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The electronic structure and charge redistribution of 6s conduction charge and 5d
charge in Au and Pt alloys, AugPt and AuPtg have been investigated using a charge
compensation model. It is found that, both the Au and Pt 4f binding energy (BE)
exhibits a negative shift in the alloys relatively to the pure metal in apparent disagree-
ment with electroneutrality considerations (Au is the most electronegative metallic
element); more interestingly, the negative Au 4f BE shift in Au-Pt alloy is in con-
trast to previous observations for a large number of Au bimetallic systems with more
electropositive hosts in which the more electropositive the host,, the more positive the
Au 4f BE shift. This anomaly is counter intuitive to electronegativity considerations.
This dilemma was resolved by the charge compensation model in which both elec-
tronegativity and charge neutrality can be satisfied and the overall charge flow 6, onto
Au is small and positive and 0 arises from charge flow of 6s conduction charge, 4n,
onto Au site, which is partially compensated by the depletion of 6d charge 4n, at the
Au site (8 = An.+ Ang ~0.1 >0). The much larger Coulomb interaction between 4f
and 5d than that between 4f and 6s results in positive 4f BE shifts. The Au 4f BE
shift in Au-Pt alloys together with '°3Au Mossbauer data were used in the charge
compensation model analysis which shows that the model is still valid in that the Au
4f shift in Au-Pt alloy arises from mainly conduction charge gain with little depletion
of d charge at the Au site. The model also works for Pt. The Au and Pt 5d character in
the alloys have been examined with valence band spectra which show both maintain
their d characteristic in dilute alloys with Pt d piling up at the Fermi level, and the
top of the Au valence band being pushed toward the Fermi level; this is confirmed
with DFT densities of state calculations. When Pt is diluted in Au, it gains d charge
as evident from the reduction in whiteline intensity at the Pt L3-edge XANES. What
emerges from this work is a picture in which the s-d charge compensation in Au
bimetallic alloys is triggered by electronegativity difference between Au and the host.
For Au-Pt and Au-Pd systems, the difference in electronegativity is very small, con-
duction charge transfer dominates, and the Au 4f shift is negative whereas in most
Au bimetallics, the larger the electronegativity difference, the larger the compensation
and the larger the Au 4f shifts. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5027251

I. INTRODUCTION

The electronic structure of bimetallic Au systems exhibits some peculiar behaviour leading to
an apparent anomaly in the Au 4f binding energy shifts!~*- that is that in Au-metalloid intermetallic
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systems, including compounds and random alloys, such as AuAl,, AgGay, AuTe,> and AuZn® etc.
as well as Au-3d, 4d and 5d metal alloys and compounds, such as Au diluted in 3d transition metals
and a series of Au-Cu’® and Au-Ag® alloys, as well as Au-Ti!? and Au-Ta'! metallic compounds,
the Au 4f binding energy shift in alloys relative to that of Au metal is always positive, indicating
charge depletion at the Au site upon alloying. In fact, the larger the electronegativity difference
between the host and Au, the lager the positive Au 4f shift. This is in contrast to the electroneg-
ativity expectation that Au, the most electronegative element among all metallic elements, should
attract electron charge hence a negative shift is expected. The electronegativity according to Paul-
ing’s scale is 2.4 for Au, 2.2 for Pd and Pt, 1.5 for Al; yet AuAl, intermetallic exhibits the largest
4f shift of 1.95 eV!?! This positive binding energy shift is also in apparent disagreement with '°7 Au
Mossbauer isomer shift (IS)"*1*17 which measures the contact density at the nucleus and is in line
with electronegative arguments, i.e., that, the larger the electronegativity difference between Au
and the other metallic component in the bimetallic system, the larger the IS (larger contact den-
sity). AuAl, has the largest IS of 7.6 mms™'!'?! On the other hand, it is expected that in metallic
system, electroneutrality holds, that is that the net charge flow on and off a site should be nearly
ZEero.

This apparent dilemma was finally resolved by the introduction of a charge compensation model
by Watson et al." which takes into account of the compensation of 6s-like conduction electron gain
and 5d charge depletion, together with the appropriate evaluation of the Coulomb integral using a
normalized atom method (Wigner-Seitz cell). It was then confirmed that there is little net charge
flow indeed between Au and host-metal atoms upon alloying, i.e., that the increase of predominantly
s-like conduction-electron count, An., at the Au site within the Wigner-Seitz volume (expected
from electronegativity arguments and evident from Mossbauer IS) is largely but not totally com-
pensated by a depletion in 5d electron count, Ang. Since the core level binding energy change by
placing an additional 5d electron at the Au site Fy in the renormalized atom acheme! is signifi-
cantly larger than that of an additional 6s conduction electron, F ., an imbalance 5d charge depletion
(IAncl > 1Angl) can still lead to a positive 4f binding energy shift. It was found from several analyses
that the net charge flow at the Au site, 8 = An. + Ang, is positive but very small (~ 0.1 elec-
tron) and that the ratio An./Ang is surprisingly constant given the various numerical uncertainties
of the analysis.”™* It thus appears that the Au d bands are actively involved through hybridization
in alloying, and that such s-d compensation is a general characteristic of Au alloys. Substantial
hybridization of the Au d bands with the Au non-d states and with the valence states of host metal
atoms is observed in the valence-band spectra. The relationship of this hybridization to the d and
non-d charge-transfer effects inferred from the core level and Mdssbauer shifts was later confirmed
with X-ray Absorption Near Edge Structure (XANES) measurements of the whiteline (WL) inten-
sity at the Au L3 »-edge, which tracks the unoccupied states of 5d character, primarily 5ds» in Au
and Pt.%16:17

