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ABSTBACT

The growth modes and interactions of vapor-deposited
Bi on a clean Pt(1l11l) sucface and its effects on the
chemisorpticn of Hz. CO, and 02 have been monitored by
Auger electron cpectroscopy (AES), low-energy electron
diffraction (LEED), and thermal desorption mass
spectroscopy (TDMS). For submonolayer Bl coverages, LEED
patterns were observed to progress with increasing coverage
through p(2 x 2), (V3 x VYI)R30*, p(3 x 3), and p(4 x &)
structures. The Bl TDMS and AES dato are consistent with
absolute coverages of 0.2%, 0.33, 0.44, and 0.56,
respectively. For subaonolayer coverages of this
szpn-typo metel, Bi adatoms are scrongly repulsive and
maximize thelr spacing subject to the constraints of the
Pt(111) sites. This 1s to be contrasted with d"s™-type
satals such as Ag, Cu, and Au on Pt(111), which show
attractive interactions and coalesce into 24 islands. 1In
chenisorption of small molecules on Pt(111), each Bi adaetom
blocks about two Pt surfece satoms. An ensemble of two
adjacent Pt sites is requicred for both dissoclstive H

2

and moleculasr o2 adsorption vs one site for CO
adsorption;: therefore, uptake of the former adsocbates is

much more severely attenuated as .l.l increases.
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I. TNTRODUCTION

There has been considerable interest in modifying the chemlical reactivity
of trangition metal sucrfaces by daliberate sddition of secondary metal
components. A major fucus of such surface sclence studies Lias been on
understanding in molecular detall how the constituents of these multicomponent
interfaces influence hsterogeneocus ro.ctlonl.l'z

The present work centers on the influence that vapor-deposited Bi has on
the chemical reactivity of the Pt(111) surface. 1In particuler, the influence
of adluyer growth mcde on adsorption of small geseous sdsordates (a.g. "2’
co, 02) will be adéressed. The ensemble, or surtace site s’ze, requiremsnt
for adsorption will be probed for cach of these molecules. Very specific
contrasts will be made with previous work3™> on the influence that Group 1B
sdatoms (Cu. Ag, Au) have on the surface chemistry of Pt(111). Qualitative
interrretations concerning the growth mode chacrncte~istlics ¢displayed by these
differont metal adlayers (Group ¥B\vs IB) will be favorabdbly compared with
the ideas of Bauer and Koleczklcvtczb. who predict that the Group IB adatoas

should grow in 24 islands while Bi should 3pread uniformly across the

surface.

II. EXPERIMENTAL

Preparation and cleaning of the Pt(11l) single crystal sample is
described in Ref. 3a. Surface cleanliness was ascertained by Auger electron
spectroscopy (AKS), low energy electron diffraction (LEED), and the size,
shape, and reproduclibllity of 02. CO, and H2 theraal desorption mass

spectra (TDMS). Pucther expecimontal detsils are listed in a related

plpor.l. Bismuth was vapor-deposited in the following manner. A
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hamisphecical reservoir for holding the Bi(SN purity) was pressed into a 0.004
in.Ta foil, which was resistively heated with 0.010 in.Tsa wires spot-welded to
the back. Doser tempursture was monhjtored with a chromsl-alumel thermncouple
also spot-welded to the back. The Pt substrate weas positioned vertically ~4
ca above the Bi reservoir, and the rest of the dosing confisurs’ion has been
previcusly dolcribod.s. The doser was typically operated at a constant
thermocouple reading of 17.75 aVvV (726 K), snd the dose ri'e vas measured by
AES to be 0.089°0.002 m1 min™}. (One monolayer = 1 al = 1 Bi atea/Pt

surface stoma = 1.505 x 1015 nto-c/cnz corresponds to 0 = 1.0). The

Bi/Pt(111) interfsces were grown at a substrate temperature of ~540 K

followed by a 30 s anneal at ~650 K and ther cooied to various temsperatures

for experimental characterization.

II1. RESULTS

p:] of Bi/P e £ Ref. ?

