as-
prepared sample Au is more electro-

negative as compared with elemental
Au and there is an increment in the
binding energy of Au with an increase in
etching time. It has been observed that,
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Figure 5

that in this case the XPS signal of Au
mostly comes from the Au/Pt interface
of the Au core and Pt shell structure,
and there is a definite electronic inter-
action at the Au-Pt interface. With the
increase in etching time, as more and

(a) Au 4f XPS spectra with different sputtering times: 0 min, 1 min, 15 min, 45 min and 105 min.
(b) Pt 4f XPS spectra with different sputtering times: 0 min, 1 min, 15 min, 45 min and 105 min.
(c) Variation of intensity as a function of sputtering time of the Au 4f;, XPS peak after background
correction using a Shirley background and normalization with respect to the intensity after 105 min
etching. (d) Variation of intensity as a function of sputtering time of the Pt 4f;, XPS peak after
background correction using a Shirley background and normalization with respect to the intensity
after 105 min etching.
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4f;,, peak. This implies that Au is mostly present at the core
and Pt at the shell of the NPs. Thus, XPS results also corro-
borate with the EDS line-scan results as discussed in the
previous paragraph that the NPs formed have a thick Au core
and thin Pt shell. The formation process of these core—shell
bimetallic nanocrystals is further probed by in situ XAS
measurements.

Fig. 6(a) shows the in situ time-resolved XANES spectra of
the reaction solution measured at the Au Ls-edge. It can be
seen that the near-edge spectrum of 0 s data shows a white line
at 11923 eV which is due to electronic transition from the 2p;,,
to 5d state. This white line is a characteristic of Au** and
disappears for metallic Au due to fully filled 5d states. The
decrease in the intensity of the white line and finally
its disappearance with time suggests reduction of HAuCl, and
formation of metallic gold NPs. It should be noted here that, as
has been mentioned above, although Au and Pt XAS spectra
were taken every 1 s in the present experiment, in Fig. 6 the
XANES spectra for the instants where significant changes
were observed in the XANES white line features at the Au
and Pt edges are only shown for clarity of the figures.

A linear combination fit of the time-resolved XANES
spectra was performed using the ATHENA code of the
IFEFFIT software package (Newville, 2001) in the energy
range from —20 to 30 eV around the Au L; absorption edge,
considering the XANES spectra of HAuCl, and Au foil as
standards of the +3 and +0 states to obtain a quantitative
measure of the presence of the two species in the reaction

209 __psec 6 sec Au L, edge
1 —— 1 sec——10sec
1.6 ——2sec—20sec
{ ——3sec——100 sec
1.24 4 sec —— Au Foil
| —5sec
0.8- ,
04
m
3
0.0 1
3 (a)
N T T T T T T
© 11880 11900 11920 11940
E 4.0 0 sec
5 J
2 35]—10sec PtL, edge
{1——20 sec
3.0 { ——50 sec
1——80sec
2.5 ——100 sec
2.0 ——200 sec
{——500 sec
1.5 {——1000 sec
1——Pt Foil
1.0 —
0.5 4
1 b
0.0 : : . . . (b)
11520 11540 11560 11580 11600
Photon Energy (eV)
Figure 6

In situ XANES spectra at the (¢) Au and (b) Pt Lji-edge recorded at
different time intervals during the growth of Au—Pt NPs.

solution at a particular reaction time. The values of the
weights of the two species were constrained between 0 and 1
and their sum was forced to 1. The goodness of fit has been
determined by the parameter Ry, (Kelly et al, 2008); Ry cior
for all the linear combination fitting at the Au Lz-edge is less
than 0.01. The linear combination fittings of three repre-
sentative spectra taken at 1s, 5s and 100 s are shown along
with the residuals of the fittings in Fig. S3 of the supporting
information. Fig. 7(a) shows the percentage of the two phases
present in the reaction solution as a function of time obtained
from the linear combination fitting of the time-resolved
XANES spectra. From Fig. 7(a), it has been observed that
within 6 s about 99% of the Au cations are in the metallic (+0)
state and after 10 s about 100% of the Au cations are reduced
to the +0 state.