Despite considerable work on the electronic behavior of Au bimetallic systems, experimental
studies of Au-Pt alloys are relatively lacking albeit there have been further theoretical investigations
on the effect of electron redistribution in bimetallic systems on surface and bulk binding energy
shifts.'®!° Au and Pt are interesting 5d noble metals in that, the relativistic effect of the 5 d electrons
are large; this leads to the dominance of the 5ds,, and 5dz,, character. Au and Pt are the most and
second most electronegative metallic elements according to Pauling’s electronegativity scale. In the
case of Au metal (nominal electronic configuration in the solid: 6s!5d!?), the d band is full, the top of
the d band is ~ 2 eV below the Fermi level where the Fermi edge is essentially 6s conduction character;
the combined effect of spin-orbit coupling (atomic value is ~ 1 eV) and d band formation results in
a broad d band with an apparent spin-orbit splitting of ~2.6 eV (separation of the d band doublet)
with the d band centroid at ~ 4.6 eV below the Fermi level. In the case of Pt metal (6s!5d°) however,
the d band is not completely filled, the 5d-6s hybridization is more extensive leading to a wider d
band than Au; the top of the occupied d band is at the Fermi level and it exhibits narrow unoccupied
densities of states (DOS) of 5ds/, character just above the Fermi level as evident from the L3 >-edge
WL intensity anomaly.?*->* The presence of unoccupied d states above the Fermi level also leads to
the asymmetric shape of the Pt 4f peaks, due to many-body effects, known as the Doniac-Sunjic (DS)
asymmetry as compared to the more symmetric Au 4f.>*2 It is this unoccupied d states that lead to
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the catalytic properties of Pt.?63" One may then ask what the electronic structure is in terms of s-d
hybridization in Au-Pt alloys and how it is manifested in the 4f binding energy shift, Mossbauer IS
and the occupied and unoccupied d states across the Fermi level in valence band (VB) and L3 »-edge
XANES and WL intensity measurements.

The advent of nanotechnology has led to the synthesis of Au-Pt nano systems such as nanopar-
ticles and nanowires which exhibit controllable catalytic behavior.?®3" Interestingly, it was reported
that in Au-Pt bimetallic particles, both the Au and Pt 4f binding energy exhibit a negative shift rel-
ative to that of the pure metal, an anomaly among the anomaly of Au 4f binding energy shift in Au
bimetallics.* Also, ' Au Mossbauer of Au-Pt nanoparticles exhibit a small but measurable positive
IS.3Y At first glance, these results show that both Au and Pt gain charge upon alloying; this is not in
good accord with electronegativity and electroneutrality considerations. Unfortunately, nanostructure
results are complicated by its size and morphology dependent behavior, which often lead to different
degree of surface segregation, hence chemical inhomogeneity, e.g. forming core-shell structures.?*-°
Thus, we study the above-mentioned issues using bulk alloys in this work. More interesting still, it
has also been reported that in Au-Pd alloys, Au 4f also shows a negative shift>! but the Pd 3d shifts
positively. The ''° Au Mossbauer shows a positive IS.3? This seems to be the only case all the binding
energy shifts can be straightforwardly interpreted with electronegativity considerations in bimetallic
Au alloys. Thus, we will address in this paper not only the specific case of Au-Pt alloy where both Pt
and Au 4f shift to lower binding relative to the pure metal but also all Au bimetallic binding energy-
electronegativity cases, counter intuitive or in line with electronegativity considerations under the
same roof. Bimetallic Au and other noble metal nanostructures and catalysts have become a very
trendy topic in contemporary research and technology, in fuel cells for example, where the width and
occupancy of the metal d band in the electro-catalyst correlate with catalytic performance;*® thus,
this paper provides the practitioners (often material scientists, chemists and engineers) in these fields
a fundamental basis for the interpretation of their data.

In this work, we explore the electronic behavior of Au-Pt bulk alloys by investigating two bulk
compositions in the dilute regime, AuPtg and AugPt. X-ray Photoemission Spectroscopy (XPS) and
XANES were used, respectively, to track the 4f binding energy and the VB, and the L3 >-edge WL
intensity which tracks the unoccupied DOS of ds, 3> character above the Fermi level. The experimen-
tal results recorded from this work together with ''° Au Mossbauer IS from the literature'>!3 are used
to analyze the charge redistribution in Au-Pt and Au-Pd3? systems on the basis of the charge com-
pensation model.' The rest of the paper is arranged as follows: Section II describes the experimental
procedures and calculations performed to assist the interpretation followed by results in section III
then analysis and discussion in section IV and conclusion in section V.

