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Solid-solution-type Au—Pt alloy nanoparticles (NPs) were prepared from the nanoclusters of each metal
using the polymer-conjugated fusion growth method. The elemental mapping analysis showed that the
mixing state of the elements in the NPs drastically changed in the narrow reaction-temperature range
from 100 °C to 180 °C. For their various mixing states, the 5d-states of Au and Pt atoms in the alloy NPs
were investigated on the basis of the white line intensities of X-ray absorption near edge structure
(XANES). Then, the 5d-states of Au and Pt atoms in a model crystalline ordered alloy structures were
investigated on the basis of the theoretically calculated XANES spectra using density functional theory
(DFT) in the whole composition range. The DFT calculation showed that the changes in the absorption
spectra near the Pt and Au edges are caused by the change in the occupation of the Pt 5d-states and
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1. Introduction

Nanoparticles (NPs) of single elements and alloys have been
extensively investigated because of their unique potential
in functional materials," electrochemical applications®* and
optical devices.””® The chemical activities of alloy NPs can be
tuned by manipulating their electronic and geometric
structures.’ *? Solid-solution-type alloy NPs greatly vary in their
electronic and geometric structures depending on the element
hybridisation and mixing of constituent elements."*”"” For gold
(Au) and platinum (Pt) alloy NPs, Xiao et al theoretically
investigated the surface and size effects on the alloying ability
and the phase stability of immiscible alloy NPs.'® The study
showed that the alloy is formed by the constituents of Au and Pt
as the NPs against the immiscibility in the bulk phase behaviour.
Solid-solution-type alloy NPs have been prepared using various
techniques, such as laser irradiation," ion sputtering,*® arc
plasma deposition,>** co-impregnation,> microemulsion,>*
simultaneous reduction® and fusion growth.>**’
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The reduction step of tetrachloroauric(m) acid (JAuCl,]™) is
widely applied to the chemical synthesis processes of neat Au
NPs.>® 7 In contrast, we have discovered a chemical synthesis
method uniquely from Au nanoclusters (NCs) without the need
for a reduction step during the NP formation.*! In this method,
the structural collapse of a thermoresponsive polymer via a
random coil-globule transition is applied to the NP formation,
hereafter referred to as the polymer-conjugated fusion growth
method. Poly(N-isopropylacrylamide) (p-NIP)-conjugated Au
NCs were effectively used in this method. Usén et al. have
reported the spontaneous formation of Au-Pt alloyed NPs from
small NPs (below 5 nm) of each metal.>® This spontaneous
formation proceeds through an ageing process of the small
NPs, also without a reduction step, and takes 150 h. Recently,
we have reported bimetallic Au-Pt NP synthesis from NCs
of Au and Pt applying the polymer-conjugated fusion
growth method.?” It is expected that the mixing of neat NCs
of various kinds of elements would create alloy NPs composed
of the elements of the different NCs. From this viewpoint, this
synthesis approach has a wide potential in the hybridisation of
elements.

In general, the hybridisation of elements in alloy NPs leads
to two main types of effects for the specific activity: the
electronic and geometric contributions.>*** The hybridised
component exerts an electronic influence on the NPs, resulting
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in a change in electron density and charge, which in turn
causes enhancement of the activity. For the geometric effect,
in the case that both the NPs and the hybridised component act
as reaction catalysts, these multiple components are adjacent
to each other and can interact with a substrate simultaneously,
resulting in higher catalytic activity. The electronic and geo-
metric effects can occur in the solid-solution-type alloy NPs.
In addition, solid solutions have been reported to have properties
of the intermediate range of each element on the periodic table of
the alloying elements.**** Therefore, insights into the electronic
structure of the constituent elements in solid-solution-type alloy
NPs are vital to understanding the core mechanism of the specific
activity of the alloyed NPs.

