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X-ray Photoelectron Spectroscopic Investigations of CtNi, Au—Ag, Ni—Pd, and Cu—Pd
Bimetallic Clusters'

Introduction

Clusters of metals such as Au, Ni, Cu, and Ag deposited on
solid substrates have been studied extensively by employing
X-ray photoelectron spectroscopy and cognate technitjées. Ni
These studies have shown that the increase in the metal core-
level binding energy with the decrease in cluster size is not
merely due to final-state effects but arises from the decrease in_
the core hole screening and the occurrence of a metal-to-
nonmetal transition with decrease in cluster giZe.We have
been interested in investigating bimetallic clusters for some time.
A preliminary study of certain specific compositions of three
alloy systems, namely, GNi3, NizPd, and CyAu, showed that
the core-level binding energies of the component metals increase
with the cluster size after accounting for the effect of alloyitig.
We considered it important to establish not only that alloying
occurs in bimetallic clusters over a wide range of compositions
but, more importantly, that the shifts in the core-level binding
energies in the clusters due to alloying and cluster size are
additive. For this purpose, we have carried out a detailed
investigation of several compositions each of four alloy systems,
including those compositions which are rich in either component.

The alloy systems that we have investigated are-Ag, Cu—
Ni, Ni—Pd, and Cu-Pd.
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Core-level binding energies of the component metals in bimetallic clusters of various compositions in the
Ni—Cu, Au—Ag, Ni—Pd, and Cu-Pd systems have been measured as functions of coverage or cluster size,
after having characterized the clusters with respect to sizes and compositions. The core-level binding energy
shifts, relative to the bulk metals, at large coverages or cluster AEg,are found to be identical to those

of bulk alloys. By substracting thAE, values from the observed binding energy shilk§, we obtain the

shifts, AE., due to cluster size. Th&E. values in all the alloy systems increase with the decrease in cluster
size. These results establish the additivity of the binding energy shifts due to alloying and cluster size effects
in bimetallic clusters.
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resistive evaporation of the alloys under ultrahigh-vacuum
conditions. The clusters were deposited on amorphized graphite _.
surfaces and characterized by high-resolution electron micros-
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Figure 1. EDAX patterns of (a) NiPd clusters corresponding 1q;
+ lpdlc of 2.4 and (b) AgAu clusters corresponding t@, + lag/lc of

copy and EDAX analysis, before recording the core-level 3¢
spectra. It may be noted that while the Afg, Cu—Ni, and

Ni—Pd systems form alloys over the entire range of composi-
tions, the phase diagram of the €Bd system is somewhat
more complex, involving the formation of certain line pha¥es.
In the present study, we find that the shifts in the core-level
binding energies of the large bimetallic clusters of the various
compositions of CtNi (NigCu, NisCup, NizCuz, NiCug), Au—

Ag (AgeAu, AgsAu, AgAu, Ag,Auz), Ni—Pd (NiPd, NiPd,
NiPds, NisPd), and Cu-Pd (CuPd, CyPd,CwsPd, CwPds)
systems truly correspond to those of the alloys. By substracting
out the binding energy shifts due to alloying from the observed
binding energy shifts, we obtain the shifts arising from the
cluster size. Such additive effects of alloying and cluster size
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on the core-level binding energy shifts also support the view

* Dedicated to Professor Saburo Nagakura. that the increase in core-level binding energy found at small
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Figure 2. (a) Variation of the shift in the Cu(2p) binding energy
(relative to the bulk metal)AE, of Cu—Ni bimetallic clusters of Figure 3. (a) Variation of the shift in the Ag(3@) binding enery

different compositions with the coverage as determined byltek (relative to the bulk metal)AE, of Au—Ag alloy clusters of different
Ini)/Ic ratio. (b) Variation of the shift in the Ni(2p) binding energy, compositions with the metal coverage as determined bylheH(Iag)/
AE, with the coverage. Insets show variationd with actual cluster Ic ratio. (b) Variation of the shift in the Au(4$) binding energyAE,
size in the case of NCup. with the coverage. Insets show variationAfE with actual cluster size

in the case of AgAu.
Experimental Section . . .
were prepared using amorphous carbon films as supports which
withwere initially deposited on cleaned KBr crystals and subse-
a- quently transferred to a 200-mesh copper grid. The images were
analyzed with respect to the size distribution by using an image
analyzer (Leica Quantimet Q500MC). For example, in the case
of the Au—Ag system, the cluster size distributions were fairly
narrow. The cluster diameters are in the ranges-0.9, 0.5~
1.8 and 5-10 nm for@ = 0.4, 0.9, and 13, respectively, with
mean diameters of 0.4, 0.9, and 6 nm. In the case of the Cu
Ni system, the cluster diameter ranges areésland 2-8 nm
for 6 = 1.2 and 5, respectively, with mean diameters of 2.7
and 3.6 nm. These measurements confirmed thaf Wedues
from surface spectroscopic methods adequately describe clusters
of distinct size regimes.