Il. EXPERIMENTAL PROCEDURES AND CALCULATIONS

Stoichiometric amount of Au and Pt (10% atomic dilution) were arc melt repeatedly to ensure
homogeneity followed by annealing. Au and Pt form random alloys according to the phase diagram.>
The ingots thus obtained were polished. X-ray diffraction shows that the alloy specimens exhibit
patterns characteristic of a fcc crystal structure; there exhibits some broadening and asymmetry
indicating a random alloy. XPS measurements were conducted at the Kratos XPS spectrometer of
Surface Science Western using monochromatic Al Ka (1486.6 eV), the XPS end-station of the VLS
PGM (10-125 eV) beamline®* using 180 eV photon and the SXRMB (1.7 -10 keV) High Energy
XPS (HEXPS) endstation® using 2500 eV photon at the Canadian Light Source. Both end-stations
at the CLS were equipped with Scienta analyzers operating at 50 eV pass energy. It should be
noted that accurate measurements of XPS binding energies (e.g. +£0.01) at the synchrotron requires
careful energy calibration and a laboratory source helps ensure the correct calibration. Fortunately,
the observed shifts are significant in this analysis and they were carefully calibrated against possible
beamline stability due to ring current decay, optics warm-up etc. In XPS measurements, the surface
of the specimens was cleaned sequentially in acetone and hexane solutions in an ultrasound bath prior
to introduction to the experimental chamber followed by Ar* sputtering. It should be noted that in
the HEXPS measurement where bulk photoelectrons have sufficient kinetic energy to be detected by
the detector, Ar* ion sputtering is not always necessary to obtain bulk binding energy shifts.
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Au and Pt L3 -edge XANES were collected at the BM beamline of the PNC-XSD, sector 20, at
the Advanced Photon Source, Argonne National Laboratory with the storage ring running in a top-up
mode. Measurements were made in transmission using multiple layers of fine alloy powders (filed
off from the ingots) on Kapton tapes; a Pt or Au foil was used in a three-ion-chamber arrangement
to simultaneously calibrate the energy of the X-rays at the Pt and Au L3-edge.

To assist the interpretation of the VB spectra and the XANES data, we have conducted band
structure calculation of the DOS of Auj;Pt (more suitable, symmetry wise than AugPt) and AuPt;;
using the Density Functional Theory (DFT) based WIENK2 code®*° and a super cell with the
following parameters:

Auyp Pt super cell lattice constants
a=b=4.08 bohr=2.159 A, ¢ = 12.24 bohr = 6.4771A; a. = = y = 90°
Atomic sites:

Au (1) at (0, 0, 0); Pt (1) at (0, 0, 0.333333); Au (2) at (0, 0, 0.666667);

Au (3) at (0.5, 0.5, 0); Au (4) at (0.5, 0.5, 0.333333); Au (5) at (0.5, 0.5, 0.666667);
Au (6) at (0.5, 0, 0.1666667); Au (7) at (0.5, 0, 0.5); Au (8) at (0.5, 0, 0.833333);
Au (9) at (0, 0.5, 0.166667); Au (10) at (0, 0.5, 0.5); Au (11) at (0, 0.5, 0.833333)

AuPt;; super cell lattice constants

a=b=23.92bohr=2.0744 A, c = 11.76 bohr = 6.2231A; a = =y = 90°
Atomic sites:

Pt (1) at (0, 0, 0); Au (1) at (0, 0, 0.333333); Pt (2) at (0, 0, 0.666667); Pt (3) at (0.5, 0.5, 0)
Pt (4) at (0.5, 0.5, 0.333333); Pt (5) at (0.5, 0.5, 0.666667); Pt (6) at (0.5, 0, 0.1666667)

Pt (7) at (0.5, 0, 0.5); Pt (8) at (0.5, 0, 0.833333); Pt (9) at (0, 0.5, 0.166667)

Pt (10) at (0, 0.5, 0.5); Pt (11) at (0, 0.5, 0.833333)

The partial and total DOS averaged over all relevant atoms involved will be presented in the discussion
section.

Similar cell parameters have also been used to calculate the Au and Pt 4f bonding energy shifts.
The binding energies of Au and Pt in fcc Au, Au;;Pt, AuPt;;, and fcc Pt are calculated based on
the ground state energies using DFT (Density Functional Theory) with GGA (Generalized Gradient
Approximation) and PBE exchange correlation potential*’ and SCF (Self-consistent) calculation with
the program, WIEN2k. The calculations are carried out with and without a core hole.

The calculation shows that the calculated binding energies are generally under-estimated by
5-7 eV compared to experiment but the trend is in good agreement; for example, with one core

TABLE I. Relevant parameters® for analysis; the bold letter values represent the shift of the diluted components.

