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Incorporation of alkali metals on Pt(111)
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The alkali-metal-doped platinurfL11) surface is one of the most popular model systems for studies on
catalytic promotion. Our results indicate that in the low-coverage range the alkali metals Na and K are
incorporated into the surface. This is in contrast to the widely accepted adsorption geometry and calls for the
reexamination of the current picture of alkali-metal—coadsorbate interactiongd)PfThe driving mecha-
nism for the incorporation is apparently different from that known on other metal surfaces and may be related
to the large surface stress of(P11). [S0163-182806)51728-3

The present understanding of alkali-metal-induced protics was used for measuring the Auger spectra. Temperature
motion mechanisms in heterogeneous catalysis is largelprogrammed desorptiodTPD) spectra were recorded by
based on the study of model systems. Among such systenf@éans of a retractabler quadrupole mass spectrometer
K/Pt(111) plays an exceptional role. It is probably the most (QMS) with the entrance apertur&(~3 mm) positioned 5
frequently used model surface for the investigation of coad™M in front of the sample surface. .
sorption effects? and the alkali-induced bond weakening of _ Figure 1 shows a TPD spectrutheating rate 3.4 Ks”)

CO. An exact knowledge of the adsorption geometry is es2Ptained from about two monolayers of potassium on
sential for understanding alkali-metal-induced promation Pt(lll).lTlhe stréjcture at 350 Kk on the_glgh(—jenergy side of
particular and the properties of alkali-doped metal sun‘acesi{:"]e mtlrj] tilayer esor%tlcf)'n tpea 'SI' attri u.'f[?l to esorptlor}
generalt The present study demonstrates that fgi P1) the rom the compressed Mirst monolayer with a coverage o

: . " . ®=0.44 Beyond 400 K the desorption rate is low, but on
generally assumed alkali-metal adsorption geometry is in-

. . ) n enlarged scale a peak at 600 K is observed in agreement
consistent with experimental data. Consequently, currer&/ g P 9

. , . ith other group$~1° At 1000 K the desorption rate rises
models for coadsorbate interactions on alkali-doped 14} again to an extremely sharp, intense maximum at 1100 K

have to be critically reexamined. o with a full width at half maximum(FWHM) of only 13 K,
Existing studies of the K/R111) system indicate a behav- yile the hitherto published TPD spectra show only a small
ior thought to be characteristic for alkali-metal adsorption:increase in the desorption rate at this temperature. The sharp
At low coverage adsorption with a large dipole moment ancheak at 1100 K contains a large fraction of desorbing ions,
strong repulsive interaction, at larger coverages eventuayhich is responsible for a major part of the signal. Previous

metallization and formation of ordered adsorbate overlayersTPD spectrér’® were recorded by use of detectors which
In contrast, the present measurements including temperatuseippressed positive ions, namely either by a UTI QM%,
programmed desorptiofiTPD), work function A®) mea- where the ion source is held at a positive potential, or by a
surements, Auger electron spectroscobES), as well as Xe  surface ionization detectbrwhich rejected the desorbing
TPD and photoemission of adsorbed ¥AX), indicate in-  ions. In contrast, a HIDEN QMS with an ion source at nega-
corporation of a substantial amount of the alkali atoms durive potential was used in the present experiment. In addi-
ing the initial stages of exposure. At higher coverages, théion, heating rates in previous TPD experiments were higher
system reverts to normal behavior. The discrepancy with eay @ factor of 5-10. The resulting unfavorable desorption
lier measurements stems from an extremely sharp desorptid@t€-PUmping speed ratio leads to considerable broadening
feature at high temperature which is partly due to ionic de- 10 T T T T
sorption not detected in previous experiments. As a conse- KPt(111) 5
guence, the coverage at the early adsorption stages was con- TPD
sistently underestimated.

The experiments were carried out in a uhv system with a
base pressure of 13° mbar. The Pt crystal was mounted on
a kryogenic manipulator. Temperatures were measured by a
Ni-CrNi thermocouple and the temperature reading in the
low-temperature range was calibrated by Xe desorption mea- - -
surements using the data of Keghal® The sample cleaning I G A
was already described in Ref. 6. Alkali metals were dosed by } L x50 T j L
means of an SAES getter source, which was mounted inside 0200 400 600 800 1000 1200
a heated glass collimator tube. During exposure, the pressure T (K)
in the vacuum chamber remained below 20~ *° mbar. The .

