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Bimetallic Co—Pd FischerTropsch catalysts have shown increased activity toward CO-hydrogenation and
methane conversion. A model for these FisehiEopsch catalysts has been constructed and studied under
ultrahigh vacuum conditions. The morphology, growth modes, exposed binding sites, and electronic properties
of Co—Pd bimetallic particles supported on a thin alumina film have been studied using scanning tunneling
microscopy (STM), temperature-programmed desorption (TPD) of CO, and X-ray photoelectron spectroscopy
(XPS). Sequential deposition of Co and Pd results in a-eshell structure. Three-fold hollow sites are
easily dismantled, whereas atop sites are statistically resilient upon the formation of a bimetallic shell. The
binding energy of CO to each of the metals is lowered by the presence of the other. A shift in the Pd 3d level
to higher binding energy concurrent with a shift in the Co 2p level to lower binding energy suggests a net
polarization of charge or redistribution of d-band states.

Introduction ligand effect can be viewed as a polarization of ché#rge a
charge-transfer effect. On the other, DFT calculations show that
a compression or rarefaction of the metal lattice due to
pseudomorphic growth affects a change in adsorbate binding
energy through a shift in the center of gravity of the d-band.
Experiments have showhthat bimetallic growth is usually
pseudomorphic when the lattice mismatch is less tha@n-

The changing availability of natural resources and an increas-
ing demand for cleaner fuels solicits a better understanding of
the catalytic processes for the conversion between the two.
Synthesis gas (C@ Hy) produced from coal, natural gas, oil,
or biomass can be used to produce methanol using the Fischer

Tropsch reactiod for which a combination of oxide-supported 9% ab hich an | f he latti
transition metals is often used. For example, the addition of Pt /0 above which an incommensurate structure forms. The lattice
: ' mismatch for Pe-Co is about 10%.

or Pd to Fe or Co catalysts has been shown to increase the - L .

selectivity for methanol formation from synthesis gas at high Further, the availability of binding snes_for adsorbates may

pressuré. s The conversion of methane to higher hydrocarBons change when a second metal component is added. For example,
if CO would prefer to bind in 3-fold Pd hollow sites, but every

and hydrogenation of CO® show higher conversion and 8 .
selectivity on Co-Pd bimetallic supported catalysts than either Other Pd atom is substituted for Au, the CO may be forced to

metal alone. To understand the changes in reactivity affectedPind at a bridge or atop site. For example, the binding energy
by a second metal component in a catalyst, we took up aof atop-bound CO to a Pd atom surrounded by Au atoms is

fundamental study of CePd bimetallic particles supported on 68.5 kd/mol, whereas the binding energy of 3-f_o|d-ho||ow-k;)£und
NiAl(110)—Al,0s. Inspired by the earlier work of Henry and CO to 3 Pd atoms surrounded by Au atoms Is 107.1 k‘J. ol.
co-workersl11 different structures and compositions were Indeed, CO does prefer 3-fold hollow sites over atop sites on

prepared by taking advantage of the nucleation and growth te pure Pd(111) surface as wéllFor the example of CO
properties of the two metals. adsorption on the PeAu system, the structural effects (107.1

. : : kJ/mol vs 68.5 kJ/mol) are much more pronounced than the
Supported bimetallic CoPd catalysts have previously been )
studied in non-UHV condition%:°12721 |t has been proposed electronic effects (73.3 kJ/mol vs 68.5 kJ/mi)=*

that the addition of Pd promotes the reduction of Co oxide by !N this study, CO is used as a probe molecule for investigating

activating hydrogefi-916-19.21 Magnetic measuremenfsand the properties of supported bimetallic P@o clusters; thus a
temperature-programmed reducidrave shown that CoO is brief background on the adsorption of CO on the pure metal
more easily reduced when Pd is added as a cocatalyst. single crystals is necessary. CO preferentially occupies fcc 3-fold