197 Au Mossbauer ABE (Au 4f)°, ABE (Pt 4f)°,

Sample hv (eV) Isomer shift (mm/s) Alloy — Au (eV) Alloy — Pt (eV)
PtAug 180 -0.11 -0.43
PtyAu 180 -0.14 -0.05
PtAug 1486.6 0.08¢ -0.11 -0.50
PtyAu 1486.6 0.78°¢ -0.24 -0.09
PtAug 2500 -0.04 -0.45
PtyAu 2500 -0.26 -0.09

Pty Au (NP)d 1486.6 -0.36 -0.10
PtAuy (NP)¢ 1486.6 -0.10 -0.59
PtAu quenched® 0.41

2This work except noted.

bvalue represents the average of various sites in a random alloy; the linewidth is nearly the same for the Au 4f under similar experimental
conditions and the Pt 4f peak becomes a little narrower and less asymmetric in dilute alloys due to charge transfer into the Pt d band which
affects the DS parameter in the peak shape.

Cextrapolated from ref. 30.

dref. 29.

Cref 30.
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hole the calculated Au 4f ABE between AuPt;;, and Au is -0.52 eV and the Pt 4f ABE between
AuPti; and Ptis -0.61 eV, in qualitative agreement with experimental values (Table I, block values).
Without the core hole, the agreement is also satisfactory, the calculated 4f ABE value is in better
agreement (-0.25 eV) with experiment for AuPt;; and less satisfactory (-0.88 eV) for PtAu;;. The
discrepancy may arise from a slightly compressed and expanded unit cells in AuPt;; and PtAu;,
respectively.

lll. RESULTS

Figure 1 shows the Au and Pt 4f region of the alloys and the pure metals recorded using monochro-
matic Al Ka X-rays. The slight variation of ABE using different photon energies is due to slight
chemical inhomogeneity of a random alloy, different cross-section*! and penetration depths of the
X-rays** and escape depths of the electrons as well as surface contribution,** and it does not affect
the direction of the shift and the conclusion of the analysis. It is apparent from Figure 1 that (i) in
both alloys, the Au 4f and Pt 4f doublet shift to lower binding energy relative to the pure metal;
(ii) the shift is noticeably larger for Pt when it is diluted in Au than Au diluted in Pt and the shift
increases with dilution; (iii) the peak height ratio is close to the stoichiometric ratio with the majority
component slightly depleted. Since the 4f partial photoionization cross-section for Au and Pt are
nearly identical,*! this indicates some loss of the majority component during the repeated arc melting
or segregation of the minority components towards the surface, (iv) there is a small shoulder at the
higher binding energy side of the Pt 4f peak in AugPt which is reduced upon sputtering but cannot be
removed totally upon repeated sputtering, it is attributed to surface oxide in the cracks in the surface.
XPS at 180 eV (more surface sensitive) and 2500 eV (more bulk sensitive) photon energy (not shown)
confirm the bulk and surface origin of these peaks and finally; (v) the Pt 4f peak shape, which exhibits
a significant asymmetry in Pt and PtyAu with the Doniach-Sunjic line shape,’*?>** becomes more
symmetric and Au like in AugPt.

Figure 2 shows the VB region of the alloys and the pure metal. As noted above, Au shows the
characteristic 5d band with the d band edge at ~2 eV below the Fermi level whereas the top of the Pt
5d band is at the Fermi level. The alloy generally maintains the appearance of the host. More details
will be discussed below.

Figure 3 shows the Pt and Au L3;-edge XANES of the alloy vs the pure metal. Bearing in mind that
the atomic Pt L3 edge jump is 8% larger than that of Au, the composition is close to the stoichiometry.*>
It should be noted that the Pt L3-edge EXAFS runs underneath the Au L3-edge XAFS which is only
several hundred eV above, so that Au L3-edge of the diluted Au alloy cannot be reliably extracted
accurately and we will focus on the analysis of the Pt L3-edge in AugPt which appears to be the most
interesting.

Au 4If-_.:
4
2x10 Au
Pt 4f.,, AugPt

z = — AuPt,
2 Pt
>
:.-‘: 1x10* 4
8

70 75 80 85 90
Binding Energy (eV)

FIG. 1. Au and Pt 4f XPS spectra of Au, AugPt, Pt and AuPty (top to bottom); the dotted lines show the negative binding
energy shift of both Au and Pt in the dilute alloy relative to the pure metal.
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FIG. 2. Al Ko XPS VB spectra of Au, AugPt, Pt and AuPty from top to bottom; the dotted line tracks the Fermi level.
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FIG. 3. PtL3- and Au L3-edge XANES of AugPt and AuPtgy (left panel); the total edge jump is normalized to unity (absolute
edge jump for the Pt L3-edge is 8% larger than that of the Au L3-edge). The right panel shows the L3-edge XANES of Au and
Pt metal relative to the threshold. The area under the difference curve is the experimentally determined WL intensity, which
is proportional to the Pt d hole at the Fermi level.

The Au and Pt 4f binding energy shifts of the bulk alloys and relevant XPS Au 4f binding energy
shift and Mossbauer IS values of PtAu alloys are summarized in Table I. It can be seen from Table I
that the 4f binding energy shifts are in the same range as those reported in Au-Pt nanoparticles
studies;?? all shifts are toward the lower binding energy side relative to the pure metal and that the
Mossbauer IS is slightly positive, indicating a small contact density increase in all Pt-Au bimetallic
systems.>® More detailed analysis of the data presented here will be analyzed and discussed in the
next section.