The X-ray absorption fine structure (XAFS) is one of the most
effective methods for the investigation of the electronic struc-
ture. The white line of the Pt L; X-ray absorption near edge
structure (XANES) corresponds to the Pt 2ps, orbital — 5d
orbital transition. The intensity of this white line reflects the
number of unoccupied Pt 5d-states, which can be utilised as a
fingerprint of the oxidation states.*®*” Similarly, the white line
of the Au L; XANES spectra, when present as in trivalent Au
compounds, corresponds to the Au 2p;,, orbital — 5d orbital
transition, reflecting the number of unoccupied Au 5d-states.
Wang et al. have reported on the electronic behaviour of Au-Pt
alloys using the L; ,-edge XANES measurement and the density
functional theory (DFT) calculation.®® The study found that
the Au and Pt element diluted in Pt and Au (Au:Pt=1:9 or Pt:
Au = 1:9) shows Pt-like and Au-like electronic structure, respec-
tively. Sham et al. have reported the L; ,-edge white line anomaly
in the Au-Pt nanowire.>® Piotrowski et al have reported the
theoretical calculation on the electronic structure of Pt-based
nanoalloys (including Pt,Auss, alloy) with the core-shell
structure.® The study revealed the mechanism of the chemical
reaction activity in terms of the total energy and the centre
of gravity of the occupied Pt d-state as a function of the
composition ratio.

Therefore, to address this pressing current problem in
understanding and controlling the chemical activities in the
solid-solution-type NP alloys, we must clarify the electronic
structure changes by elemental mixing in terms of occupational
change and orbital hybridisation. Here, the 5d-states of Au and
Pt elements in the solid-solution-type Au-Pt alloy NPs were
investigated on the basis of the L; XANES spectra. The alloyed
NPs were synthesised using the polymer-conjugated fusion
growth method under hydrothermal conditions from 100 °C
to 220 °C. The utilisation of the nanomaterials enables us to
clarify the change in electronic structure in the solid solution
process of the constituent elements because the mixing state of
the elements in the present NP synthesis drastically changed
with a slight rise in reaction temperatures. For a quantitative
understanding of the relationship between the occupation of
the 5d-states and the intensity of the white line in XANES
spectra, the 5d-states of Au and Pt atoms in a model crystalline
ordered alloy structures are investigated on the basis of theore-
tically calculated XANES spectra. The calculation provides
theoretical reference XANES spectra of Au-Pt alloys for which
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bulk standard samples cannot be easily obtained over the
whole compositional range. In addition, we discuss changes
in the real space charge distribution around the Au and Pt
atoms upon alloy formation on the basis of the calculation.

2. Experimental
2.1 Preparation of Au NCs

All glassware used in the NC synthesis was cleaned with aqua
regia (three parts HCl and one part HNOj3), rinsed in deionised
water and ultrapure water, and dried in an oven prior to use.
Aqueous 0.10 wt% tetrachloroauric acid (HAuCl,) solution was
prepared with 0.0514 g HAuCl,-4H,O (Fuyjifilm Wako Pure
Chemicals Co., 99.0%) and 50 mL ultrapure water using a
volumetric flask. Aqueous 1.00 wt% tetraethylene glycol
solution was prepared with 0.500 g tetraethylene glycol, adding
ultrapure water to a total weight of 50.000 g. The mixture of
10 mL of the 0.10 wt% HAuCl, solution and 50 mL of the
1.00 wt% tetraethylene glycol solution was adjusted to pH = 2.5
using 1 mol L™ hydrochloric acid, followed by adding ultra-
pure water to a total volume of 100 mL. Aqueous 0.1 mol L™"
sodium borohydride (NaBH,) solution was prepared with
0.0378 g NaBH,-4H,0 (Kanto Chemical Co., Inc., Atomic
Absorption Spectrometry) and a 10 mL volumetric flask. The
NaBH, solution of 1.0 mL was added to the mixture of HAuCl,
solution and tetraethylene glycol solution in 5 divided 0.2 mL
portions. The reaction solution was kept at 25 °C for 6 h under
stirring. The resultant solution, both Au NCs and Au NPs, was
passed through a silica-gel column to remove by-products, such
as NPs with an extinction band around 520 nm, and a solution
containing only NCs with diameters of less than 2 nm was
prepared. The other procedures have been described in our
previous papers.*'"*!

