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ABSTRACT

Epitaxial layers of copper were formed on Pt{(111) and Pt(553) sin-
gle crystal surfaces by conden;ation of copper atoms from the vapor.
Surface alloys were formed by diffusing the copper atoms into the plati-
num substrate at temperatures above 550 K. The activation energy for
this process was found to be ~120 KJ/mole. These Pt/Cu surfaces were
characterized by LEED, AES, and TDS of CO. The copper grows in islands
on the Pt(111) surface and one monolayer is completed before another
begins. There is an apparent repulsive interaction between’the copper
atoms and the step sites of the Pt(553) surface which causes a second
layer of copper to begin forming before the first layer is complete.
Epitaxial copper atoms block CO adsorption sites on the platinum surface
without effecting the CO desorption energy. When the copper is alloyed
with the platinum however, the energy of desorption of CO from the pla-
tinum was reduced by as much as 20 KJ/mole. This reduction in the
desorption energy suggests an electronic modification that weakens the

Pt-CO bond.



INTRODUCTION

Studies of the deposition and growth of one transition metal on the
orderea surface of another transition metal are important to understand
the nature of epitaxy and the mechanism of metal cfystal growth. Inves-
tigations of how alloys form by the diffusion of one of the constituents
into the other from the surface reveal the mechanism of the initial
stages of alloying. The copper-platinum system is a good choice for
both of these studies; The interatomic distance of the metals is simi-
lar (copper is 8% smaller than platinum). Their heat of mixing is
exothermic (~10 kcal/mole) and they form several ordered alloy struc-

tures (Pt_Cu, PtCu, and PtCu3).
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The catalytic properties of a transition metal surface can also be
drastically altered by the addition.of another metal which may not
itself catalyze the reaction of interest. The catalytic properties of
Cu/Pt alloys supported on silica in the hydrocarbon conversion reaction
have been studied [1-3]. These investigations showed an increased
selectivity for cracking for the alloys as compared to pure platinum, a
rather surprising result since copper itself does not exhibit activity
for cracking. Because of the poor characterization of the alloy sur-
face, interpretation of these results is difficult. Impurities such as
oxygen, which would have a profound effect on the reaction [4], could
not be detected if present. Since copper tends to segregate to the sur-
face of Cu/Pt alloys [5], the bulk compositions reported are not
representative of the composition of the catalytic surface. Also,
ordering and structure of the alloy surface can effect the selectivity

of the catalyst, again impossible to detect using supported alloys.



In order to better hnderstand the novel selectivity and activity of
the Cu/Pt system, the surface properties of the alloy need to be bétter
characteri;ed. In this paper we report the results of experiments
directed toward understanding the composition, structure, and chemisorp-
tion characteristics of this alloy surface. The atomically flat, hexag-
onally closest packed Pt(111) surfaqe and the stepped Pt(553) surface
were studied. Copper was deposited by evaporation onto the crystal sur-
face. Surface alloys were forméd by heating thé sample to temperatures
‘at or above 550 K, allowing the copper to diffuse into the platinum sub-
strate. Surface structure was studied using low enebgy electron dif-
fraction (LEED), surface composition was determined using‘Auger electron
spectroscopy (AES), and thermal desorption spectroscopy (TDS) of CO was
used to probe the changes in bonding characteris@iés of the platinum at

the alloy surface.



EXPERIMENTAL

Experiments were carried out in an ion-pumped stainless steel
ultrahigh vacuum chamber equipped with low energy electron diffraction
(LEED), Auger electron spectroscopy (AES), and a UTI-100C mass spectrom-
eter placed ~6 cm away from the crystal face. LEED spot patterns were
analyzed but no attempt was made to analyze the diffraction spot inten-
sities. A 2000 V electron beam with an incidence angle of ~70° from the
surface normal was used as the excitation source for AES. Auger elec-
tron energies were analyzed with the U4-grid LEED optics uséd as a
retarding field analyzer. The platinum c¢rystal could be heated by con-
duction from a resistively heated 0.5 mm Ta wire which was spot welded
around the edges of the sample. Cooling of the crystal to ~250 K was
achieved by passing liquid nitrogen over the copper feedthroughs leading
to the sample. Temperatures were détermined using a chromel-alumel
tbermocouple spot welded to the back of the crystal. Samples were
cleaned with a combination of argon ion bombardment and heat treatment
in 10'7 torr of oxygen. The crystal was cleaned after each thermal
desorption when working with epitaxial copper. Deposition of copper was
performed by evaporation from a resistively heated tungsten wire. The
evaporation source was encased in a tantalum housing with an exit slit
which collimated the beam of copper atoms. Fluxes obtained were on the
order of 1014 copper atoms/cmz'min. ‘The flux of copper atoms could be

interrupted by means of a rotatable shutter.