In general, the addition of a second metal as a cocatalysthollow sites ¢ < 0.33 ML) on Pd(111j? from which the
affects both electronic and structural changes in the original effective desorption energy is 35.5 kcal/mol and the preexpo-
catalyst. For example, when CO is atop bonded on a Pd atomnential factor is 18°s™* (Tq ~ 445 K) 2° At higher coverages
surrounded by gold atoms, the binding energy is 68.5 kd/mol; (¢ ~ 0.50 ML), CO occupies fcc and hcp 3-fold siteon
in contrast, when the Pd atom is surrounded by other Pd atoms Pd(111), from which the effective desorption energy is 17.3
the binding energy of atop-bound CO is 73.3 kJ/A%ok* This kcal/mol and the preexponential factor is about 167129 At

difference in binding energy induced by the electronic interaction Nigher coverggg$(= 0.6-0.7 ML), bridge sites are occupied
of the two metals is termed a ligand eff@&0On one hand, the (Tq ~ 310 K) 3L Finally, at the highest coverage obtainable under
UHV conditions ¢ = 0.75 ML), CO occupies atop and 3-fold

* Author to whom correspondence should be addressed. Fat@ 30 site§" on Pd(111) from which the effective desorption energy
8413 4101. E-mail: carlsson@fhi-berlin.mpg.de. is about 11 kcal/mol and the preexponential factor is abotit 10
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st (Tqg ~ 190 K)2° It is likely that the variation in the chamber by a transfer system is a preparation chamber contain-
preexponential factor is due at least in part to the use of theing Pd and Co metal evaporators, and facilities for sputtering,
rate equation as an overall description for a desorption processgas dosing, and TPD measurements. The base pressures in the
which may also be precursor-mediafédPart of the drop irEg analysis and preparation chambers are 107! mbar and 1
may be due to lateral interactiofsbut comparison with DFT x 10719 mbar, respectively. The metal evaporators were
calculationd’”*?shows that different sites have different binding calibrated both with a quartz micro-balance in a different
energies in the absence of lateral interactions as well. chamber and the STM in the analysis chamber. The average
CO adsorbed on Pd particles on @k/NiAl(110) shows thickness of the film is herein given in Angstroms, where 1
slightly different behavior compared with that on the single- ML is equivalent to 2.035 A Co or 2.246 A Pd. The NiAl(110)
crystal Pd(111) surfac®.At saturation coverage, CO binds to  crystal was cleaned by cycles of Asputtering, and an ADs
atop, bridge, and 3-fold hollow sites, whereas on the Pd(111) film was prepared by previously described meth&d§.STM
surface, the bridge-sites vanish at saturation coverage. Bothmeasurements were taken at tip biases-66 % and tunneling
(111) and a minority of (100) facets are present on the supportedcurrents of 0.1 to 0.2 nA. All STM images were subject to plane
Pd particles? both of which adsorb CO. Higher-coordinated or slope background subtraction and adjustment of color
sites are populated before any atop sites are fiited. contrast. XPS measurements were taken at pass energies of 25
Sum frequency generation (SFG) was used to probe COeV with 20 sweeps.
adsorption on the Pd particles (3 and 6 nm mean size) at During TPD measurements, the sample was exposed to CO
pressures up to 200 mb#&rAt 300 K only bridge sites were  through a directed doser at 100 K and then placed less than 1
detected (3-fold sites could not be monitored due to experimentalmm away from the differentially pumped cap of the quadropole
limitations) at 10’mbar, but atop sites could be repopulated at mass spectrometer. The sample was heated by radiation from a
pressures above 1mb#rAtop sites could be populated at 190 tungsten filament mounted directly behind it. The temperature
K but not at 300 K with a background pressure of ifbar. ramp was accurately programmed with a controller and power
Clearly, an analogy can be drawn to vaptiquid equilibrium, supply from H. Schlichting. Blank TPD measurements from the
where we would expect condensation to a higher density phaseoxide film without deposited metal particles showed that
at higher pressures or lower temperatures. The CO-coveragedesorption of small amounts of masses 2, 16, 18, 28, 32, and
dependence also depends on surface structure, particularly fod4 below 150 K were due to desorption from the heating
smaller particles, which have a larger fraction of terminally filament; these signals were at least an order of magnitude
bonded CG*® smaller than those resulting from desorption from the metal
CO preferentially binds to atop sites on the close-packed particles. We also noted that a background dose of CO (keeping
Co(0001) surfaced < 0.33 ML) 2’ from which the effective the sample temperature constant) caused masses 28, 44, and 16
desorption energy is about 27.4 kcal/mol (114.5 kJ/mol) with a to appear in the mass spectrum, indicating some reaction in the
preexponential factor of #0s1 (Tq ~ 400 K)38 At higher region of the hot filament. The ratio of these signals was noted
coverage § = 0.43 ML), CO binds to bridge sites, from which ~ for comparison when looking for reactions of CO on the metal
the effective desorption energy is about 19 kcal/mol (75 to 82 particles during TPD. The alumina film does not show adsorp-
kd/mol) (Tq ~ 320 K). tion of CO above 90 K#
The site-occupation of CO on Co(2Q0) is similar to that
on Co(0001). CO preferentially binds to atop sites on Ce(10 Results and Discussion