Electron spectroscopic measurements were carried out
a VG ESCALAB V spectrometer fitted with a sample prepar
tion chamber at a base pressure~f x 10719 Torr. Al Ka
(1486.6-eV) radiation was employed for the XPS measurements.
Bimetallic clusters were deposited at room temperature under
ultrahigh-vacuum conditions on amorphous graphite surfaces
(obtained by Ar ion bombardment of graphite surfaces) by
means of resistive evaporation by taking an appropriate mixture
of the two high-purity metals wound around a thoroughly
degassed tungsten filaméft.When the filament was heated
in the preparation chamber of the spectrometer, the metals
melted and formed an alloy. We take the metal coverage
be proportional to the intensity ratiba(+ 1g)/Ic wherel, and
Ig are the core-level intensities of the metals &b the C(1s)
intensity of the support. We have used these intensity ratios Results and Discussion
throughout the paper to describe the coverdye,

Analysis of the bimetallic clusters was carried out using  We first investigated several compositions of the-@®i and
quantitative energy dispersive X-ray (EDAX) analysis. A Leica Au—Ag systems which readily form solid solutions over the
S-440i microscope operating at 20 kV fitted with a link ISIS, entire composition range. In Figure 2, we show the plots of
Oxford, and the ZAF-4/FLS program was used for analysis. the observed shifts in the binding energies of the CyfPand
Typical EDAX patterns of two bimetallic clusters corresponding Ni(2psy,) levels,AE, relative to the bulk metals (933.1 and 852.9
to the compositions NPd, and Ag/Au are shown in Figure 1. eV, respectively) against the coverage fos®l, NisCu,, Nis-

We have similarly obtained the compositions of the other alloys Cu;, and NiCy. The AE value should be close to zero at large
studied here. Cluster size distributions were obtained with the coverages just as in monometallic clusters, but the behavior of
help of high-resolution electron microscope (HREM) images. the bimetallic clusters is different. In the ENi system, the

A JEOL JEM 200 CX electron microscope operating at 200 AE of Cu(2p2) becomes increasingly negative at large cover-
kV was used for the study. Samples for electron microscopy ages as the Cu content in the alloy decreases. Thy§uNi
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Figure 5. (a) Coverage or cluster size dependence of the shift in the
2ps2 binding energy of Cu in CuNi bimetallic clusters,AE.. (b)
Variation of the shift in Ni(2p») binding energyAE., due to cluster
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Figure 4. Plots of the core-level binding energy shifts (relative to the
bulk metal value) at large coveragesk,, against the mole fraction
for (a) Ni—Cu and (b) Au-Ag bimetallic clusters. Dashed lines
represent the\E, values for the bulk alloys, and the symbols denote
the AE, values for the bimetallic clusters at large coverages.

shows aAE value of —0.3 eV at large coverages, while it is
close to 0 in NiCy. The AE value of Ni(2p/,) also becomes
increasingly negative as the Ni content decreases, withAthe
value being—0.3 eV in NiCw and 0 in NjCu. The observed
core-level binding energy shifts at large coverages are clearly
due to alloying. From XPS studies of bulk alloys of €u

Ni, 12714 it is known that the magnitude of the shift in the core-
level binding energy, of either component metal, increases as
its content decreases, as is indeed observed in the bimetallic
clusters in the present study.

In Figure 3, we have plotted the shifts in the binding energies,
AE, of the Ag(3d/,) and Au(4f,) levels of Ag Au, Ag/Au,
AgAu, and AgAus relative to the bulk metals (368.2 and 84
eV, respectively) against the coverage. The shift in the Ag{3d
binding energy decreases as the Ag content in the alloy
decreases. Thus, in A8u, the observed binding energy shift,
AE, at large coverages is 0.3 eV, while in &gz it is —0.2
eV. TheAE of Au(4f;) increases markedly with the decrease
in the Au content, with a value of 0.5 eV in A§u and 0.15
eV in Ag,Ausz at large coverages of these compositions.