RESULTS

a) The Growth of Copper Layers on Pt(111)

AES has been used to determine the growth mechanism of one metal
deposited on'g single crystal substrate_of another metal {6]. 1In this
procedure, the Auger signal of both the substrate and the adsorbate are
plotted versus the deposition time.of the adsorbate. If a constant
sticking coefficient is assumed for the adsorbate, the time of deposi-
tion from a constaht flux source is proportional to the coverage of the
adsorbate. The abscissa can then be labeled in units of deposited metal
monolayers. In Fig. 1 the Auger signal is normalized to the peak-to-
peak height of the purevplatinum (N5N6N6) Auger transition at 150 eV
(Pt-150 V). The Pt-150 V signal drops off sharply and linearly with
copper coverage, with a change of slope at a coverage assigned to one
monolayer of copper. Another changerf slope is observed after an equal
period of deposition indicating the completion of a second monolayer of
copper. At low copper coverages the signal of the copper (M2,3MHV)
Auger transition at 105 eV (Cu-105 V) is buried in the background of the

.plaﬁinum Auger spectra. However, once the Cu-105 V signal is resolvea
the growth of the Signal is linpar with coverage with breaks at the same
coverages as the Sreaks that occur in the Pt-150 V signal versus copper
coverage plot. This behavior is indicative of a layer-by-layer growth'
(6] mechanism in which one monolayer of copper is form;d before the

second begins and the growth continues layer-by-layer.

The clean Pt(111) single crystal surface showed the expected hexag-
onal LEED pattern. As copper was deposited neither the spot positions

nor their sharpness changed and no new spots appeared up to one.



monolayer copper coverage. Relative diffraction spot intensities
changed somewhat but no attempt was made to analyze this behavior.

After more than one monolayer of copper had been deposited, the diffrac-
tion spots began to lose their sharpness and intensity. When four mono-
layer had been deposited a (12%X12) coincidence pattern was observed
after slight annealing at 450 K. This type of pattern has been observed
for silver deposited on a Cu(111) substrate [7]. Upon heating the pla-
tinum crystal which had several monolayers of copper deposited onto it
to 500 K, the diffraction spots initially lost intensity and sharpness.

After further annealing at this temperature a (2X2) pattern was observed

on several occasions.

The TDS of CO from the Pt(111) surface with several different cov-
erages of copper are shown in Fig. 2. The sample was exposed to CO to
obtain a saturation coverage of C0(1éL) at 250 K. Ai,this temperature
the CO will adsorb only on the platinum sites. The TDS is therefore
representative of desorption from the platinum surface atoms. Figure 3
shows a plot of the area under these curves, which is proportional to
the émount of CO desorbed, versus the coppericoverage. The amount of CO
desorbed falls off linearly with copper coverage and levels off at a
copper coverage corresponding to the firs£ break in the plot of the
Auger signal versus copper coverage, confirming the assignment of one
monolayer of copper to this coverage. The residual CO desorption at
this and higher copper coverages is due to desorption from the platinum
crystal edges (which were not exposed to copper or masked in any other
way) and from the tantalum support wires. The position (temperature) of

the desorption peak remains constant until high copper coverages. In
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additionvto’thé main desorption peak,ia low temperature shoulder is
bresent. The saturation coverage of CO on the Pt(111) surface at 250 K
is 0.5. Since one completé monolafer of coppervis required to bibck all
6{0) adéorptibn sites on the platinumvsurface,.two copper_atomslare

required to block one CO adsorption site on the platinum.