10) at coverages below 0.5 ML, from which the desorption 1. STM. STM images show that at 300 K the majority of Pd

iggr%ﬂigli?'zgjer:]ao}ev;'tggvsgzix%og e'\r;ltll_algﬁgtolr ?\;E XC o particles nucleate and grow at antiphase and reflection domain
: 9 : ’ boundaries on the alumina filf. Closer inspection of the

occupies 2-fold bridge sites between first layer Co atoms along triangular-shaped Pd particles has shown the sides and top to

LTES;OV\::&%O Q:éeggslif tt'ilér:noggﬁros';el deg ,tbl\(t)r(]:f)v((ialig tgsthe be formed by (111) face®.In contrast, pure Co nucleates at
P 9, P : 9 point defects on the alumina film under these conditions, as

between 1 ML and 1.055 ML, there is a complex compression shown by STM!5:46 At temperatures above 300 K, where Co

i 39
fétjecﬁgg t\r':’:t";rl ;iz?/:abrz fgfe’i 0K5'5 l\fI‘L I:tne(; SZLI;:;;E% era_atoms, on the surface are more mobile, nucleation increasingly
9 ) PEra“, curs at line defect¥in general, Co atoms are less mobile

tures between 150 K and 180 K, CO occupies both bridge and g
i - e than Pd atoms on the alumina substrate due to a strongermetal
_ 0 39
3-fold sites? No CO dissociation was found on Co{&0); substrate interactiof

in agreement with earlier studiés. . .
J STM images show that evaporated Pd metal preferentially

The primary practical motivation for the current study is that | C icl ously d ited he alumi
Pd promotes both methane activation and CO hydrogenationnuc eates on Co particles previously deposited on the alumina
surface. The notation “2 A Ca- 1 A Pd” will be used as

over a Co FischefrTropsch catalyst; a fundamental motivation shorthand for first depositionfa2 A Co, then subsequent

is the difference in CO binding morphology on Pd and Co. deposition 61 A Pd; all metal deposition was done at 300 K.

Generally, CO seems to prefer the atop site on transition metals, . .
to which the Ni-Pd—Pt group is an exceptiofi.Ensemble and STM Images taken "%‘“er TPD measurements (Figure 1) show
similar particle density fo2 A Co with varying amounts of

electro_nlc effects_ In CO adsorption may differ when either Pd Pd. This clearly shows that Pd prefers to nucleate at the Co
or Co is the dominant component due to the 3-fold preference .
particles already present on the surface. The TPD results

on Pd and the atop preference on Co. presented below suggest that the Pd forms a shell-structure on
top of the Co particles. STM images taken on the pristine
surfaces and ones annealed to 530K during TPD were similar.
The experimental apparatus used in this study has been The growth of the coreshell structure of CePd particles
described in detail elsewhetéBriefly, it consists of a com- roughly follows the original three-dimensional shape of the pure
mercially built analysis chamber (Omicron) with an AFM/STM  Co particles. An STM image of &2 A Co+ 0.1 A Pd particles
stage, as well as XPS and LEED. Coupled to the analysis looks qualitatively similar to the STM image$ ® A Co + 1

Experimental Section
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Figure 1. 100 nm x 100 nm STM images of Ja2 A Co and
subsequently 0.1 A Pd, {2 A Co andsubsequenyl1 A Pd, and (c)
2 A Co and subsequegtR A Pddeposited on the alumina film at 300
K taken after a TPD measurement.