. . . FIG. 1. Temperature programmed desorption spectrum of about 2 ML of
work funpthn was determined from the total Wld.th of the « fom P{111) (heating rate 3.4 Ksb). The signal at 1100 K stems pre-
photoemission spectrumrh{=16.85 eV, sample bias:-5 dominantly from ionic desorption. Inset: Sample current measured during
eV). A four-grid low-energy electron diffractioLEED) op-  desorption. A measurable sample current appears only around 1100 K.

q lon
desorption -

k!
2
=4
=
@

_U)

0

Intensity (10 counts/s)
T

0163-1829/96/5@1)/23474)/$10.00 54 R2347 © 1996 The American Physical Society



R2348 J. LEHMANN, P. ROOS, AND E. BERTEL 54

0 tain temperature to remove the excess K. Both preparation
0 methods yielded the same work function changes. The
Na/Cu(110) present result differs significantly from published K/Ft1)
44 --- unreconst. | |- work function curves®® which show a continuous work
-1- A — reconst. function drop towards the minimum with a gradually de-
11 creasing slope due to depolarization effects. Instead, we ob-
2 . : = served a pronounced discontinuity of the slopeéat 0.22.
The shape is reminiscent of adsorption on reconstructing sur-
faces as shown in the inset of Fig. 2. For Na on(X10),
3] | regular adsorption results in the usual work function curve.
In contrast, substitutional adsorption after annealing to 360 K
KIPt(111) . (Ref. 14 yields an initially smaller slope due to the reduced
dipole moment of the substitutionally adsorbed alkali atoms
and a subsequent fast drop. By analogy, the work function
i curve for K on P111), too, indicates incorporation into the
surface layer or even absorption into subsurface sites. The
0 ! 0.!33 ! coverage at the breaking point of the work function curve
coverage corresponds exactly to that obtained by removing excess po-
tassium via flash desorption up to 1000 K. In view of these
FIG. 2. K-induced work function change on(P11). Solid circles: Cov-  results we associate the narrow autocatalytic desorption peak
erages prepared via thermal desorption of excess K. Open squares: Coveyt 1100 K with a deconstruction initiated by further K re-

ages prepared via direct dosingTat 140 K. Inset: Work function change moval. Similar sharp desorption features occur during the
measured for Na on QL10 after annealing to 370 K, which induces a d tructi f H-ind d tructidh

missing row reconstructio(solid line) and after adsorption at 100 K, where econstruction o Induced reconstructions.
the reconstruction is suppress@ef. 14 (dashed ling For ®>0.25 we observe the usual sequence 0k @),

(/3% /3)R30°, and compression LEED patterns up to the

and renders detection of very sharp TPD features difficult. (3/2x 3/2) pattern characteristic of the full compressed

To derive the coverage scale from the TPD spectra wenonolayer. The latter coincides with the onset of the
calibrated the relative sensitivity of the QMS towards ionsmultilayer peak in TPD just below 350 K. In the range
and neutrals. First, the absolute number of desorbing iong.25<® <0.44 the coverage scale derived from LEED and
was determined from integrating the sample current meafPD agree perfectly. In view of the LEED pattern sequence
sured during a desorption cydEig. 1, inset and normaliz-  and the correspondence of LEED and TPD coverage scales a
ing to unit sample ared.For ©® >0.3 the ion desorption peak surface alloy formation seems unlikely. Beyofid=0.25 the
saturated. The corresponding charge was equivalent tmajority of the alkali atoms obviously occupies regular ad-
1.2x 10" desorbed particles per ¢mA comparison to the sorption sites. As exposure at low temperature and removal
MQS signal obtained with the ionizer filament switched off of excess K by thermal desorption yields the same work
yielded the MQS sensitivity towards positive ions. The ab-function values for corresponding coverages, the phase tran-
solute number of desorbing neutrals was calculated from thsition at® =0.22 is apparently reversible.
known coverage in a\3x3)R30° adsorbate layefi.e., Next we measured the (B52 eV)/Pt(237 e\) AES peak
5.0 10 cm™~2) minus the number of desorbing ions. This ratio as a function of coverage for the two different prepara-
neutral desorption yield was then compared to the differencéon conditions(Fig. 3). Usually, the K AES signal is nor-
in the integrated MQS signals obtained with and withoutmalized to the R64 eV) peak. We choose the RB7 eV)
filament emission, respectively, in TPD spectra starting fronpeak because the background in the low-energy range of the
the saturated (3% \3)R30° structuré? The latter was re- AES spectrum changed considerably during K adsorption. A
producibly prepared by annealing a potassium coveregmall K AES feature overlapping the(R87 e\) peak influ-
sample to 400 K. An MQS ion-to-neutral sensitivity ratio of ences the AES uptake curve only at very large K coverages.
3.4 was obtained in this wafghis ratio depends not only on The AES measurements reflect the same discontinuity as the
the ionization probability of K in the ion source, but also onwork function curve a® =0.22. Up to this point the AES
the imaging conditions for the K ions in the ion optical signal increases very slowly, but for 028 <0.30 a fast
system of the MQEB The extremely narrow peak at 1100 K increase is observed. If the coverages are prepared by direct
seems to originate from an autocatalytic desorption mechadosing at temperatures below 140 K, the measured AES in-
nism, because the desorption rate kept increasing despitensities show a comparatively large scatter in this coverage
falling temperature as the heating was switched off afteregion. Preparation by annealing, in contrast, reduces the
ramping to 1075 K. This is consistent with the peculiar up-scatter, and the measured AES intensities lie on a sigmoidal
ward shift of the high temperature edge of the neutral desorpsurve. This supports the conclusions drawn already from the
tion signal with increasing covera§¥ observed by other work function change, namely initial incorporation of the K
groups. atoms and subsequent reversion to regular adsorption as a