b) Diffusion-gg'shrface Copper into the Platinum Substrate

_When“cobper‘i$ deposited onto thé platinum Sdbstréte and subse-
quen;ly heated,>it diffuseé into the platinum bu;k._ The-extént of dif-
fusion waS'monitoréd by féllowing the Pt-150 V Auger signal with time at
é—constant temperéﬁUre-and aSsuming a direct proportionality_of.this
signal to'thebfrécﬁion of the surfaée'covered with platinhm. The‘chahge
in ﬁhe.aﬁﬁunt of copper at the surface with time w&s calculated from
this data. The diffusion was studied at temperatures between 520 K and
580 K. The diffuéion process was_modeled as described by Schoﬁ;eﬁ for
the dissolution of carbon into nickel [8]. The model has also been suc-
,ceséfully used to obtain the activétion enefgy for fhe diffusion of
rubidium ipto-éilver [9]. Briefly, the modél utilizes a constant plane’
source solution to Fick's sgcond law for diffusion in‘one difnension°
Integrating this'solution with respect to time giyes thevtqtal'améunt of
coppe;vdiffused ihto the bulk and can be equated to the amount of copper
depleted from the surface. ' It was found that

1/2
A%u_-mt

where m is a constant proportional to the square root of the diffusion

1/2

coefficient, D . If Arrhenius type behavior is assumed, the activa-

tion energy for this procéss can be determined from the slope of the



plot of 1n m versus 7', Such a plot is shown in Fig. 4. A linear fit
was obtained with an activation energy of 120 KJ/mole. This value falls
between values for the activation energy for copper surface diffusion

[{10] and bulk diffusion for copper in a Cu/Pt alloy [11].

c) Thermgl Desorption of CO from Cu/Pt Alloy Surfaces

TDS 6f C0>from the alloy surfaces are shown in Fig. 5. Two uono-
layers of copper were deposited onto the Pt(111) surface and then
exposed to 12 L of CO. No desorption was seen since CO doés not adsorb
on copper at 250 K and 10-8 torr. The crystal was heated to 600 K dur-
ing this thermal desorption. This temperature rise resulted in the dif-
fusion of some of the surface copper into the platinum bulk. This
alloyeq surface was exposed to 12 L of CO and the TDS showed a small,
broad peak. The shape and position of the desorption peak changed
noticeably with each successive heat treatment until a surface composi-
tion of xCu = 0.85 was reached. (Surface composition was determined
from the CO desorption yield from the CO saturated alloy surface rela-
tive to the yield from the CO saturated pure platinum surface. This
will be considered further in the discussion section.) This surface was
relatively stable. The temperature at which the CO desorption rate from
this alloy surface reached a maximum was shifted down -100 K from the
temperature of maximum CO desorption rate from a pure Pt{111) surface.
The fraction of copper in the surface alloy could further be reduced by
flashing the crystal to increasingly higher temperatures. Using the
standard Redhead formula [12] and assuming a pre-exponential factor of
1013 s-1, the temperature at which the rate of desorption is greatest

can be used to calculate an energy of desorption. The energy of
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desorption of CO from the alloy surfaces is plotted versus the surféce
composition in Fig. 6. The energy of desorption decreases smoothly with
increasingKCOpper concentration at the surface. 1In all cases only one

desorption peak was observed with no shoulders_present01

‘Usually, the répqlsive interaction between CO molecules adsorbed on .
the.surface results in a:shift to lower temperature of the desorption
peak as the CO‘coverage is incfeased. This efféct ié.seen in Eig. 7,
where a serieé of TDS of CO from>a Pt(111)1surfa¢eAafter variou$ CO
exposures is shown; 'Figure 8 shows é simiiar series of fDS of CO from
an‘alloy:surface containing 76% copper. The behavior observed for the
alloy subfacés was the same as that for the pure plétinum surface. 1In
Fig; 9 thg-calqulated energy.of &ésofption of COiis plotted versus the
améunt of CO Qgégfbéd relatiQeito.the amount of CO desorbed from the
COQSaﬁurated pure blatinum surface. 1The energy of desorption decreases
with increasing CO coyerage'for bdth the pure platinum and the alloy
surfaces. Extfapolatibn to ad iniiiavaO cover#ge of zéro'gives the CO>
desorption eqerg& without any:contributidn from CO intermolecular repul-
sions, i.e., a desorption en;rgy which 15 dependent only on the Pt-CO
bond strength. The energy of desorption from the alloy surface contain-
ing 76% copper at.an initial co coverage of zer§ is 2# kcal/mole lower

than the energy of desorption of CO from the pure platinum surface.