A Pdor 2 A Co+ 2 A Pd (Figure 1). Further, the particle

Carlsson et al.

can be calculated from the overall shell thickness and the particle
diameter. The average thickness of Co deposited is calibrated
with a quartz microbalance, and the particle density can be
estimated from STM images. Assuming that a shell of Pd atoms
one atom thick (2 A) coats hemispherical Co particles and does
not inter-mix, we would expect 1.2 A of Pd to fully cover the

2 A Co particles. The TPD results below show that indeed CO

desorption from Pd 3-fold sites is observed only at coverages
higher than 1.2 A Pd.

When Pd is deposited first, particles nucleate at steps and
antiphase domain boundari#ssubsequent deposition of Co
results in the Pd particles becoming covered with Co (shown
by TPD below) as well as the nucleation of separate Co particles
at point defects. Figure 2 shows an STM imag@ & Pd + 1
A Co where large triangular-shaped particles which look similar
to the particles of pwr 2 A Pd33 In addition, there are smaller
round particles appearing to have nucleated at defects rather
than at grain boundaries characteristic of Co nucleation.

The amount of Co required to cover the Pd particles can be
calculated from the overall shell thickness and the dimensions
of the average Pd particle. The calculation in this case is a
rougher approximation, because not all Pd particles on the
surface form well-defined triangular crystallites. Furthermore,
there is another degree of freedom in calculating the volume
from the more complex geometry, so the height measurement
must be taken from STM data. In addition, the small amount
of Co nucleated between Pd particles is not counted. Modeling
each particle as a vertically grown isosceles triangle we calculate
that the average thickness of Co needed to coat the Pd particles
is 1.44 A. As we would expect, this is just slightly more than
is required to coat the same volume of hemispherical particles.
The effect of Co in the TPD measurements (discussed below)
can be seen at coverages much lower than 1.44 A; because CO
adsorbs on the atop sites of Co, only a small number of Co
atoms are needed to see an effect, in contrast to the 3-fold bound
CO on Pd. It is possible that the amount of the second metal
needed to coat the first is higher than estimated above; the
second metal might not smoothly coat the first.

2. TPD.2.1. Co Particles with Pd on Tofa) Co SitesEach
TPD spectrum shown in Figure 3 was taken after sequential
deposition of Co and Pd on the A film/NiAI(110) at a
surface temperature of 300 K, and subsequent dosing of 20 L
CO at 100 K. The surface was prepared anew for each TPD
measurement. The bottom-most spectrum in the series shows
TPD of CO from pure Co particles on the alumina film. In
agreement with literature data from single-crystal stuéfiese
observe desorption from atop sites (393 K) and a smaller amount
from bridge sites (278 K). The TPD spectrum of CO desorbing
from 0.5 A Co particles shows a higher population of atop sites
relative to bridge sites compared with the TPD spectrum of CO
desorbing fron 2 A Coparticles (Figure 4). This is in agreement
with similar observations for Pd particlé.

When 0.1 A Pd is deposited on topdA Co (Figure 3), the
CO desorption peak from Co-atop sites does not shift, but the
desorption peak from Co-bridge sites shifts slightly to lower
binding energies (labeled “B”).#2 A Co+ 0.5 APd and 2 A
Co+ 1 A Pd, the CO desorption peak from the Co-atop sites
diminishes, while a new peak, labeled “A”, grows in; we

heights estimated from STM are 2.7 nm, 2.7 nm, and 3.0 nm, attribute this new peak to CO desorption from Co-atop sites
respectively, for the three surfaces, while the particle diameter which are neighbored by at least one Pd atom. At a coverage
is about 3 nm in all cases; the measured particle diameter isof 0.1 A Pd, only a small portion of the Co atoms have

about double this value due to tip convolution effets.

neighboring Pd atoms, and the peak appears only as a small

The thickness of Pd needed to fully cover the Co particles shoulder on the peak due to desorption from the Co-atop sites