2.2 Preparation of Pt NCs

All glassware used in the NC synthesis was cleaned with aqua
regia (three parts HCl and one part HNOj3), rinsed in deionised
water and ultrapure water, and dried in an oven prior to use.
The Pt NC synthesis was performed with modification for this
study on the basis of the procedure reported in the literature.*?
Aqueous 1 g-Pt L' (5.142 x 102 mol L") hexachloroplatinic acid
H,PtCl was prepared by 0.7993 g hydrogen hexachloroplatinate(wv)
hexahydrate H,ClsPt-6H,0 (Koso Chemical Co., Ltd., special
grade reagent) and ultrapure water using a 3 mL volumetric
flask. Aqueous 8.00 wt% trisodium citrate solution was pre-
pared by 8.00 g trisodium citrate dihydrate (Kanto Chemical
Co., Inc., 99.0%) and ultrapure water to a total weight of
100.0 g. The prepared 8.00 wt% trisodium citrate solution
was successively diluted to prepare trisodium citrate solutions
of 4.00 wt%, 2.00 wt% and 1.00 wt% to synthesise the Pt NCs
with various sizes. Ultrapure water (240 mL) was prepared in a
round-bottom flask, followed by boiling using a mantle heater
under a nitrogen gas purge for 1 h. The prepared H,PtClg
solution of 15 mL was added to the flask, followed by boiling
the solution for 5 min. The prepared trisodium citrate solution
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of 30 mL was added to start the NC formation. The duration
time of the reaction was set to 2 h, followed by cooling using
storage in ice.

2.3 Synthesis of p-NIP

The p-NIP used was synthesised from the corresponding mono-
mer via a radical polymerisation method reported elsewhere.*®
In brief, 19.24 g (0.17 mol) of isopropylacrylamide, 0.35 mL of
3-mercaptopropionic acid and 0.82 g of azobisisobutyronitrile
added into a 500 mL round-bottom separable flask equipped
with a condenser were dissolved with 70 mL of methanol. The
mixture was maintained at 60 °C for 4 h under a nitrogen
atmosphere. The resultant solution was poured into the same
volume of cooled diethyl ether. The crude precipitate was
purified with methanol and diethyl ether. The purified preci-
pitate was dissolved in water and freeze-dried. The molecular
weight of p-NIP and the dispersion were adjusted by careful
screening and optimised for the present fusion growth.

2.4 Protocol for Au-Pt alloy formation

The hydrothermal reaction of the alloys was performed using a
high-temperature and high-pressure vessel with an observation
window. The vessel was made of titanium to operate the
reaction because titanium has a relatively low thermal expan-
sion coefficient and high chemical resistance. The sample
temperature was monitored using a J-type thermocouple. A
pressure of up to 5 MPa, which prevents the boiling of the
aqueous solutions at temperatures above 100 °C, was applied
during the reaction. The hydrothermal reaction temperatures
were set at 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, 200 °C and
220 °C. The reaction time was set at 1 h, followed by cooling
using storage in ice. The concentration of the aqueous p-NIP
solution was adjusted to be 0.10 wt% after the concentration
optimisation. The 0.10 wt% p-NIP solution, the Au NC solution
and the Pt NC solution were added into a 4 mL glass bottle to
be set at a volume ratio of 20:9:3 for the reactions at all
temperatures, respectively.

2.5 Electron microscopy

The following methods were applied to the product analysis:
transmission electron microscopy (TEM) for observing the
structural aspects, scanning TEM (STEM) in both the bright-
field (BF) and high-angle annular dark field (HAADF) modes for
the local analysis of the NPs, energy-dispersive X-ray spectro-
metry (EDS) for estimating the element ratio and elemental
mapping using STEM-EDS analysis.

TEM grids were prepared by placing drops of the solutions
on carbon-coated grids and drying them at room temperature
for one day. TEM images were obtained using a field-emission-
type electron microscope (JEOL, JEM-2100F) under an acce-
leration voltage of 120 kV and using an ultrahigh-resolution
charge-coupled device (CCD) camera (GATAN, UltraScan 1000).