d) The Growth of Copper on Pt(553)

The growth of coppér on the Pt(553) surface, which is a stepped
surface with terraces of (111) orientation, is somewhat different than
copper growth on the (111) surface of platinum. The Auger signal versus

copper coverage plot for this surface is shown in Fig. 10. As was the



case with the Pt(111) surface,Athe Pt-150 V signal drops off rapidly
with copper coverage. However, unlike the Pt(111) surface, the signal
is not linear with copper coverage and there are no breaks in the curve.
It would seem from this behavior that the copper almost forms a complete

monolayer, but before completion a second layer begins.

The TDS of CO from the Pt(553) surface with various coverages of
copper (Fig. 9) show a decrease in the desorption yield with increased
copper coverage. In Fig. 12 it can been seen that again the CO desorp-
tion yield decreases linearly with the copper coverage until coverages
near one monolayer are reached. At near monolayer coverage the curve is
rounded, again indicating that a second layer begins to form before the
first is complete. Closer inspection of Fig. 11 reveals a cause for
this behavior. In the TDS of CO from clean Pt(553) there is a peak
around 400 K and a high temperature.shoulder. The main desorption peak
is due to desorption of CO from the terrace sites and the high tempera-
ture shoulder is due to desorption from the step sites. As copper is
deposited onto the surface the desorption of CO from the terrace sites
is attenuated whereaS'thé desorption from the step sites remains
unchanged. This trend continues until high copper coverages. This site
Sselectivity of the copper atoms adsorbing only onto the platinum terrace

sites is responsible for the growth mechanism observed.
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~ DISCUSSION

Copper gb&wthvon Pt(1115 was seen to proceed by a layer-by-layer
mechaniém. This is.ba;tly,due t§ the lower surface freeiénergy of
copper, but is also the reSulf of'a'relatively étrong iqteraction
between the copper and the pl;tinum, ‘This favorable interaction would
be expected since the bulk"alloyjhas an exothermic heat of mixing [13],
The LEED results show that copper, which has é bulk lattice constant
that is.8%vsmailer tﬁan platinum's, takes on'the platinum 1atticevspac~
ing for the first few monolayers of copper,_aléo:indicating.abstrong
interaction betweeh the’two metals. The sharpnéss of the LEED onts aﬁd
low background intensity for copper coveréges up to one monolayer of
copper suggeét that the copper is grdwing in islands. If this was not
the case_and‘the copper atoms were pandomly scatteréd across the plati-
num,surfaée, the TDS of Cd.wéuld SHow an increéée in the temperatufé of
the desorption peak with incréasing copper:covérage-due to a»separation
of the CO moiecules, Eesulﬁing'in less of a repulsive interaction. This
increase in the temperéture of tﬁe desoﬁptioﬁ peék was not observed;

The position quthe desorptipn peak remainedAconstant until near mono-
layer coveréges of copper. The new featdfe which did appear when copper
was depoéitéd is a loﬁ témpéraﬁﬁhe shoulder. This is pfobably due to
desorption from the edge of the copper islands. It may also indicate
some alloy formation although this would be a minor contribution since
the rate of diffusion is negligible at 250 K, the temperatﬁre at which
the copper was deposited. The TDS also shows a linear decrease iﬁ the

amount of CO desorbed with copper coverage and that two copper atoms are
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required to block one CO molecule, a behavior that requires island for-

mation.

The Pt(553) surface is a stepped surface with terraces of (111)
orientation five atoms wide and steps of monatomic height. The behavior
of copper on the terraces would be expected to bé similar to that
described for the Pt(111) surface and any changes in the behavior of the
copper atoms on the surface as a whole to be induced by the steps. As
was Seen, the plot of the Auger signal versus copper coverage for this
surface indicates that the growth mechanism is no longer layer-by-layer.
The sharp decrease in the Pt-150 V signal with copper coverage and the
linear decrease in the desorption yield of CO to near monolayer cover-
ages of copper suggests that the first monolayer is nearly completed
before a second begins. The TDS of CO from the Pt(553) surface shows
that the copper preferentially adsorbs at sites away from the step site
where CO adsorbs. Since it would be energetically favorable for the
copper atoms to increase their coordination with the platinum, it seems
reasonable the copper growth begins at the bottom of the steps and moves
out onto the terraces. The energetically least favorable copper adsorp-
tion Site would be at the top of a step where the coordination with the
platinum is low. The energy of adsorption of copper at the top of a
step appears to be élose to the energy of adsorption of copper on top of
the first layer of copper. Thus the second monolayer begins forming
before the first is complete. These results would suggest that the
adsorption site for the CO is located at the top of the step and that
the presence of a copper atom at the bottom of the step has little

effect on the bonding of that CO molecule.