IV. ANALYSIS AND DISCUSSION
A. Charge distribution at the Au/Pt site from 4f binding energy and Mossbauer IS

Let us begin the analysis of the charge redistribution at the Au site in PtgAu with the charge
compensation model.! In this model, the binding energy shift between the alloy and Au, 4BE, is
related to the conduction charge gain, 4n., 5d charge depletion, 4n,;, a Madelung-like term due to
a small net charge flow onto the Au site, ¢, and volume effects if it applies and can be expressed in
equation 1 below.

dE
ABE(alloy — Au)=—4n.F, — AngFq + 6Fjuy + AEF + (W)AV (1)



065210-7 Wang et al. AIP Advances 8, 065210 (2018)

where F, and F; are the changes in Au 4f core-electron binding energy resulting from the addition
at the Au site of a single conduction or d electron, respectively.!>!! The net charge flow, 8, involves
the redistribution of both the conduction 4n., and 5d charge, 4n,, upon alloying shown in Eq. 2.

0=4n. + Any ()

A net charge flow gives rise to a Madelung-like contribution, 6F,;, due to the presence of this
charge outside the volume of the Au atom. This term, which is a Madelung sum for an ordered
compound, arises, in the case of a dilute impurity, from the placement of the transferred charge & in
the immediate neighborhood of the impurity site, after the manner of Friedel theory.*® Eq. 1 connects
the experimental binding-energy shift ABE (alloy-Au), which is measured relative to the Fermi level,
to charge redistribution upon alloying. The AEF terms, calculated relative to the crystal zero, is the
Fermi level shift, taken to be the difference in work function -A¢ (the difference in surface dipole
barrier which is often small and similar in metals has been neglected in this calculation). It is often
necessary to include the A¢ term in order to bring the ABE, and the F, and F; to the same reference
level in cases where the work function of the Au and host is significant different.!* In this case,
the work function of Au and Pt are similar, both slightly larger than 5 eV, A¢ is neglected. A small
uncertainty in this term will not affect the conclusion of the analysis (see below). The last term is for
volume correction; it deals with the deviation from Vegards law* in volume changes affecting the BE
change due to compression or expansion. In the case of Au-Pt alloys, they both have the fcc structure
as in the pure metal, this term is small. Thus, equations (1) and (2) for Au-Pt alloy may be combined
to the first approximation to yield

ABE = 6(Flatt - Fd) —dn(F. - Fy) (3)

From Eq. 3, 4n, at the Au site in Au-Pt alloys can be obtained from ''° Au Mossbauer IS using a
scaling factor of An,, =-0.086 IS(mms').!# The F values have been calculated and tested extensively
to confirm the validity of the charge compensation model.!*7-1> Relevant values for Au and Pt F
parameters used in the analysis are given in Table II.

Using the Al Ka Au 4f data from Table I, the IS conversion, and Eqgs. 2 and 3, we obtained 4n,
and 0, then the values of 4ny = § - 4n. at the Au site in AugPt. Although 195 pt Mossbauer IS of
Au-Pt alloy and its conversion to 4n, are not readily available, Eq. 3 can still be used to calculate
the charge redistribution at the Pt site taking into account charge conservation considerations; i.e.
that charge flow onto the Au site must be balanced by the loss of charge off the Pt site; for a 50-50
alloy for example, 6(Pt) = - 8(Au) and in this work, 8(Pt) = - 98(Au) in AugPt and d(Pt) = - 8(Au)/9
in AuPty. The ¢ at the Pt site in Eq. 3 is then known and 4n, is the unknown. The results of these
analysis at both Au and Pt sites are summarized in Table III.

TABLE II. Relevant F parameters of 5d metallic elements.?

5d metal F. Fy Froy F.-Fg Fry - Fq
Au (eV) 12.5 15.5 7.8 -3.0 -1.1
Ta (eV) 11.0 13.0 7.8 -2.0 -5.7
Pt2(eV) 12.3 15.1 7.8 -2.8 -1.3

Interpolated values from Ta and Au F parameters in terms of 5d counts (ref. 11).

TABLE III. Conduction and d electron transfer, the dilute cases are highlighted with block numbers. Uncertainty is estimated
to be ~ 10%.