It is instructive to compare the observed core-level binding
energy shifts of bimetallic clusters at large coverages with those
observed for similar compositions of bulk alloys. In Figure 4a,

AE /eV

—r

0-90 (a)
o
070 Ag(3ds,7)
@DD
0504 a
%O
ook a
0.30 o
o * a
0.10- N
oo *
A O® @ ® 00 Xx
-0.10 1 1 L 1 1
0.90F (b)
o]
IN AU(4f7/2)
070_*& *AggAu
L’“@A a Ag,Au
0.50 * 2 o Ag Au
0 ol o © A9A
. A
o **
a
0.101 a0 ™
o ® A O & A & Ao O
_010 T T T T T T
00 25 50 75 100 125 150

Coverge (9)

Figure 6. (a) Variation of the shift in the 3@ binding energy of Ag
in Au—Ag bimetallic clustersAE., due to cluster size effect with the

we have plotted the observed binding energy shifts of the coverage. (b) Variation of the shift in Au¢4) binding energy AE,,

Ni(2ps/2) and Cu(2p,) levels in the Ni-Cu bimetallic clusters

due to cluster size effect as in a.
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Figure 8. Plots of the core-level binding energy shifts (relative to the

i ; ; P bulk metal values) at large coveragéd:,, against the mole fraction
composition reported in the literafuf#. The observed shifts in for (a) Ni—Pd and (b) Cu-Pd bimetallic clusters. Dashed lines represent

the bimetallic clusters do ipdegd match closely with lthpse.of the AE, values for bulk alloys, and the symbols denote Al values
the bulk alloys. The plots in Figure 4b show the variation in for the clusters at large coverages.
the core-level binding energy shifts of Au¢4j and Ag(3d)
in the Au—Ag bimetallic clusters at large coverages with mole large coverage is around0.4 eV for NiPd and only—0.2 eV
fraction, along with the variation found in bulk alloy. The in NisPd. We have plotted the Ni(2p) and Pd(3¢) binding
agreement is good in this system as well. From these results,energy shifts at large coveragest,, against the mole fraction
we establish that the bimetallic clusters of a wide range of in Figure 8a and compared them to the variation of binding
compositions studied here are indeed those due to well-definedenergy shifts in bulk alloy$?>1* The AE values at large
alloys without any significant surface segregation. coverages correspond to those found in bulk alloys in the Ni
We obtain the binding energy shifts in the bimetallic clusters Pd system as well. ThAE. values of Ni(2p,;) and Pd(3¢.)
due to cluster size effechE;, by subtracting the shifts due to  obtained by subtracting the shifts due to alloyifgs,, from
alloying, AE,, from the observed shiftd\E. The AE; values the observedAE values show the expected variation with
so obtained are plotted against coverage (or cluster size) incoverage, increasing markedly at small coverages, reaching up
Figure 5, for all the Ct-Ni compositions studied by us. We to 0.7-0.8 eV at the smallest coverages examined by us.
see thatAE; increases markedly with a decrease in coverage, The bimetallic clusters in the CtPd system show the
reaching values of0.75 and 0.95 eV at very small coverages variation in the Cu(2p,) and Pd(3g) binding energy shifts
for Cu and Ni, repectively. ThAE. values of Auand Ag also  with coverage (see Figure 9) similar to those in the—Clj,
increase with a decrease in coverage, reaching value® & Au—Ag, and Ni-Pd systems, in spite of the complexity of the
eV at very small coverages as shown in Figure 6. T phase diagram referred to earliér.The AE values at large
values found at small coverages for the component metals incoverages are plotted against mole fraction and compared with
the Cu—-Ni and Au—Ag systems are comparable to the values the AE values of the bulk alloys in Figure 8b. Clearly, the
found in monometallic clusters of these mefeds?! Cu—Pd bimetallic clusters also represent real alloy compo-
In Figure 7, we have shown the variation AE values of sitions. TheAE; values of the CuPd bimetallic clusters
Pd(3d/,) and Ni(2p/) levels relative to the bulk metal values increase with decrease in coverage, reaching valuesOo®
(335.1 and 852.9 eV, respectively) with coverage for the and 0.7 eV, respectively, for Pd and Cu at the smallest coverages
different compositions of the NiPd system. TheAE of studied.
Pd(3d/,) increases markedly from 0.2 eV in NiPtb nearly The above results on bimetallic clusters of varied composi-
0.8 eV in NiyPd at large coverages. TheE of Ni(2ps) at tions in the Cu-Ni, Ag-Au, Ni—Pd, and Cu-Pd systems

at large coveraged\E,, against the mole fraction. In the figure,
we also show variations oAE, of bulk alloys with the
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Figure 9. (a) Variation of the shift in Cu(2) binding energyAE,

of Cu—Pd bimetallic clusters of different compositions with the metal
coverage as determined by the,(+ Ird)/Ic ratio. (b) Variation of the
shift in the Pd(3g) binding energyAE, with the coverage.

demonstrate that the observed core-level binding energy shifts

of the component metal&E (relative to the bulk metals), can

Harikumar et al.

be written as a sum of two effects, namely, those due to alloying
and cluster size:

AE = AE, + AE,

When the coverage is largAE. = 0 andAE = AE,. As the
coverage is reduced, the contribution frékk. due to cluster
size increases.
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