Al,O3-Supported CePd Particles

Figure 2. STM images of Pd and subsequent Co deposition at 300 K
on the alumina film: (a) 100 nmx 100 nm image b1 A Pd and
subsequently 0.5 A Co (no TPD), (b) 50 nn50 nm image 62 A Pd

and subsequentll A Co (after TPD, differentiated to show contrast),
and (c) 50 nmx 50 nm image 62 A Pd alone for comparison
(differentiated to show contrast).
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Figure 3. TPD spectra of CO from various pristine GoPd particles
supported on Als/NiAl(110). Metals were deposited at 300 K and

20 L CO were dosed at 100 K prior to TPD. The heating rate was 1.5
Ks™

T T
100 200

bordered only by Co. In contrast, at 0.5 A Pd coverage on top
of 2 A Co, there are probably more Co atoms having Pd-atom
neighbors than those surrounded only by Co; thus, the peak
“A” grows in strongly. Whex 1 A Pd isadded to te 2 A Co
particles, a strong peak arises which may be due to CO
desorption from the same Co-atop sites, but this time where
the Co atoms are surrounded by more neighboring-Pd atoms.
As the amount of Pd-coverage oreth A Co-particles increases,
the CO-desorption peak from Co-atop sites continues to shift
to lower binding energies, but then diminishes quickly at 3 A
Pd coverage, when the Co particles are fully covered by Pd.

The CO desorption peak from Co-bridge sites has been
labeled “B” when it is shifted to lower binding energies due to
the addition of 0.1 A Pd (Figure 3). At 0.5 A Pd coverage added
to 2 A Co, the “B” peak shifts to even lower binding energies,
following the trend of the Co-atop bound CO. By the time 1 A
Pd is added to #12 A Coparticles, the “B” peak has completely
vanished, presumably because there are no more pure Co-bridge
sites left. This is consistent with our previous assertion that the
Co-atop sites are nearly surrounded by Pd at this coverage.

(b) Pd SitesThe highest-temperature peak for CO desorption
from the pure Pd (2 A) particles is at 444 K (Figure 3), in
agreement with CO desorption from 3-fold hollow sites from
the single-crystal Pd(111) surfa¢®.On the single-crystal
surface, desorption states from bridge and atop sites were also
seerr? though they are not resolved in the TPD spectrum from
the particles (Figure 3, top curve).

The binding sites of CO on alumina-supported Pd particles
were determined with IRAS by annealing the CO-saturated
sample to various temperatu®Lerminally bonded (atop) CO
was observed with IRAS up to 300 K, suggesting that part of
the broad CO-desorption peak below 300 K is due to a
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Figure 5. TPD spectra of CO from various pristine RdCo patrticles
supported on Als/NiAl(110). Metals were deposited at 300 K and