Alloy ABE, Au 4f (eV) ABE, Pt 4f (eV) An, 9 Ang
AuPtg Au site -0.24 0.067 0.057 -0.010
AuPty Pt site -0.09 -0.088 -0.006 0.082
AugPt Au site -0.11 0.007 0.017 0.010

AugPt Pt site -0.50 -0.577 -0.153 0.730
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Itis interesting to note from Table I1I that charge redistribution at the Au site exhibits the following
characteristics: (i) the net charge flow is small (& < 0.1 electron) and the direction of the net charge
flow is in good accord with electronegativity expectation. (ii) Au gains 6s conduction charge and loses
d charge in AuPto, as in the case of all Au bimetallic; the 4n, value of 0.067 is in line with the dilute
limited of 0.10 previously noted' and (iii) Au gains very small amount of charge of both s and d
character in AugPt. Observations (i) and (ii) are consistent with observation on other Au bimetallics
with non-d and transition metals. Observation (iii) shows that the d electrons are much less involved in
the rehybridization upon Au-Pt alloying (very small difference in electronegativity) and the depleted
d counts are no longer sufficient to compensate the effect of the gain of the conduction electron count;
as a result, the Au 4f binding energy shifts to lower binding energy. In AuPty, for example, 4n, is
~ 7 times larger than the depleted d count, 4n, while the F; is only 24% larger then F. Thus, the
nearly constant ratio of |4n./Any | ranging ~ 1.1 - 2.0 observed previously* does not hold in Au-Pt
alloys.

Charge redistribution at the Pt site for AugPt shows a more significant redistribution of the Pt
conduction and d electrons in the direction opposite to that of the Au diluted in Pt; 6 and 4n, are
in good agreement with electronegativity expectation but 4ny is not. This is perhaps not surprising
since the Pt d band is not completely filled and can easily accommodate additional d charge. The
unoccupied d states just above the Fermi level in Pt provides a buffer for charge redistribution and
this property makes Pt an ideal material for the design of catalyst for a desired functionality. The
An. and 4n; compensation is more significant and the Pt site gains sufficient d charge to compensate
the coulombic effect due to conduction charge loss at the Pt site; the net effect produces a negative
binding energy shift. Since the d hole at the Pt site in nominally ~1 (6'5d°, slightly varied due to s-d
hybridization and band formation which can be obtained from band structure calculations),?? the 4ny
value of 0.73 for Pt in AugPt is in the right direction albeit likely an overestimate. The direction of
the charge flow is unmistakably towards d charge gain at the Pt site. This d charge gain at the Pt site
will fill the previously unoccupied DOS at the Pt Fermi level. This is also evident from the change
of line shape from DS like in Pt metal to the more gaussian-like in AuPto, this change is associated
with a reduction of unoccupied d states above the Fermi level, hence reducing the many-body effects
in the 4f level excitation. The d charge gained at the Pt site in AugPt is confirmed from the reduced
intensity of the Pt L.3-edge WL (Fig. 3 and 6). More detailed discussions will be given in section IV-C
below.

We can also apply the compensation model to interpret the negative Au 4f binding energy
shift and charge redistribution in the Au-Pd bimetallic system reported in the literature.3'-3> The 4f
binding energy shift and '°7 Au Mossbauer IS of a 50-50 AuPd alloy system is used as an example,
for which the ABE and IS have been measured as - 0.34 eV?’ and 1.06 mms™',?° respectively, the
latter corresponds to 4n. = 0.09 at the Au site. Using Eq. 3 and assuming negligible work function
changes (Au, Pt and Pd all have work function slightly over 5eV depending on the specimen), we
obtain 6 =0.08+0.01, 4n, =0.09+0.01 and 4n; =-0.01+£0.01 electron count for charge redistribution
at the Au site in AuPd. The errors were estimated by allowing a 20% uncertainty in the sum of the
energy terms in Eq. 3 except the d term. It is immediate apparent from this analysis that as in the case
of AugPt, Au in AuPd gains mostly 6s conduction charge with little 5d charge depletion (JAn./Ang|
~ 9:1) and the Au 4f binding energy shifts in the direction expected from electronegativity. Au-Pt
and Au-Pd appear to be the only Au bimetallic system where Au 4f binding energy shifts are as
expected from electronegativity considerations. All other Au bimetallics exhibit a positive Au 4f
binding energy shift; in fact, the larger the difference in electronegativity, the more positive the Au 4f
BE shift.!~!! Thus, a trend emerges in which Au is more likely to switch on s-d charge compensation
as the electronegativity difference between Au and the host increases.

B. The VB spectra and the occupied DOS below the Fermi level

The above-discussed charge redistribution can be observed in the XPS VB spectra which display
the occupied DOS of both 6s and 5d character. Since the 5d electrons have a considerable higher
count (cross-section) than 6s at these photon energies,*' the d band is a dominant feature in the VB
of these metals. We can see from Figure 2 that the dilute alloys exhibit patterns similar to those of
pure metal, where the Au d band is broad, lies at ~2 eV below the Fermi level and shows a doublet
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centred at ~ 4.6 eV below Eg with a splitting of ~ 2.6 eV, which results from the combined effect
of spin-orbit and band formation and is significantly larger than the atomic spin -orbit interaction of
~ 1 eV. The 6s conduction electron is nearly free-electron like and shows as a Fermi edge at zero
binding energy. The AugPt VB clearly shows additional DOS just below the Fermi level not seen in
pure Au and it can be attributed to the 5d character of Pt in the dilute alloy. The AuPty VB appears to
be very similar to that of the Pt metal which exhibits high occupied DOS of 5d character just below
the Fermi level and a broad d band while the Au component is buried under the Pt DOS.