Fig. 6(b) shows the in situ time-resolved XANES spectra of
the reaction solution measured at the Pt L;-edge. The near-
edge spectrum of the 0 s data shows a white line at 11571 eV
which is due to electronic transition from the 2ps,, to 5d state.
This white line is a characteristic of Pt** ions and disappears
for metallic Pt due to fully filled 5d states. The decrease in the
intensity of the white line with time suggests reduction of
H,PtClg and formation of metallic Pt. A linear combination fit
of the time-resolved XANES spectra was performed consid-
ering H,PtCls and Pt foil spectra as standards of the +4 and +0
states. Ry, for all the linear combination fitting at the Pt L;-
edge is less than 0.01. The linear combination fitting of three
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Figure 7
Linear combination fit results of in situ XANES spectra at the (¢) Au and
(b) Pt Ls-edge recorded during growth of Au-Pt NPs.
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representative spectra taken at 10s, 100 s and 1000 s have
been shown along with the residual of the fitting in Fig. S4 of
the supporting information. Fig. 7(b) shows the percentage of
the two phases present in the reaction solution at different
times obtained from the linear combination fitting of the time-
resolved XANES spectra. It can be seen that within 10 s about
6% of the Pt cations are in the metallic (+0) state and after
200 s about 78% of the Pt cations are reduced to the +0 state.

Fig. 8 shows the experimental in situ EXAFS [w(E) versus
E] spectra recorded during the growth of Au-Pt bimetallic
NPs simultaneously at the Au and Pt Lj3-edges. EXAFS
oscillations have been extracted from the EXAFS spectra
following the standard procedure (Konigsberger & Prins,
1988). For the EXAFS oscillations, x(k) is weighted by k? to
amplify the oscillation at high k and the functions x(k)k” are
Fourier transformed using the k range 2-10 A" for the Au
edge and 2-8.5 A" for the Pt edge to generate the x(r) versus
r [or Fourier-transformed EXAFS (FT-EXAFS)] spectra in
terms of the phase-uncorrected radial distances from the
centre of the absorbing atom. The EXAFS data analysis
program available within the IFEFFIT software package has
been used for reduction and fitting of the experimental
EXAFS data (Newville, 2001). The parameters used for the
EXAFS data fitting are bond distance (r), coordination
number (N) and Debye-Waller factor (o?), which give the
static and thermal disorder of the system, and the goodness
of fit has been determined by the parameter Ry, (Kelly et
al., 2008). Ryacior for all fits is less than 0.01, which ensures a
good fit.

Fig. 9(a) shows the x(r) versus r plots at the Au L;-edge at
different times during the growth of gold platinum bimetallic

4.0
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=
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Figure 8

In situ EXAFS spectra at the Pt and Au Ls-edges recorded at different
time intervals during growth of Au-Pt NPs.

NPs. The first peak (at ~1.8 A) corresponds to the Au—Cl
bond and the peaks between 2 and 3 A correspond to the
Au—Au and Au—Pt bonds. The x(r) versus r plots have been
fitted assuming an Au—Cl path, Au-Pt path and Au-Au path.
While fitting the data, bond lengths and coordination numbers
of the above three shells have been varied; however, the value
of the Debye-Waller factors (0?) has been kept fixed at 0.002
for the Au-Cl path and at 0.004 for the Au—-Au and Au-Pt
paths which have been found by fitting the data of the Au
precursor (having only Au—Cl bonds) and Au NPs formed
after 90 min of reaction (having only Au—Au and Au—Pt
bonds), respectively. The value of S has been kept fixed at 1
for all the paths of all the data at both the Au and Pt L;-edges
as obtained from the fitting of the EXAFS data of the
respective precursors. The parameter A E,, on the other hand,
is kept the same for all the paths of data; however, it is varied
during the fitting of each data set. For the Au Ls-edge, the
value of AE, is found to vary in the range 4.5-7 eV over the
data of different time instants, while for the Pt L;-edge data
the value of AE, is found to vary in the range 3-5 eV.