20 L CO were dosed at 100 K prior to TPD. The heating rate was 1.5
Ks™

- bridge  atop

r— T T T T 1 comparison with the other spectra. Wih@ A Co iscovering 2
100 200 800 400 500 600 A Pd particles, the desorption peak of CO from Co-atop sites
T(K) is shifted from 393 K down to 378 K. At thinner Co coverages
Figure 4. TPD spectra of CO from 0.5 A a2 A Co particles on top of 2 A Pdparticles, the desorption temperature of CO
supported on AlDs/NiAI(110). Co was deposited at 300 Kand 20 L from Co-atop sites continues to shift to lower temperature in a
CO were dosed at 100 K prior to TPD. The heating rate was 1.5K s seemingly continuous fashion (Figure 5). Finally, at only 0.1
. . o _ A Coontop of 2 A Pparticles, the CO desorption peak from
depopulation of atop sites; this is in general agreement with Co-atop sites is at 341 K.
single-crystal studie¥. The desorption region for atop-bound The TPD spectrum of CO desorbing from pu2 A Co
CO is labeled in the top spectrum of Figure 3 for the pure Pd paricles (bottom panel Figure 5) also shows desorption of CO
particles. Brldgg-bonded CO was observed with IR%{&}J to from bridge sites. Whe 3 A or 2 A Co iscoverirg 2 A Pd
370 K, suggesting that part of the broad CO-desorption peak paricles, the desorption of CO from the Co-bridge site shifts
just below 370 K is due to the depopulation of bridge sites; the fom 280 to 265 K and then to 260 K, respectivelyt. WA Co
desorptipn region for bridge-bqund CO is correspondingly coverage on topfa2 A Pd, the peak due to CO desorption is
labeled in Figure 3. The desorption of CO from 3-fold hollow gone presumably because there are no Co-bridges remaining.
sites is asagnec_j to the peak at 4_43 K (top spectrum, Figure 3),” General CommentsThe binding energy of CO to each of
in agreement with the IRAS finding. the metals is lowered by the presence of the other. When Pd is
When theres 2 A of Coundernedt 5 A or 3 A of Pd, the  deposited on top of Co particles, the desorption temperature of
binding energy of CO in the 3-fold hollow site decreases with O on Co-atop sites is lowered from 393 K to 327 K, and the
decreasing total amount of Pd; this decrease is most likely duedesorption temperature of CO in Pd 3-fold sites is lowered from
to the electronic influence of underlying Co atoms (ligand effect) 444 K to 408 K. When Co is deposited on top of Pd particles,
This ligand effect becomes stronger when there is a thinner layerthe desorption temperature of CO on Co-atop sites is lowered
of Pd shielding the topmost layer of Pd atoms from the from 393 K to 341 K, and the desorption temperature of CO in
underlying Co. At a coveragef @ A Pd on top of 1.5 A Co,  pd 3-fold sites is lowered from 444 K to 417 K. It is likely that
the number of available 3-fold sites quickly diminishes, resulting the limit of the binding energy shift of CO is not dependent on
in the desorption feature becoming only a shoulder on the main whether Pd or Co is deposited first, though ensemble (structural)
spectrum. effects do not allow the exact limits to be measured. Roughly
2.2. Pd Particles with Co on Toffa) Pd SitesWhen Pd and speaking, the binding energy of CO to the Co-atop site is
Co are deposited on the alumina film in the reverse order, i.e., lowered by 19.3 kJ/mol by the presence of neighboring Pd
Pd first and subsequently Co, similar trends appear (Figure 5).atoms, and the binding energy of CO to Pd 3-fold sites is
The TPD spectrum of CO desorbing from pi A Pdparticles lowered by 9.6 kd/mol by the presence of neighboring Co atoms.
is shown in the top panel of Figure 5 for comparison with the  When bimetallic particles are formed, the 3-fold sites are first
other spectra. When 0.1 A Co is deposited on t62 & Pd to disappear. Statistically, this makes sense because a greater
particles, the desorption temperature of CO from the 3-fold Pd degree of order and freedom from contamination by a second
sites is lowered from 444 K down to 417 K. When 0.5 Ais metal is required. For example, the Pd 3-fold sites disappear
deposited on topf@ A Pd particles, the desorption of CO from  when less than 0.5 A (0.25 ML) of Co is added on top of the
3-fold hollow sites is not observed at all, presumably because 2 A Pd particles. In contrast, Co-atop sites survine2oA Co
the Co efficiently obstructs the 3-fold Pd sites. particles even when umt3 A Pd isdeposited on top of the
(b) Co SitesThe TPD spectrum of CO desorbing from pure original Co particles. Thus, we expect that the reactivity of atop
2 A Co particles is shown in the bottom panel of Figure 5 for sites will be better preserved in our system than the reactivity
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Figure 7. XPS spectra of the Co2p level at various Co-shell coverages
= on an origink2 A Pd. The small peak appearing at 803 eV is an x-ray
332 334 33 338 340 342 344 satellite from a Ni peak, and also appears in the spectrum of the clean
BE (eV) film without any deposited Pd or Co.
Figure 6. XPS spectra of the Pd 3d level at various Co-shell coverages Pd3d XPS of the pristine surface

on an originh2 A Pd.

of 3-fold sites. The bridge sites are an intermediate case: they 3
are not as fast to disappear as the 3-fold sites, but are also not
as persistent as the atop sites upon bimetallic formation.