To better examine the contribution of Au and Pt components to the VB, we have obtained the
difference curve between the VB of the alloy and the pure metal with proper scaling. Again, the similar
cross section*! of the Au and Pt 5d electrons facilitate the analysis. Fig. 4 shows the difference curve
of the VB assuming that cross-section is additive. The alloy and metal VB are normalized to the most
intense peak, the “apparent d3,», component” (BE~ 7 eV) in the d band of Au and the d band edge
of Pt just below the Fermi level. The metal VB intensity is reduced to 90% prior to subtraction. This
approximation is justified since the Au 5d3;; component is least affected by alloying*” and 90% of
the alloy is the host metal. It will provide valuable information albeit semi-quantitative at best on
the d-d interaction among the Au and Pt atoms in the alloy band formation. It should be noted there
should still be direct Pt-Pt and Au-Au interaction at the impurity site of the dilute alloy with 10%
impurity atoms, since in the fcc phase, each atom is surrounded by 12 neighboring atoms.

From Fig. 4, we see that there is a narrow and high DOS in AugPt VB just below the Fermi
level marked by an arrow and it must be from the Pt d band while the d character of Au host remains
Au like. The difference curve in the AuPty VB shows that while the Pt d band component remains
Pt metal like, for the Au d band, despite keeping its Au metal d band like feature, the top of the d
band has been pushed towards the Fermi level (marked by an arrow). This is very interesting and
suggesting that the Pt d band can be easier manipulated then the Au d band. This observation is
supported by DFT calculation of the DOS of Au;;Pt and AuPt;;, as shown in the upper panels of
Fig. 5, the partial densities of d states for both AujPt and AuPt;;, which clearly show that the
host metal 5d band component is essentially that of the metal (not shown). In Auj;Pt, the top of
the Au d band is still below the Fermi level but there is a presence of narrow and high DOS of
Pt d character just below the Fermi level. In AuPt;;, while the Au d band is still Au metal like
but the top of the d band has been pushed towards the Fermi level confirming the experimental
observation (Fig. 4).

C. Pt L3»-edge and unoccupied DOS above the Fermi level in AugPt

Figure 3 shows the Pt L3-edge XANES of the AugPt alloy and Pt metal. The sharp peak at the
Pt L3-edge is the well-known WL which arises from dipole electronic transition from Pt 2p3, to
the unoccupied electronic states of Pt 5ds/ 3,2 character above the Fermi level. The area underneath

AUPt-09Au A AuPte-0.9Pt
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FIG. 4. Difference VB (shadowed area) between alloy and the metal (see text). Left panel: VB (AugPt) - 0.9 X VB(Au); right

panel: VB (AuPty) - 0.9 x VB(Pt). The difference curve represents the d band of the diluted components: Pt in AugPt on the
left and Au in AuPtg on the right. The arrows mark key features predicted by DFT DOS calculations.
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FIG. 5. DOS of AujPtand AuPt;;; Fermi level is at Energy = 0 eV. It should be noted the DOS scale for the s and p electrons
has been expanded considerably, in the d DOS scale, they are less than 10% compared to d counts. The most interesting
features are in the partial DOS of d character marked with arrows which are observed experimentally (Fig. 4).

the curve, often represented by the difference curve between the Pt and Au L3-edge XANES relative
to the edge jump (threshold) is shown in the left panel. Since both Au and Pt have the same fcc
structure with very similar lattice constant, and the Au L3-edge XANES exhibits no WL for the Aud
band is full, this is a good approximation.?! The Pt 5d hole can be calculated as was done by Mattheiss
and Dietz,?? leading to the following expressions relating the WL intensity to the Pt d hole counts.

6hs)y +h
A3 = CoNoEs(RT)? (—5/ —r ) (4a)
1
AAr = CoNoEx(RY "2)2(§h3 /2) (4b)

where C,=4n?a/3 (o is the fine structure constant), N is the density of Au atoms, E;3 are the
absorption threshold energies, and R is the radial dipole integral. If, to the first approximation, the
radial dipole moments for the two excitation processes are assumed to be equal, then the d-hole
counts, hs, and h3z., can be expressed in terms of WL intensity (area under the curve) AAz and AA;
at the L3 and L, edge, respectively as shown in Eq. 5.

1 (_E>

h5/2 2C (5 AA3 - AAz) (Sa)
3

h3j2 = E(AAz) (5b)

where C=C,N,E; (R[21p )2. It is well known that in Pt and Au, the 5d spin orbit interaction is large
and 5ds;; and 5d3/; characters are separated; for example, in Pt the unoccupied 5d states are primarily
of ds character.%?! Thus, to fully evaluate the d hole count using Eq. 5, we also need to obtain the
WL intensity from the Pt L,-edge XANES. As noted above, the Au L3-edge data (E, = 11919 eV)
suffer from uncertainty arising from the presence of preceding Pt L3 edge EXAFS (E, = 11564 eV);
fortunately for the Pt Ly-edge (E, =13273 eV), the preceding Au L3-edge is far away and will not
contribute significantly to the Pt L,-edge data. The Pt L3 ,-edge XANES are shown in Figure 6,
which show little change at the Pt L;-edge WL but the post edge oscillations change noticeably. It is
interesting to note that this behaviour has also been observed in Pt-Au nanowires.?®