12

The 16W‘temperéture'shoulder in the TDS of CO is much more pro-

nounced for the Pt(553) with sub-monolayer copper coverages than for the

Pt(111) with sub-monolayer copper coverages and the desorption yield of
this shoulder is nearly constant overva brqad range_of_copper coverages
on the Pt(553) éurface. This behavior can be rationalized in the fol-
lowing way. The coppér is preferentially adsorbed at the bottom of the
platinuﬁ stébs creating 6ﬁe-dimensional islands of cobper. The desofp-
tion from the.edées of thése copber islands givésvthé low tempebéturé

shoulder'in the TDS. As more copper is deposited it adds to the edge of

the copper islands already forme&, resulting in a nearly COnStant‘copperv

island edge site concentration.

The TDS of CO from the élloyTSurfaces.show a signifiqant'decrease
in the temperature 6f the desorption_peak, We believe that”;p%§>§hift
of the CO desorption péak is indicaéive of é decreasé in.the energy of
desorption_of CO from the plétinum at the surface of the Cu/Pt alloys

brought about by a copper ihduced electronic change in the platinum.

UPS studies carried out by Shek et al. [14] on Cu/Pt alloys indicates an

electronic modification of the constituents of the alloy. ‘Using 150 eV
synchrotron radiation, an énergy at which platinum has a Cooper minimum,
they were able to. selectively study the electronic structure of copper’
in the alloy. An increase in the inteﬁsity between EF and 51.& eV was
attributed to significant Cu3d-Pt5d hybridization. XPS studieé have
shown that there is little or no charge transferred between the coppér
and platinum‘atoms when alloyed [15]. This would imp;y'that the weaken—
ing of the CO-Pt bond at the alloy surface is due to a rehybridization

of the platinum orbitals. Infrared .spectroscopy studies of CO adsorbed

"
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on Cu/Pt alloy surfaces [16] show that chénges in the C-0 stretching
frequency can be correlated with changes in the dipole-dipole interac-
tions of the adsorbed CO molecules. This would indicate that the pres-
ence of copper causes a weakening of the Pt-C bond without effecting the
back donation into the 2m orbital of CO. High resolution electron
energy loss spectroscopy (HREELS) would help to clarify the-nature of
thg Pt-CO bond at the alloy surface. These experiments will be carried

out in our laboratory in the near future.

There are several other factors which could possibly result in the
observed shift of the CO desorption peak upon alloying platinum with
copper. These are: 1) An increase in the pre-exponential factor; 2) CO
adsorption at mixed Cu-Pt sites; 3) closer packing of the CO molecules
on the alloy surface. Several orders of magnitude increase in the pre-
exXponential factor would be needed to cause the observed 100 K decrease
in the position of the CO desorption peak. This could be explained by a
decrease in the mobility of CO adsorbed on the alloy surface relative to
the pure platinum surface or an increased mobility of the transition
state. However, as has been discussed by Weinberg [17], the decrease in
the temperature of the desorption peak would be accompanied by a narrow-
ing of the desorption peak if the shift ig caused by a change in the
pre-exponential factor. This narrowing was not observed, arguing
against any significant change in the pre-exponential factor. Mixed
adsorption sites have been proposed for several alloy surfaces [1,10].
It has been argued that desorption from a site consisting of two dif-
ferent metal atoms would have a desorption energy somewhere between the