Because only one atom is required for an atop site, a small J
number of atop-binding atoms can affect a large change in the
reactivity of bimetallic particles. At only 0.1 A Co coverage i

x1.9 2APd

2A Co + 5A Pd

on top of 2 A Pdparticles, there is a significant amount of CO
adsorption on Co-atop sites compared with that on Pd 3-fold
sites (Figure 5); in contrast, at 0.1 A Pd on top2A Co
particles, the CO adsorption behavior appears the same as on
the pure Co particles (Figure 3). Certainly some of the Pd 3-fold
sites are destroyed because Co atoms sit on top of them or
displace one of the Pd atoms in the trio; however, it is also
possible that Co adatoms disrupt the packing of the Pd trio
enough to affect a change in their interaction with CO.

3. XPS.Figures 6 and 7 show XPS spectra of the Pd 3d and
Co 2p levels for various Co-shell coverages on tog & Pd.
Beginning at 0.1 A Co, there is a slight shift in the Pd 3d level :
to higher binding energy, increasing with Co coverage (Figure o ' T T !

6). The maximum shift of 0.4 eV is reached at a shell thickness 330 335_ i 340 345 350

of 1 A Co, and does not change as the Co shell thickness is Binding Energy (eV)

further increasedot 2 A Co. The shift in the Pd 3d binding  Figure 8. XPS spectra of the Pd 3d level at various Pd-shell coverages
energy with increasing Co coverage is somewhat unexpected,on an origina2 A Co.

since we would not expect all the atoms in the Pd particle to be

affected equally by a small addition of Co. Pd particles deposited orbitals can be more significant than the net charge transfer
at 90 K, which are not as well ordered as those deposited atbetween the two different metald;thus, describing the bi-
300 K7 also show a similar shift in binding energy when a Co metallic interaction as a charge-transfer is inadequate.

shell is added. At 0.1 A Co coverage, the Co 2p level is shifted  Figures 8 and 9 show XPS spectra of the Pd 3d and Co 2p
to lower binding energy by 2.2 eV relative to the pure Co levels for various Pd-shell coverages on té2d\ Co. At 0.1
particles (Figure 7). At higher Co coverages, a smaller shift is A Pd shell-coverage, there is a 0.4 eV shift of the Pd 3d level
observed, untile2 A Co, the Co 2p binding energy is the same to higher binding energy relative to the pure Pd particles which
as it is on the pure Co particles. The influence of the underlying decreases at higher Pd coverage. Again, the influence of the
Pd core is greatest on a smaller number of Co atoms in theunderlying Co core is greatest on a smaller number of Pd atoms

2A Co + 2APd

Counts

2A Co+ 1A Pd

2A Co + 0.5A Pd

2A Co + 0.1APd

shell. in the shell. There is essentially no shift of the Co 2p level
Similar shifts have been observed for €@d bimetallic with varying amounts of Pd-shell coverage. A lack of shift for
catalysts prepared by the sajel method and impregnatioS. the core-metal when a shell is added is not surprising, though

Theoretical studies indicate that the bimetallic bond is best it is unclear why it differs from the case where Pd forms the
described as metallic with a small degree of ionic char&fter. core. Pd has a strong tendency to segregate to the surface of
Theoretical calculations also show that a rehybridization of Pd—Co alloys®18suggesting that some intermixing may occur
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Co2p XPS of the pristine surface

2A Co + 5A Pd

2A Co + 2A Pd

Lalal

2ACo+ 1APd

2A Co +0.5A Pd

Counts

2ACo+0.1APd

7(.'90 B(I)O 81IO
Binding Energy (eV)

Figure 9. XPS spectra of the Co 2p level at various Pd-shell coverages
on an origina2 A Co.

T
780

in the case of a Co shell on top of Pd, accounting for the BE
shift of Pd. For the reverse order, where Pd forms a shell over

Carlsson et al.

due to a stronger metabkubstrate interaction. CO has been used
as a probe molecule in TPD measurements to characterize the
binding sites of the bimetallic CoPd particles. The binding
energy of CO to both Pd and Co sites is lowered by the presence
of the other metal. CO binds preferentially to Co-atop sites and
Pd 3-fold hollow sites; the Co-atop sites are better preserved at
various bimetallic compositions because they are statistically
less vulnerable than the Pd 3-fold hollow sites. A shift in the
Pd 3d level to higher binding energy concurrent with a shift in
the Co 2p level to lower binding energy suggests a net
polarization of charge or redistribution of d-band states in the
bimetallic particles.
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