HAADF-STEM images and elemental mapping of the pro-
ducts synthesised at 100 °C, 140 °C and 180 °C were obtained
using a transmission electron microscope (JEOL, JEM-
ARM200F) and an energy-dispersive X-ray spectrometer (JEOL,
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JED-2300T DrySDD100 mm). The acceleration voltage, the
magnification and the number of pixels were set at 200 kv,
4 x 10° and 256 x 256, respectively. During the analysis, the
spot size was set at 5C mode, around 1 A in electron beam
diameter at the sample position.

2.6 XANES

The Pt L; edge XANES spectra were acquired at the beamline
BL11 of SAGA Light Source, Japan.** The XANES signals of the
prepared alloy were acquired in the fluorescence mode.
A silicon drift detector was placed near the sample container
during the fluorescence XANES measurements. The spectra
were recorded in the quick scan mode. For measuring the
standard sample, the XANES signals were obtained in the
transmission mode using foils of Au or Pt. The XANES data
were analysed using the Athena software.*

The Au L; edge XANES spectra were measured at the BL-12C
of the Photon Factory (PF) at the High-Energy Accelerator
Research Organization (KEK), Tsukuba, Japan.*® The XANES
signals of the prepared alloy were acquired in the fluorescence
mode. A silicon drift detector was placed near the sample
container during the fluorescence XANES measurements. The
spectra were acquired in the step-scan mode. For measuring
the standard sample, the XANES signals were obtained in the
transmission mode using foils of Au or Pt. The XANES data
were analysed using the Athena software.*

3. Theoretical calculations

In order to obtain insight into the electronic structure probed
by XANES spectroscopy, we calculated the electron density, the
density of state (DOS) and the XANES of pure Au, Pt and model
Au-Pt bulk-ordered alloys based on DFT using first-principles
electronic structure code WIEN2k*’ with the OPTIC package.*®
Calculations have been performed in the all-electron scheme
with the full-potential (linearised) augmented plane-wave
((L)APW) + local orbital (lo) method, including relativistic
effects.*® PBE-GGA™® is employed for the exchange-correlation
potential. The calculations were carried out neglecting the core
hole effects, which, in the case of metals, do not drastically
alter the overall spectral features. In the XANES calculations,
we added to the basis set high-lying Local Orbitals with d-
symmetry for a better description of the higher energy side of
the spectra.

In this report, we present calculations on the face-centred
cubic (fec) L1, and L1, type bulk ordered alloys along with the
elemental metals. These structures exhaust all the fcc-type
binary structures with the 1 x 1 x 1 unit cell. The structural
models used for the calculations are displayed in Fig. 1. Ideal
fcc atomic positions with lattice constants estimated by
Vegard’s law were adopted in the calculation. The calculation
was performed assuming linear polarised X-ray. The calculated
spectra were averaged over polarisation directions. Table 1
shows the structural parameters used in the calculation.
We set Ry, (muffin-tin radius) as 2.50 bohr and RK.x
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Fig. 1 Model structures used for the present DFT calculation. From the
top to the bottom, neat Au, Au—Pt alloys and neat Pt.

(the plane wave cutoff) as 10.0. Neat Au and neat Pt were calculated
with a k-mesh of 30000 points in the first Brillouin zone.

4. Results and discussion
4.1 NP morphology by TEM

Fig. 2 shows TEM images of the products synthesised at
temperatures ranging from 100 °C to 220 °C. As the reaction
temperature increased, the morphology aspects in the products
gradually changed and are summarised as follows. The
complex structure composed of the central core NPs and the
smaller particles located on the core NP surface was produced
at 100 °C and 120 °C. The inhomogeneity of the particle

Table 1 Structural parameters used in the calculations

Composition The number of

ratio atoms in the unit cell Lattice constant [A]