At submonolayer coverages, Bi adatoms form s seriet of ordered overlayer
structures on Pt(111) as susmarized in Fig. 1. The experimantal evidance
supporting these structural models follows from LEED, AKS, snd TDMS
measurements described briefly “ere and in further detall elsevhere, wvhere
growth modes et other sudstrate temperstures are discussed as unll.’

In the sudmonolayer region, LEED pa‘terns of the BLi/Pt(1l1ll interfsce
were observed to progress with increasing coversge through p(2x2), (vIx
/I)R30°, p(3Ix)), and p(4xa) ctructures. The structural models for these
pstterns, shown in Flg. I and consistent with TDMS and AXS dut|.7 tive
absolute Bi coverages (0.1) of 0.25, 0.33, 0.44, and 0.3, respectively.
It s apperent that Bi sdatoms have significent lateral repulsions and

sarizize their nearest neighbor distences, resulting in hexagonal overlayers
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at all these coverages. Intermediate coverages gave more cooplex LEED
patterans, wvhich support this model as vell.7 The minisuc interatomic Bi-Bi
distance decreases from 5.54 A in the p(2x2) structure (0Bl = 0.25), to
4.80 A 1in the (/3x /3)R3I0° structure (6u = 0.33), to 4.16 A 1in
the p(2x3) structure (e,l = 0.44), and finally to 3.69 A in the p(4x4)
s tructure (0'1 = 0.56). Note that the saturatfou p(éxé)-Bi structure Lsa
exactly the same Bi-Bi spacing as the metallic diameter of Bi (3.69 A, as
defined by Zlchariasen.a) With Bi exposures greater thean that necessary to
achieve this saturated overlayer at 8'1 = 0.56, ordered multilayer Bi-Pt
alloys are iormed as discussed in Ref. 7. Bi alvays seems to occupy the
topeost layer in these alloys, as they are inert to CO, H2. or 02
chemisorption (see below, for Gni > 0.56),.

The Bi TOMS (m/e = 209) froc surfaces with & € 0.56 display
a single desorption state with a peak tecperature progressively decreasing
‘res 1720 K to 1C70 K as € 1ncreases.7 This indicates a large

Bi

decrease in the heat of adsorption (480 + 40 kcal/mole), consistent

with the strong lateral repulsion between Bi sdastoms mentioned above. At
6'1 > 0.56, a second, lower tecperature, desorption state anpears with a
peak temperature of v 750 K.7 This second stste desorbs with zero order
kinetics and on activation energy of 53 t 0.5 kecal nole-l. a value
slightly higher than the sublization energy of pure Bi, 49.5 kcal
nolc-1.9 This second desorption state represents B! desorption from an

ordered (as evidenced by LEED) multilayer PtBi alloy surface of nominal

coaposition Ptl 0 lio 86 (detercined frocm AES).7
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B. _ Chemisocption of CO, Hos and 0, at Bi/Pt(111)

The ordered Bi overlayers have s very profound influence on the chemical
resctivity of the Pt(111) substrate with respect to the adsorption of CO,
"2' end 02. In Fig. 2 & series of CO-TDMS trsces for a ssturation dose
(SL) of CO at 275 X are shown for desorption from the Pt(11ll) surface with
various Bi pre-coverages. The Pt crystal was dosed with Bi on the front and
back surfaces as described previously. The TCMS traces snown in Fig. 2 have
been corrected for background CO adsorption occurcring at the unmasked crystai
edge. The clean surface results sgree with previous measurements for

pt7111).2% o will not sdsorb on Bi above 100 k.11

It is readily apparent that the uptake of CO st Bi/Pt(111) i3 effectively
attanuated upon completion of the close packed p(4xd) surface (0 = 0.56).
There is no evidence for CO dissocistion induced by Bi. Integ-ation of th;
TDMS traces after back: .ound correction results in the plot of relative
adsordbate coverage (CO) versus °ni' shown in Fig. 3. The straight line
drawn in Fig. 3 represents a simple linesr site bdlocking model for adsorption,
assuming that st 0'i = 0.56, complete filling in the Bl overlayer occurs.