desorption energies for the pure component surfaces. If mixed sites
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were'PeSanéible‘}or'the decrease ih desorption energy of CO;from the’
alloy surface, two desorption peaks should be present at low copper con-
centration. One peak dﬁe ﬁo.deéorption'from mixed sites aﬁd another due
to desorption from plaﬁinum sites,  Two desorption peaks were never
observed in the TDS §f CO_frém the alloy surfaces. As can bé.seen in
'Fig. 6, the energy of desorption decreéses sméothlylwith increasing
dopper concentraﬁion. Another posSibility_is’that the CO moiecules are
being forced cioser together by ﬁhe copper atoms, with the increaSed
intermolecular repulsion resulting in a lower deéorption energy. - In
ﬁhis casé, e#trapqlatiné.the energy 6f desorption back to aﬁ initiai'CO

coverage_qf zero should give the same energy of desorption for both the-

alloy surface and the pure platinum surface. Inspectioh of Fig. 9 shows

that this is not the case.-

Bulk Cu/Pt alléys form several ordered structures at temperétures
below 1100 K [18].> It seems iikely ﬁhaﬁ the surfaces of these alloys
would also be ordered. Only one ordered structure was observed by»LEED.
This was a (2x2) pattern and it was seen for a high concentration of
copper.at the surfaée..,Thé structufe of'Cu3Ptbi$ essentiélly fee with
copper at the faggs and platinum at the corners. The (111) face of this
sﬁructure would produce_ﬁhev(Z*Z) LEﬁD pattern obéerved@ This strpctufe
is particularly interesting because it consists of platinum atoms com-
pletely surrounded by copper atéms. It may‘se possible to use this sur-
face to test reaction mechanisms which are proposedbto procede on a sin-
gle platinum atom. Further studies of the surface order of these alloys

will have to be postponed until single crystals of the bulk alloys can

be obtained. This is because there is a large concentration gradient

i
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for copper at the surface of the system presently being studied and any
energy input to further order the alloy surface also results in the dif-

fusion of copper into the bulk.

In determining the surface composition of the alloy with thermal
desorption, the'ordering of the alloy can be very important. CO adsorbs
on the clean Pt(111) surface in a one-to-two ratio (one CO molecule per
two platinum atoms). However, on a surface with isolated platinum atoms
the CO would be able to adsorb in a one-to-one ratio. The solid line in
"Fig. 13 shows the relatioﬁship between the CO desorption yield from an
alloy surface saturated with CO and the composition of the surface. At
copper concentrations 275% the CO-to-platinum ratio is one.’ At copper
concentrations £25% the ratio of CO-to-platinum is 1/2. Until further
information is available on the ordering at intermediate compositions,
we assume a linear transition between the conditions at the two

extremes.
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FIGURE CAPTIONS -
Plot of Auger peak-to-peak intensities of the Pt-150 V peak

and and the Cu-105 V peak'versus coppér coverage for copper

deposited on Pt(111).

Thermal desorption sbectra for CO adsorbed on Pt(111) covered

with varying amounts of copper, after a séturation exposure of

- 12 L CO.

Plot of the relative CO desorption yieid‘from Pt(111) with

varying coverages of copper after a saturation exposure of 12

L CO, versus the copper coverage.
Abrhenius'plot for an estimatioh'of the activation‘energy for '

surface-to-alloy diffusion of copper'on platinum.

Thermal desorption spectri for CO adsorbed on Cu/Pt(111) sur-

face alloys of varying composition after a saturation exposure
of 12 L CO.

Surface éompositioh dépendence of the energy of deSorption‘bf
CO from Cu/Pt(111) alloy surfaces.

Thermal despbption spectra for .CO adsorbed on Pt(111) after
varying CO exposures;

Thermal desorption spectra for CO adsorbed on 76% Cu/Pt(111)

surface alloy after varying CO exposures.

A plot of the energy of desorption of CO adsorbed on Pt(111),
53% Cu/Pt(111), and 76% Cu/Pt(111), versus the relative CO

desorption yield.
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Plot of Auger peak-to-peak intensities of the Pt-150 V peak
and the Cu-105 V peak versus copper coverage for copper depo-

sited on Pt(553).

Thermal desorption spectra for CO adsorbed on Pt(553) covered
with varying amounts of copper, after a saturation exposure of

12 L CO.

Plot of the relative CO desorption yield from Pt(111) with
varying coverages of copper after a saturation exposure of

12 L CO, versus the copper coverage.

Plot of the desorption yield of CO adsorbed on Cu/Pt(111)

alloy surfaces versus the surface fraction of copper.
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