Neat Au 1 4.0783

Au:Pt=3:1 4 4.0397

Au:Pt=1:1 2 a=b=2.8293, ¢ =4.0012
Au:Pt=1:3 4 3.9626

Neat Pt 1 3.9240

27420 | Phys. Chem. Chem. Phys., 2023, 25, 27417-27426

View Article Online

PCCP

Fig. 2 BF-TEM images of the synthesised Au—-Pt alloy NPs using the
thermoresponsive-polymer-conjugated fusion growth method. (a)
100 °C, (b) 120 °C, (c) 140 °C, (d) 160 °C, (e) 180 °C, (f) 200 °C and (g)
220 °C. The TEM image of (h) shows an enlarged image of the typical NP
synthesised at 220 °C for crystallinity evaluation.

morphology seemed to be slightly reduced at 120 °C. Aggregates
composed of the small particles were identified specifically at
140 °C. The complex structure of the central core NPs and the
smaller particles observed at 100 °C and 120 °C was also
produced at 160 °C. Spherical NPs with smooth surfaces were
synthesised at 180 °C. At 200 °C and 220 °C, the further increase
in reaction temperature led to little change in the NP morphol-
ogy compared with that of the NPs synthesised at 180 °C. The
morphology of the NPs synthesised at 200 °C and 220 °C was
analogous to that of the NPs formed at 180 °C. In addition, as
shown in Fig. 2(h), although the fusion growth method is
classified as a coalescence process,>" the present fusion growth
produced alloy NPs with high crystallinity rather than multiple-
domain NPs.

Neat Au NPs have been fabricated using the thermores-
ponsive-polymer-conjugated fusion growth method below
90 °C.*"*! The present temperature dependence shown in
Fig. 2 indicates that the reactant solutions for alloy formation
were subjected to hydrothermal treatment temperatures up to
180 °C. The hydrothermal treatment caused the reactant NCs to
overcome the miscibility gap shown in the phase diagram and
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the differences in the cohesive energy of crystal formation
between Au and Pt.°>* In this viewpoint, the application of
the higher temperature has an advantage for the hydrothermal
NP formation. However, the relatively lower dispersion of the
products was observed in the synthesis performed at 225 °C,
resulting in aggregation and sedimentation of the synthesised
NPs about two weeks after the reaction was performed.
The present reaction was conducted under hydrothermal con-
ditions. The polymer material p-NIP was applied to the fusion
growth method. In addition, it is known that water at elevated
temperatures has high activity due to the increase in the value
of the ion product of water, Ky, to increase the concentrations
of hydrogen and hydroxide ions.>>>® The hydrothermal condi-
tion could affect the polymer material due to the so-called
subcritical water with high activity. Considering these issues,
the optimum temperature was determined to be 180 °C in the
present reaction conditions.

4.2 Elemental mapping

Fig. 3 shows the HAADF-TEM image and the elemental map-
ping of the prepared Au-Pt alloy NPs synthesised at 100 °C,
140 °C and 180 °C. As shown in Fig. 3, the products prepared at
100 °C have the central core NP composed almost entirely of Au
element and the smaller particles composed of Pt element.
The composition ratio of the NP formed at 100 °C was esti-
mated to be Au: Pt = 24 : 1 using STEM-EDS analysis, indicating
that the application of reaction temperature of 100 °C did not
lead to a solid solution. At 140 °C, the elemental mapping
indicated that the observed aggregate was composed of small
particles separately composing both Au and Pt. As shown in
Fig. 3, a hydrothermal reaction temperature of 180 °C provided
sufficient element mixing in the NPs, which led to the for-
mation of a solid-solution-type alloy. The elemental ratio was
determined to be Au:Pt = 2.3:1. The homogeneity degree of
the solid solution of the Au-Pt alloy NPs was clearly improved
compared with that reported in our previous study.””

Fig. 3 HAADF-STEM images (left-hand side images) and elemental map-
ping of Au—Pt alloy NPs synthesised at 100 °C, 140 °C and 180 °C. Au and
Pt are represented by pink and green coloured dots, respectively.

This journal is © the Owner Societies 2023

View Article Online

Paper

The synthesis refinement was mainly caused by the optimisa-
tion of Pt NC size, which was adjusted by controlling the citric
acid concentration, as described in Section 2.2. The optimum
citric acid concentration in the present experimental condition
was determined to be 2.00 wt%, resulting in 2.05 nm in
diameter of Pt NC size.