The CO coverage falls noticesbly below that predicted by this model, allhough
reasona®ly close to the ¢sshed line in Pig. 3 which represents sinmgle site

blocking of two Pt atoms by each Bi sdatona.

A simllec reries of experiments was crnducted on the Bi/Pt(111) interface

with nz as the probe molecule. It is well lmoun12 that H2 dissociatively

adsorbds onto Pt(111) with s saturation surface density st 150 K estimated to

be 1.20 x 10 atom ca”? (6, = 0.8). TOMS of hydrogen from clean

Pt(111) demonstrates twn states, Bl at ~250 Kk and ’2 st 310 ‘.3..12 n2 will
not adsorb on Bi above 120 l.ll Although not shown, the "2 TOMS :ineshapes

sfter saturastion (160 L) nz exposure to thn BL/Pt(111) interface st 150 K
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looked very similar to those obtained at the Cu/Pt{111) lntorfacoa. for a
siven attainabdle hydrogen coverage (not for s given metal adlayer coverasge).
The ”1 state of hydrogen was attenuated first st very low coverages of Bi
(0'i < 0.05). The more predominant ’2 state us relativaly

unchanged in peak texperesturs as 0.1 inc~ ased, Jut it lost intemsity
cepidly. Upon integration snd backgruund subtraction as for Cu, the relative
saturstion ﬂm capecity of Pt(111,; is shown in Fig. 3 as a function of Bi
coverage. Clearly, the amount c¢f hydrogen that can be adsorbed is much more

. ..ungly attenusted than in the CO case and displays a very nonlinear

dependence On o'i. The curve in Fig. 3 represents the following

mathematical expression:

* 2
0“10" = (1 - n8) )

where n = 2.2. The good fit of the data to this curve indicates that
dissocistive hydrogen adsorption requires two adjacent Pt gites, and that each
Bi slom masks 2.2 Pt surface atoms. The saturation coverage on clean Pt(111),
0“ =« 0.8, teils us that 1.25 Pt surfece atoms ere required fcr each
hydrogen adatom site. Note thatl in the model represented Yy Rq. (1), hydrogen
edatoms are not ullowed to migrate around on the surface during adsorption and
pack all avallable sites, otherwise the quadrstic 8e] .ndence would disappaar.
Another series of experiments were run in a manner similar to those
described sbove, but for- saturation o2 adsorption (5L) at 100 K. ihese data
are presented and discussed in detail .ll.ﬂhot.’ end susmarized in Fig. 4.
The total amount of adsorbded o2 decreases very rapidly with 0.1 and can

be reasonably fit by Eq. (1) with n = 1.8. EZince 02 sdgorption is almost

entirely molecular ss a peroxo species at 110 K.IJ this indicates that two

L5228 ] 1079784



sdjacent Pt sites are required for molecular 02 sdsorption, and that esach M

atom dlocks 1.8 Pt surface atoms. The saturstion coverage of o2 a
*

Pt(111), 6y = G.4013, tells us that 2.5 Pt surface atoms are required
for each sizc pair. The increase with o‘i in the relative amount of O

2
dissociating &s compared to desorbing molecularly during TDMS (Pig. 4)

indicates that the activation energy for dissociation of molecularly adsorbded
o2 decreases significantly with Bi covcr.;o.’ The molecular desorption
peak temperature, however, does not change with °ni'

IV. DISCUSSION

It is evident from the growth mode of Bi on Pt(111) that repulsive
interactions between Bl adatoms play a large treole in determining cverlayer
structures. Thic is to be contrasted with the cases of Cu, Mg, and Au
overlayers on Pt(111), which all show dominant sttractive lateral interactions
leading to p(1xl) island ;rovth.a-s