It should be noted here that the Pt L;-edge oscillations in
the high k range will have an effect on the Au L;-edge data
since the difference in the two edges is less than 500 eV.
However, as has been shown by Chen et al. (2006), inter-
ference of Pt L;-edge oscillations in the Au Ls;-edge data
results in the appearance of peaks at low r < 2 A, whereas
peaks due to the Au and Pt shells generally appear at r > 2 A.
We have also found that Au L;-edge FT-EXAFS data of the

4.5

—0 sec 80 sec Au-Cl (a)
4.0 4=—4 sec =100 sec
35 1 10 sec =200 sec
> 7] 20 sec =500 sec
3.0 1

25
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00 ‘/\/T\/\N
0.0 e Au-Au/lPAt :

0 1 2 3 4
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Figure 9
x(r) versus r plot (FT-EXAFS spectra) measured at the (a) Au and (b) Pt
Ls-edge recorded at different time intervals during growth of Au-Pt NPs.
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gold precursor without any Pt precursor in the solution and
the 0 s data of the reaction solution containing both Au and Pt
precursors resemble each other at lower r range without any
extra peak in the mixed precursor case. Therefore, we can say
that Pt L;-edge oscillations have not significantly affected the
Au Ls-edge data in this case.

The theoretical fitting of two representative spectra taken at
50 s and 100 s have been shown along with contributions from
different paths in Figs. S5 and S6 of the supporting informa-
tion. The best-fit results have also been presented in Table S1
of the supporting information for the Au Ls-edge data.
Fig. 10(a) shows the variation of coordination numbers of the
above three shells with time. It can be seen from Table S1 that
the bond lengths corresponding to the Au—Cl and Au—Pt shells
do not change significantly during the reactlon however the
Au—Au bond length decreases from ~3 A to 2.88 A with
time. A similar phenomenon has also been observed by Yao et
al. (2010) during the growth of gold nanocrystals from HAuCl,
precursor. The above authors have shown by linear combi-
nation fit of theoretically simulated XANES spectra of
HAuCIl, precursor and Au,Cls dimers that this initial obser-
vation of higher values of the Au— Au bond length is possibly
due to the partial reduction of HAuCl,, the presence of CI'~
ions surrounding the Au atoms and formation of Au-Cl
dimers. However, as the reaction proceeds, the specific surface
area per Au atom decreases, which in turn reduces the capping
efficiency of the Cl'~ ions, and the Au— Au bond length thus
approaches its nominal value of 2.88 A. It should be noted
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Figure 10

Variation of coordination numbers of (¢) Au—Cl, Au— Au, Au—Pt bonds
and (b) Pt—Cl bonds as a function of reaction time during growth of
Au-Pt NPs.

here that in our case the time scale observed for complete
reduction of HAuCly, i.e. 90-100s, as shown in Fig. 10, also
agrees with the time scale given in Table S1 for the Au—Au
bond to attain its nominal value of 2.88 A. It can also be noted
that the Au—Pt bond distance obtained is ~2.65 A which is
less than the nominal Pt—Pt bond distance of 2.76 A.
However, in solution while studying the formation of Pt NPs
reduced by methanol in the presence of citrate, Lin et al
(2006) have also reported a Pt—Pt bond length value of
2.68 A.