Ishimoto and Koyama found that the mechanism of the
specific solid solution in nanomaterials is employed by the
enlarged entropic contribution in nanosize, compared to the bulk
materials.’” The following formation process is proposed in the
present synthesis: (1) randomly gathering the Au and Pt NCs via
the random coil-globule transition of the thermoresponsive
polymer, (2) thermodynamically assisting the fusion growth of
Au and Pt NCs with each other by the hydrothermal treatment
up to 180 °C and (3) stabilisation of the synthesised solid-
solution-type NPs due to the enhanced entropic contribution in
nanosize materials.

In general, fusion growth is classified as a coalescence
formation process, resulting in the formation of NP with multiple
domains, compared to the Ostwald ripening growth process.’*”®
However, as shown in Fig. 2(h), the products synthesised by the
present fusion growth had high crystallinity. The morphologies
and elemental mapping shown in Fig. 2 and 3 indicate that a
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Fig. 4 (a) Pt Ls XANES spectra for Au—Pt alloy NPs synthesised using the
polymer-conjugated fusion growth. The XANES spectrum for Pt foil is also
shown as a standard sample of Pt metal. (b) Temperature dependence of
integrals of the white line in the Pt Ls XANES spectra of the Au—Pt alloy
NPs. Integrals were calculated using the energy region of the XANES
profile from 11561 to 11573 eV indicated by the green arrow in (a).
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temperature rise led to wide variations in the elemental mixing
from 100 °C to 180 °C. The mixing state of Au and Pt elements in
the particles significantly changed even in the narrow temperature
range from 100 °C to 180 °C. On these bases, investigations on the
products synthesised from 100 °C to 180 °C should extract the
electronic structure changes of alloy NPs in a wide composition
range of Au and Pt element ratios.

4.3 Temperature dependence of XANES spectra

For NPs with widely various mixing states of elements, the
electronic state (the occupation) of the 5d-states was clarified
on the basis of the integrals of the white line in XANES signals.
Fig. 4(a) shows the Pt L; XANES signals for the Au-Pt alloy NPs
synthesised by the present fusion growth method. As shown in
Fig. 4(a), the peak height of the white line in the XANES spectra
decreased as the reaction temperature increased. A decrease in
the peak height means an increase in the number of electrons
in the Pt 5d-states, as described in Introduction. Fig. 4(b) shows
the integrals of the peak portion of the white line in the XANES
spectra as a function of the reaction temperature. As shown in
Fig. 4(b), the integrals gradually decreased with increasing the
reaction temperature. The temperature dependence is evidence
that the elemental mixing of Au and Pt through the fusion
growth led to the change in the number of electrons in Pt 5d-

—
[
~

synthesised at

180°C

1
T
-

Au foil

Normalised absorption / arb. units

L
11900 11940 11980

Energy / eV

—
(=)
~

4 =
Y N

Absorption / arb. units
°
»

11500 11920 11840 11960 11980
Energy / eV

Fig. 5 (a) Au L3 XANES spectra for Au—Pt alloy NPs synthesised at 100 °C,
140 °C and 180 °C. The XANES signal for Au foil is also shown as a standard
sample of Au metal. (b) Overlapped Au Lz XANES spectra for Au foil
and Au-Pt alloy NPs synthesised at 100 °C, 140 °C and 180 °C. For
quantitative comparison, background was subtracted for the XANES spec-
tra shown in (a).
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states. The change in the integrals shown in Fig. 4(b) corre-
sponds to the results by NP morphology shown in Fig. 2 and the
temperature dependence of the mixing state shown in Fig. 3.