Such a contrast is exactly that predicted in a recent review by Bauer and
Kolaczkiouicz.6 Basad upon experimental results from a variety of
submonolayer setal films on "smcoth™ [i.e., (110) in 3CC) transition metal
surfaces, these authors classified adsordate aestals sccording to the nature of
tneir lateral interactions in the adsorbed layers. Strongly repulsive
interactions sre observed for slkali and alkali earth metals, since these bond
ionically and therafore experience significant dipole-dipole repulsion in the

adlayer. Weakly repulsive interactiLiiz are observed {or metals such as Bi,
2

Sb, Pb, Tl, Te, and Hg, of the s ynwtyp. electronic configuration. Herae

the electronegativity diffarence with the substrate is small, ané¢ only weak
dipole-dipole repulsions result. The hest of sublimstion of these metals is
smal) (~50 keal -olo'l for Bi), indicating only a weak binding
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energy in the solid. These are strongly bcund to the substrat. at lovw
coverage {80 kcal -ole“1 for Bi/Pt(111)7], s0 that no electrons are

available for lateral bonding. Instead, the lateral interaction is repulsive,
presumably due to the small dipole repulsions and slso indirect repulsions via
the substrate electrons. Attractive interactions are seen for adsorbates such
as Cu, Ag, Au, Ni, and Pd, which have the dnsn-type configuration. here
sgain, small electronegativity differences give rise to weak dipole
repulsions, whick in this case, however, are overcome by the availability of
electrons for forming lateral attractive bonds. For these metals, the heat of
sublimation is wuch larger (80.3 kcal nole-l for (.‘u).9 indfcating stronger
bonding in the solad.

As pointed out by Bauer and Kolaczkieuicz,6 these classes of lateral
interactions are manifested clearly in the growth modes and LEED patterns for’
the overlayers on smooth surfaces. Attractive interactions lead to 2d
condensation into islands of high local coverage already from very low average
coverace. Repulsive interactions lead to structures below caturation in which
the adatoms maximize their lateral distances, subject to the constraints
induced by the potentfal modulation of the gubstrate. These constraints are
pore clearly seen for the case of weak than for strong repulsion. We see that
these different growth modes give rise to striking differences in the effects
of the foreign metal adatocs on the chemisorption properties and reactivity of
the resulting suiface. Metals tith attractive interactions that form 2d
islands produce composite surfaces, whicn have chemisorption properties onl)
slightly different than a linear cozbination of the properties of the separate
zetals (scaled by 0). Thus, for Cu and Ag (which do not adsord CO or H

2
4
at the tenperatures used), on Pt(lll)J. or Rh(lOO)1 » the CO and hydrogen

L522E 8 10/9784



adsorption canacity decreases lin-carly with coverage to almost zero at

0 = 1.0. Metals with strong repulsive interactions due to iarge charge
transfer can have a strong electronic influence on the chemisorption
properties of the substrate. This is the case with K on Pt(il.) for
example.ls Metals with weak repulsive interactions and little charge
transfer to the substrate will not have such strong electronic effects, but
since they spread fairly evenly over the surface, they will pive ~ise to what
ave known as "ensemble” effects upon chemisorption. “Ensemble”™ refers to the
nuzber and gecuetry of adjacent wetal atons or sites required for

chemisorptinn or a surface reaction. Disscziative chemisorption of H for

2
exacple, is generally thought to require an ensezble of two adjacent sites to
accocoodate the two hydrogern adatoms produced.

For the cise of Bf on Pr(1ll), ensecble effects are clearly at nlay in
the results for HZ and 02 adsorption in Figs. 2 and 4. The data are
reasonably fit by wodels [Eq. (1)) in which an ensemble of two adjacent sites
are required for both dissociative H: adsorption and colecular (peroxo- )