Let us first concentrate on the WL region. It is immediately apparent that there exhibit a significant
reduction of WL intensity at the Pt L3-edge of AugPt, indicating that Pt gains 5d charge at the Pt site
in AugPt. This observation is in excellent agreement with the analysis of the charge compensation
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FIG. 6. Pt L3>-edge XANES of AuPtg compared with Pt metal. The inset shows the WL region; the vertical bars mark the
oscillation maxima of the EXAFS of the alloy and the metal in energy and momentum (k) space; the progressively increase
in separation between the alloy and the metal, Akpyax is marked with horizontal double arrows.

model which shows that Pt gains 5d charge, and with the VB and DFT results, which show DOS of
significant Pt 5d character just below the Fermi level.

It is also interesting to note that despite a significant reduction in the alloy WL at the Pt L3-edge,
the Pt L,-edge WL region exhibits no WL and no change upon alloying confirming that in the alloy,
the 5d3, is full as in the pure metal and the active 5d character is 5ds/,. Thus, to a good approximation,
the Pt 5d hole change in AugPt can be expressed as,

5E,
hsjp=——41A 6
5I2= 50, A0 (6)
Equation (6) in principle can be used to evaluate the 5ds/,. hole count at the Fermi level. Alternatively,
one can extract empirically from a recent Pt L3 ,-WL study of Pt single atom to small clusters®’ to
arrive at the following linear relationship using a linear fit of four sets of AAj3 hs, values (5.61,
0.511; 6.18, 0.558; 7.19, 0.646; 7.73, 0.703).

hsjp =0.08994A3 +0.00422 )

where the slope (+0.0029) and the intercept (+0.019) with R? = 0.99696 for the goodness of the fit
were obtained from the linear fit of the AA3 and hs/, hole values, showing that it is a very good fit.
Analysis of the Pt L3-edge WL of AugPt shows that the area under the WL AA3 = 4.62 as illustrated
in Figure 2 (subtracting a Au L3-edge XANES) is 88% of that of the Pt or 12% reduction. Using
Eq. 6, one arrives at a hsy, value of 0.42 for AugPt or Angsz) of -0.1. This result not only confirms
qualitatively the direction of 5d charge depletion at the Pt site deduced from the compensation model
analysis but also shows that the d charge is primarily of 5ds,, character.

There are additional features in Figure 6 that are worth noting. These are the progressively
increasing separation of the EXAFS oscillation maxima, Aky,,x which are observed in both Pt L3-and
L,-edges. The Pt site in AugPt exhibits EXAFS oscillations with maximum closer to the threshold.
Generally, as a well-known behavior of EXAFS, the closer the oscillation maxima, the longer the
bond. Since Au and Pt have similar k dependence in both backscattering amplitude and phase, this
behavior observed in AugPt then shows, at least qualitatively, that locally, the Pt-nearest neighbor
(mostly Au, including Pt) interatomic distance is longer than those in pure Pt metal. This observation
is consistent with the fact that Au has a slightly larger lattice constant (4.08 A) than Pt (3.92 A);
this local expansion facilitates the gain of the more diffused d charge in Pt, in addition to a small
electronegativity difference.

V. CONCLUSION

From XPS and XAS measurements on Au-Pt alloys, AuPtg and AugPt, we observe a negative
4f binding energy shift of the Au and Pt in the alloy relative to the pure metal. This observation
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is in contrast to a large number of previous observations in which the Au 4f binding energy in
Au bimetallic shift to higher binding. Analysis of these data together with Mdssbauer results using a
charge compensation model show that Au gain a very small net charge of main 6s conduction character
in AuPtg with very little d charge depletion. As for Pt in AugPt, Pt loses s charge and gains d charge.
Both VB spectra and DFT calculations support these results. The Pt d charge gain is of primarily
5dss, character as revealed from the analysis of the Pt L3 -edge WL. Similar analysis performed on
a previously reported Au-Pd system shows that its behaviour is similar to that of the Au-Pt system,
both have small electronegativity difference from Au. What emerges on the analysis of the Au-Pt and
Au-Pd data together with all Au bimetallic system previously studied is that we have considered all
possible scenarios of s-d charge compensation for all possible cases of Au 4f binding energy shifts in
bimetallic alloys. Thus, Au bimetallic systems of any combination (intuitively or counter intuitively
to electronegativity consideration) can now be readily analyzed taking into account the mechanism
described here; that is that Au bimetallic systems can be tracked by s-d hybridization and charge
compensation which is triggered primarily by the difference in the electronegativity between Au and
its counter part in a bimetallic system: at small electronegativity difference, charge transfer is mainly
6s conduction character, as the counter component becomes more electropositive, d-charge depletion
will take place to offset the 6s conduction flow to maintain electroneutrality locally. These results will
have interesting implications for the understanding of bimetallic alloys and nanostructures containing
Au and Pt as well as noble metal bimetallic systems and their performance in given functionalities.
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