Fig. 9(b) shows the x(r) versus r plots at the Pt L;-edge at
different times during the growth of Au-Pt bimetallic NPs.
The first peak (at ~1.8 A) corresponds to the Pt— Cl bond and
the peaks between 2 and 3 A correspond to Pt—Au and Pt—
Pt bonds. It should be noted that the Au Ls-edge appears only
355 eV above the Pt L;-edge, and therefore the energy range
measured above the Pt L;-edge is limited and we can obtain a
k range only up to 8.5 A~! for the Pt L;-edge EXAFS data.
Since the k-range is short, we could obtain information
regarding the first shell (Pt—Cl) only around the Pt sites. Thus,
in this case, the x(r) versus r plots have been fitted in the range
123 A assuming a Pt—Cl path only. The values of Ry, for all
fits are less than 0.01 which ensures a good fit. Fig. 10(b) shows
the variation of the coordination number of the Pt—CI bond.
The best-fit results have also been presented in Tables S1 and
S2 of the supporting information for the Au and Pt Ls-edge
data, respectively.

Recently, Frenkel et al. (2013) have suggested a method
to determine the homogeneity of bimetallic systems from
EXAFS analysis by correlating Cowley’s short-range-order
parameter with the homogeneity of bimetallic systems.
Cowley’s short-range order parameter is given by

_ Nap/Nau
Xp ’

¢y

where x, is the molar concentration of B-type atoms in an
A-B bimetallic alloy, N 45 is the average coordination number
of B-type atoms around A-type atoms, and N ,,, is the average
coordination number of metal neighbours around A-type
atoms. The Cowley parameter («) can vary from —1 to +1 and
can be used to determine the positive and negative degree of
clustering in bimetallic alloys. A positive value of « indicates
that the bimetallic system is heterogeneous in nature. For a
homogeneous alloy, the value of o lies between «,;, and 0,
where —1 < a,;,, < 0. In our case, we have N, p = 4.8, Nyym =
48 + 9.6 = 14.4, xz/x, = 0.78 (from XANES), and therefore
a = 0.24. The above values of the coordination numbers for
different bonds have been taken after 200 s from the start of
the reaction since it has been found that the coordination
numbers do not change after that. The positive value of o
obtained in this case indicates that Au and Pt are not homo-
geneously mixed; instead they form a heterogeneous config-
uration consistent with a core—shell structure (Frenkel et al.,
2013).

832 chandrani Nayak et al.

+ Growth of Au—Pt bimetallic nanoparticles

J. Synchrotron Rad. (2017). 24, 825-835



research papers

3.1. Growth of Au—Pt bimetallic NPs

From the XANES analysis at the Au and Pt L;-edge (Fig. 7)
it can be observed that the Au cations are reduced to a
metallic state within 10 s; however, the reduction of the Pt
cations during this time is only 5%. The reduction of H,PtClg
is much slower and, even after a sufficiently long time of
1000 s, only 78% of Pt is reduced to a metallic state. This gives
an indication that the Au seeds are formed immediately after
adding the reducing agent and the Pt reduction occurs slowly
on the surface of the Au seeds.

From the time-resolved EXAFS analysis at the Au L;-edge
(Fig. 10a) it can be seen that the Au-Cl coordination number
shows a sudden drop from 4 to 2 at 5 s. This may correspond to
the reduction of Au** to Au'* in the early stages of the reac-
tion which has been mentioned by many researchers during
the growth of Au NPs (Ohyama et al, 2011; Harada &
Kamigaito, 2012). After 80 s there is no peak corresponding to
the Au—Cl bond. At 40 s we see the appearance of the Au—Au
peak with a sudden jump in the Au—Au coordination. The Au-
Au coordination monotonically increases up to 7 until 100 s.
At 100 s there is the appearance of Au-Pt coordination shell.
The Au-Au and Au-Pt coordinations remain the same until
150 s, after which there is a sudden jump in the Au—-Au coor-
dination from 7 to 9 and the Au-Pt coordination increases
monotonically to 4.7.