02 adsorption, wheredby each Bi adatom, due to its sfize, blocks 2.2-1.8 Pt
sutface atoms. Note that saturation overage (6M = 0.5) corresponds to

one Bi atoo for every 1/0.56 = 1.78 Pt(111) surface atomzs. The requireaent of
two adjscent sites for molecular 02 adsorption is consistent vith the fact
that G, is thought to lie parallel to the Pt{ill) surx’at’:e.l:’b The CO data

of Fig. 3 can be fit by a model in which only a8 single site 1s required by
molecular CO adsorption, where each Bi adatue blocks 2.0 Pt surface atowms.
Only & single s51te is required for CO.. since its bond is perpendic. iar to
Pt(lll).16 One can, of course, derive more npicroscopic detafl concerniug

the ensecble recuirenent in adscrption through careful inspection of the

structural models in Fig. 1.
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The major point w would like to make hrre concerns the chwice of
adsorbate meta) when attempting tc probe ansemble effects in cheamisorption and
catalysis. NMost .ork io the past hos focussed on adsordates such as Ag, Cu,
or Au. which are particularly poor choices since lateral attraction lesds to
2¢ island condensation. Metals guch as Bi. which have the szpn-typc
configu ation, are much better prospects, since these spread unifornmly scross
the« surface and yet have similar electronegativities, so that the ilectronic
influeance on the subvstrate is minimal. These metals are also often very inert
in chemisorption, as is Bi.ll

Mote :he significant narrowing of the CO-TDMS peaks to lower temperature
in Fig. 2 when eBi exceeds 0.15. As Bi is slightly more electropousitive
than Pt, any charxe transfer or ligard effect would te wxpected to give the
opposite result. (For example., K increases the desorption energy for CO oﬁ
Pt(lll).ls Interestingly, the lineshape and position for CO desorption when
e'i > 0.15 in Pig. 2 match almost exactly those for CO desorption from
Pt(111) wher only desorption from the dridye-bonded LO is monitored. (The
deconvolution of the specirum in Frig. 2 for clean Pt(111) into components for
linear and bridge-dbondad CO was ciaverly mastered by Norton, et ;l..l‘.
using dynamic work function measurements). This may indicate that Bi
sdsorption rapidly masks the sites necessary for the more strongly bonded
linear CO on Pt(111), and only bridge-bonded linear CO is ropulated for

%as : 0.2. EELS measurements as in Ref. 16b would be useful to

test this hypothesis.

A comparison of the relative effects of underpotentially deposited Bi,
Ag., and Cu upon electrochemical! hydrogen adsorption from scidic solutlon onto
polycrystalline Pt elactrodes ras been pr.scntod.17 In these cases, the

amount of adscrbed hydrogen is linearly attenusted with metal coverage. Tha
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tvo~site ensenble effect such as demonstrated in Fig., 3 for Bi does not
appesar, presuszably since “2 é¢issocistion is not required in the
electrochemical process. The size difference betveen Bi and Cu or Ag, is
hovever, alsc seen in the eiectrochenical measurewents, with only about half
the B! coverage required to achieve the same amount of hydrogen attenuation as

of Cu or Ag.
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Figure Csptions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

4522¢

Structural models of submonolayer Bi on Pt(111) determined from LEED
psttecns and AES.’ Platinua atoms represented by (0) and bismuth
atoms by large spheres. Unit cells are shown by the dashed lines.
sucface preparstion described in tawt.

CO the-mal desorption spectra resulting from a saturation exyosure
(5L) of CO for vaurious Bi pre-coverages on Pt(111). Semple

tcngornturt was 275 K for CO dose. The heating rate (B) is 13.1
| & b

Saturation adsorption cepscity of Pt(111l) for CO and H; adsorption

as a functlion of Bi pre-coverage. The relative adso~bate covarage is
deternined from the asreas under TDMS traces such as Flg. 2 for CO.
(0) 5L-CO dose st 275 K. (0) 200L-H; dose at 150 K. These

exposures wers sufficient for ssturation st all Bi coverages. 8olid
and dashed lines describded in text.

Summary of TDMS results after s ssturation 07 dose (5L) to . (111)
at 110 K contsining various pre-coverages of Bi. (@) Total 0;
adsorption capacity es measured by the sum of areas under the V2
desorption pesus for both molecularly (164 K) and stomically

(=700 K) adsorbrd oxygen. (o) Ratio of 07 desording in Lhe atomic
peak to that desording in the molecular peak. ’
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