Fig. 5(a) shows Au L; XANES signals for the Au-Pt alloy NPs
synthesised using the fusion growth method. Fig. 5(b) shows
the overlapped profiles shown in Fig. 5(a) for spectral compar-
ison. As discussed in Fig. 4, the elemental mixing of Au and Pt
through the fusion growth led to an increase in the number of
electrons in the Pt 5d-states. However, as shown in Fig. 5(b),
little change in the Au L; edge was identified for the alloy NPs
with the maximum Pt ratio of Au: Pt = 2.3:1 studied here. This
is discussed in detail later in the whole composition range
using the DFT calculations for Au-Pt alloys.

4.4 DFT calculation of the electronic state in the crystal model

The relationship between integrals of XANES signals and the
occupation of the 5d states in the Au-Pt alloy lattice models was
investigated using DFT calculation. The calculated results are
shown in Fig. 6-8. The occupation numbers of the 5d states
shown in the figures are defined as the integral of the d-
projected DOS within the muffin-tin sphere around each atomic
species and are dependent on the choice of the muffin-tin radii.
The size of the muffin-tin spheres in the calculation is depicted

Au:Pt = 3:1

180°C (Exp.)
(Au:Pt = 2.3:1)
Au:Pt=1:1

Au:Pt=1:3

pure Pt

Pt foil(Exp.)

for Pt element
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for Au element

1 L
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Relative energy to Eg / eV
Fig. 6 XANES obtained from the DFT calculation for the crystal models
shown in Fig. 1 with Au:Pt =1:0, 3:1,1:1and 1: 3. The XANES spectra of
alloy NPs synthesised at 180 °C are also shown to compare the theoretical

and experimental results. "Exp.” in parentheses indicates the experimen-
tally measured data of XANES.
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in Fig. 9. A correlation between integrated X-ray absorption
spectra and the number of empty states in the 5d-states was
found for both Au and Pt edges, i.e., an increase in the XANES
intensity near the L; edge corresponds to a decrease in the
number of electrons in the 5d-states.

Fig. 6 shows XANES calculated using the DFT theory and the
alloy model described in Theoretical Calculations. The experi-
mental XANES spectra of Au-Pt alloy NPs synthesised at 180 °C
are also shown for comparison with the theoretically calculated
data. The elemental ratio of the synthesised NPs was estimated
to be Au:Pt = 2.3:1 using the STEM and EDS analyses.
As shown in Fig. 6, the calculated spectra show reasonable
agreement with the experimental spectra of the standard foil
sample in terms of the spectrum profile and the peak positions.
The calculated spectral profiles in the near-edge region are also
consistent with those of synthesised NPs.

Fig. 7 shows the XANES and the DOS of the Au-Pt alloy
models. As shown in Fig. 7(a), the absorption intensities near
the Pt edge were increased with increasing the Pt composition
ratio to Au. The intensity increase is caused by an increase of
unoccupied Pt 5d-states that can be seen from the unoccupied
part of the d-projected DOS in the lower panel of Fig. 7(a).
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c
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Fig. 7 (a) XANES and d-projected DOS for Pt from the DFT calculation
using the crystal models shown in Fig. 1 with Au:Pt = 0:1,1:3, 1:1 and
3:1. (b) XANES and d-projected DOS for Au from the DFT calculation using
the crystal models shown in Fig. 1 with Au:Pt = 0:1,1:3,1:1and 3:1. E¢

shown in the horizontal axes represents the Fermi level.
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As shown in Fig. 7(b), the absorption intensities in XANES near
the Au edge were also increased with increasing the Pt ratio. It
can be seen from the lower panels of Fig. 7(a) and 7(b) that the
absorption increase is caused by the orbital hybridisation of Au
5d-states with 5d-states of neighbouring Pt atoms.