As suggested by Sakai & Alexandridis (2005), the growth
mechanism of block copolymer stabilized NPs is governed
by three main stages: (i) reduction of metal ions by block
copolymer or additional reducing agent, (ii) absorption of
block copolymer on cluster and reduction of metal ions on the
surface, and (iii) growth of NPs stabilized by block copolymer.
These three stages can also be identified for Au-Pt bimetallic
NPs. Until 40 s from the start of the reaction, the reduction of
gold precursor occurs which corresponds to the first stage
described above. After 40 s there is a sudden jump of the Au-
Au coordination to 2.6 which may indicate the formation of an
Au, cluster (Ohyama et al., 2011). This situation is similar to
the LaMer nucleation burst (Tromp et al, 2003) where the
monomer concentration increases in the solution and as it
crosses the critical value the nuclei are suddenly formed with
a jump in the nearest-neighbour coordination. Subsequently,
the Au-Au coordination number increases signifying the
growth of these Auy clusters accompanied by the reduction of
Au-Cl coordination until 100 s. This corresponds to the second
stage of the process. After 100 s the appearance of Au-Pt
coordination signifies the formation of the shell. However, the
coordination numbers of Au-Au and Au-Pt remain constant
until 150 s which may indicate the formation of a layer
containing both Au and Pt between the Au core and Pt shell.
At this stage, the Au-Au coordination of 7.3 is close to the
coordination number of the Auss cubo-octahedral cluster
which is a stable cluster due to closing of the second geome-
trical shell (Genest et al., 2009). After 150 s, there is again a
sudden jump in Au-Au coordination to 9.6 which is close to
the icosahedral Auy4; cluster which is a stable cluster with a
third geometrical shell closing (Petkov et al., 2008). The Au-Pt

coordination number also monotonically increases until 200 s
signifying the growth of the Pt shell. This corresponds to the
third stage of the reaction as per the above model. From the Pt
Li-edge EXAFS data (Fig. 10b) it can also be seen that after
100 s there is no further reduction of Pt precursor and
subsequently there is a slight increase in the Pt—Cl coordina-
tion which may correspond to the stabilization of the NPs.

It should be noted here that, as per the above proposition,
Au precursor is first reduced and Au, clusters are formed as
has been confirmed by in situ XANES and EXAFS studies,
and further growth of Au and Pt takes place on these clusters
which act as seeds. However, as has been observed by Ataee-
Esfahani et al. (2010b), the deposition rate of Au is much
higher than that of Pt. Therefore, block copolymer preferen-
tially attaches to AuCl, and reduces it on the surface of the
clusters resulting in growth of the Au clusters. As the
concentration of AuCl,™ ions decreases in the solution, PtCls™
ions are available for attachment to the polymer and this
results in the formation of the Pt shell. Thus, Auss clusters are
formed prior to Pt shell formation. However, there is also an
intermediate stage when both Au and Pt are simultaneously
reduced by the block copolymer. This results in a layer of
Au-Pt alloy between the Au core and Pt shell. This signature
of an Au-Pt alloy interface has been found by ex situ XPS
measurements, also described earlier.

It should also be noted that, although the size of the NPs as
shown by HR-STEM is < 10 nm, the SPR peak in the in situ
UV-Vis spectra shown in Fig. 3 initially appears at 540 nm
which corresponds to much larger particles. However, as the
reaction proceeds, the SPR peak shows a blue shift and at 50 s
it appears at 520 nm corresponding to <10 nm particle size. A
similar phenomenon of the appearance of the SPR peak at
higher wavelength and its blue shift during the reaction has
been found by other workers also (Meng et al., 2016). This can
be attributed to the effect of the block copolymers engulfing
the gold particles resulting in formation of branched inter-
mediates during the reaction. It should be noted that from
in situ EXAFS measurements also discussed above we have
seen that Au—Au peaks start increasing from 50 s onwards. The
gold particles formed before 50 s correspond to the initial
stage of growth corresponding to the ‘reduction of metal ions
by block copolymer’ stage as mentioned above and at this
stage gold particles or clusters must be covered with the block
copolymer. As the reaction proceeds we start obtaining
spherical-like NPs with fewer branches and from 50 s onwards
the SPR peak starts to appear at 520 nm corresponding to
particles of 10 nm size. However, it can be seen from Fig. 3 that
from 50s onwards another peak also starts to appear at
560 nm along with the peak at 520 nm. It has been observed
from in situ EXAFS studies that in this time interval a layer
containing both Au and Pt between Au core and Pt shell also
appears. Ex situ XPS studies also suggest that there is a Au-Pt
mixed phase at the interface of the core and shell which has a
different electronic configuration than that of Au and the peak
at 560 nm may correspond to this phase. Subsequently, the
SPR peaks vanish from 150 s onwards as the Pt shell starts
covering the Au NPs. In situ EXAFS measurements also show
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that the Au-Pt coordination starts to increase from 150 s
onwards.