Fig. 8 shows the integrals of the edge region of XANES
spectra of Au and Pt as a function of the number of holes in
the 5d-states. Changes in the occupation of 6s-, 6p-states and
the number of electrons in the outside of the muffin-tin spheres
also take place, which do not have a major effect on the white-
line intensities. As discussed in Fig. 4, the occupation of
the Pt 5d-states in the alloy NPs gradually increased with the
proceeding elemental mixing between Au and Pt, which corre-
sponded to an increase in the reaction temperature. As shown
in Fig. 5, for Au, little change in the white line in the XANES
was observed for the synthesised alloy NPs. Although the
experimental composition ratio was limited to Au:Pt = 2.3:1
due to synthesis technique limitation under the present stage,
the element-ratio dependence of the Au and Pt 5d-states was
investigated using the present DFT calculation for Au-Pt alloys
with the whole composition ranges of Au:Pt =1:0, 3:1, 1:1,
1:3 and 0:1. As shown in Fig. 8(a), the integrals of the white
line in XANES for Pt gradually increased with increasing Pt
ratio, as observed in the experimental XANES. As shown in
Fig. 8(b), the change in XANES for Au was rarely observed for
the composition change from pure Au (Au:Pt=1:0) to Au: Pt =
3:1, similar to the experimental result for the synthesised alloy

1.05
2 100 (a)
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< 0801 pupi= 31
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Number of holes for Pt
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Number of holes for Au

Fig. 8 Integrals of the edge region of the XANES spectra as a function of
the number of holes in the 5d-states for (a) Pt and (b) Au. The number of
holes is defined as the difference in the number of electrons from 10. The
energy regions from —9.4 to 2.0 eV for Au and —9.4 to 3.0 eV for Pt in the
XANES were used for the integration of the XANES spectra. The energy
region from —9.4 to 0 eV for Au and Pt in the d-projected DOS was used
for the estimation of the number of electrons in the 5d-states.
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Fig. 9 Calculated electron densities for Au—Pt alloys. (from top to bottom)
Pure Pt, Au:Pt=1:3, Au:Pt=1:1 Au:Pt=3:1and pure Au. The maximum
and minimum contour values were 0.14 and 0.04 bohr~>, respectively. The
shadowed areas represent the muffin-tin sphere for each atomic species
within which the number of electrons was counted (see text).

with the ratio of Au:Pt = 2.3:1. The integrals of the white line
of XANES for Au element sharply increased with further
increases in the Pt ratio. The present theoretical calculation
showed that the changes in the edge region of the XANES
spectra were caused by the following mechanism: the change
of the occupation of the Pt 5d-states for the change in Pt
L; and the orbital hybridisation of the Au 5d-states with the
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5d-states of the neighbouring Pt atoms in the case of Au,
where the 5d-states are well below the Fermi level (Ey) in the
elemental metal.

4.5 DFT calculation of the electron density in the model alloys

We turn to changes in the real space charge distribution
corresponding to the changes in the DOS and XANES spectra
upon alloying. Fig. 9 shows the electron density in the (111)
plane for each composition. In elemental Au, the electron
density around each Au atom was almost spherical, reflecting
the filled 5d states. With increasing Pt in the alloy composition,
the electron distribution around the Au atoms deviated
from the spherical shape, extending to neighbouring Pt atoms.
For the Pt atoms, the distribution in the pure Pt was hexagon-
shaped in the (111) plane, reflecting partially filled 5d-states in
Pt. When the Au composition was increased, the nonspherical
electron distribution became less pronounced. These results
indicated that the atoms in the alloys were indeed intermediate
between those of Au and Pt with respect to the interatomic
chemical bonding.

5. Conclusions

The element-ratio dependence of the 5d-states of Au and Pt in
the solid-solution-type alloy NPs was investigated on the basis
of experimental L; XANES spectra and DFT calculations. The
changes in the white line intensities of the L; XANES spectra
clearly showed that the occupation of the Pt 5d-states in the
alloy NPs gradually increased as the elemental mixing pro-
gressed under the higher reaction temperature. The present
DFT investigation demonstrated that the occupation of the
5d-states in the Au atom decreased specifically above the Pt ratio
of Au:Pt = 1:1, which was an opposite trend to the increase in
the electron occupation of the Pt 5d-states. This result is
evidence of the formation of intermediate electronic structures
between the constituent elements of Pt and Au. The mechanism
of the formation of the intermediate electronic structures in Pt
and Au was clarified as the occupation change in the Pt 5d-states
and the orbital hybridisation of the Au 5d-states with 5d-states of
the neighbouring Pt atoms around the Au atom, respectively.
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