3.2. Comparison of growth of Au—Pt bimetallic NPs with
growth of Au and Pt monometallic NPs

In our earlier communication (Nayak et al., 2016), we have
synthesized Au and Pt NPs following a similar synthesis route
and characterized by in situ XAS and UV-Vis spectroscopy.
Here, we attempt to compare the formation of monometallic
and bimetallic NPs. In all of the cases we have identified the
three stages of growth as suggested by Sakai & Alexandridis
(2005). However, for monometallic NPs the process is much
slower than that of the bimetallic NPs. This may be due to the
use of ascorbic acid as reducing agent in the latter case, which
is comparatively stronger than sodium citrate used for the
synthesis of gold NPs (Nayak et al, 2016). The use of a
stronger reducing agent results in faster reduction of the
precursor and formation of smaller nuclei. In the case of the
growth of Pt monometallic NPs (Nayak et al., 2016), the Pt
precursor could not be reduced at room temperature with
ascorbic acid as reducing agent and the reaction solution had
to be heated to start the reduction of the precursor. However,
in the bimetallic case, Pt precursor is reduced at room
temperature only. Although the reduction is much slower than
that of gold precursor, the reduction is facilitated by the
formation of small Au clusters which act as seeds for the
surface reduction of the Pt precursor. For the case of Au and
Pt monometallic NPs, 13-atom clusters are formed which act as
nuclei for further growth; however, for Au-Pt bimetallic NPs,
4-atom clusters act as nuclei for growth. This results in smaller
bimetallic NPs compared with the monometallic case. The
Auyy; cluster has been identified in the growth of Au mono-
metallic NPs, which further grow into Au NPs. In the case of
Au-Pt bimetallic NPs, Au,4; clusters are also formed which
become coated with Pt shells.

4. Conclusions

Au-Pt bimetallic NPs have been synthesized through a one-
pot synthesis route from their respective chloride precursors
using block copolymer as a stabilizer. Using the setup for
simultaneous in situ time-resolved XAS and UV-Vis
measurements at the energy-dispersive EXAFS beamline
(BL-08) at Indus-2 SRS at RRCAT, Indore, India, the growth
of Au-Pt bimetallic NPs from their respective chloride
precursors using block copolymer stabilizer has been studied.
The measurements have been carried out in a specially
designed Teflon cell with one optical path for X-rays in the
direction of the synchrotron beam and another in the
perpendicular direction for visible radiation. From the in situ
measurement of UV-Vis spectroscopy, it has been observed
that Au seeds are formed with the appearance of an Au SPR
peak which vanishes when the Pt shell starts forming on
the Au core. This confirms the formation of core—shell-like
structure in Au—Pt bimetallic alloy. Ex situ studies by HRTEM
with EDS line-scan and XPS measurements with in situ

etching on the fully formed NPs also ascertain their core—
shell-type nature. However, simultaneous in situ XAS
measurement gives a detailed microscopic account of the
phenomenon, which shows that Au precursor is reduced
within 10 s and Auy, clusters are formed which act like nuclei
for further growth and the Pt reduction occurs slowly on the
surface of the Au nuclei. The study of the formation process
shows how the difference in the reduction potential of the two
precursors could be used successfully to obtain the core—shell
configuration of bimetallic alloy in a controlled fashion using a
one-pot synthesis method.
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