Figure 2 shows the K-induced work function change. Forcritical coverage o® =0.22 is exceeded. It is important to
clean Pt111) we obtained a work function of 5.97 eV. Dif- note that a plot of the AES peak ratio versus time of expo-
ferent coverages were prepared by either directly dosing theure results in a curve, which is linear throughout the first
sample with the required amount at low temperature or bynonolayer range, but bends upward as the second monolayer
annealing the sample with a multilayer precoverage at a ceibegins to form. This is the curve shape usually reported in
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conditions. As there is still a reservoir of subsurface alkali
}i(/i?( 111) atoms, this structure is extremely radiation sensitive and can
easily be destroyed, if the temperature is incredséte
“ring” pattern could then on the one hand be due to a regu-
larly adsorbed, azimuthally disordered alkali atom overlayer
. which is gradually compressed into theX2) structure. On
10+ 0 overads® the other hand, it cannot be excluded that the sequence of
g LEED patterns is produced by a mixed alkali-metal—Pt over-
layer. For instance, part of the alkali metals could occupy
substitutional sites in a\(7x \7)R19.1° structure, and an
- KIPt(111) incommensurate “floating” alkali-metal—Pt overlayer could
develop at higher coverages giving rise to the ring patterns.
. AES An alkali-metal-induced decoupling of the top layer from the
.2 gfo substrate was actually observed for Na on(¥i).!’ It is
important to note that in both models sketched here the
0 ' J ' I 0.14-ML coverage associated with the/7(x \7)R19.1°
0 0.33 0.66 structure does not correspond to the actual alkali-metal cov-
coverage erage because of the coexistence with other phases, for in-

FIG. 3. Auger peak intensity ratio(®52 eV/P{237 eV) as a function of stance SUb?grface alkali-metal atoms. This is analogous to
K coverage on R111). Solid circles: Coverages prepared via thermal de- N&/AU(111),~* where, for example, a (2) pattern was ob-
sorption of excess K. Open squares: Coverages prepared via direct dosingg@rved up to coverages of 0.45 ML. In the latter case, too, the
T<140 K. The solid line serves as a guide to the eye, the broken linestructure was attributed to a coexistence of two different ad-
indicat(_es Fhe shape of the AES upte_lke curve as given in the Iiteratgre. Inse§0rpti0n sites, namely substitutionally and regularly adsorbed
K 2p binding energy shift as a function of coveragefs. 9 and 1D[Pirug 5 "The presence of at least two inequivalent adsorption sites
and Bonzel(Ref. 16.] . o

can also be inferred from the fact that the phase transition
] ] ] ] occurs at a coverage as large as 0.22. Such an amount of
the literature>*® According to our coverage calibration, how- atoms can hardly be accommodated within purely substitu-
ever, the sticking coefficient drops foof its initial value for  tional or interstitial sites as long as only surface alloy forma-
coverages beyon® =0.22. tion takes place.

Our scenario for the first adsorption stages involving an  Further support for the present conclusion stems from the
incorporation of the alkali metal into the(®.1) surface isin  jiterature. The inset in Fig. 3 shows thé€20) XPS binding
marked contrast to the prevailing picture. The discrepanc¥nergy shift measured by Pirug and Bonzdlhe data are
arises because in previous studies the sharp high-temperatiearly consistent with a phase transition occurring at
desorption peak was not properly resolved and the ion yiel$ 22<® <0.30. Even more striking is that a dramatic de-
neglected. Consequently, the initial coverage was severelyrease of the sticking coefficient for CO in exactly this cov-
underestimated, while th¢3x \3R30° LEED pattern pro- erage range has been reportd® Either a change in the
vided a fixed calibration point close to monolayer saturationassociated lifetime of a supposed CO precursor an in-

The resulting nonlinear distortion of the coverage scalerease of the K radius and a more efficient site-bloc}ang
masked the discontinuity & =0.22. was invoked. Similar effects, however, were not observed on

At coverages belowd = 0.25 Schweizéf as well as Pirug  other alkali-metal adsorption systems. In the present scenario
and Bonzel reported the observation of a remarkably un-the sudden drop of the CO sticking coefficient is quite natu-
stable and radiation sensitive/Tx 7)R19.1° LEED pat- rally rationalized by the transition from incorporated to regu-
tern in a very narrow coverage range followed by “ring” larly adsorbed potassium.
patterns with elongated split spots. The latter pattern gradu- In search of independent evidence we have also carried
ally changed into the (22) structure as the coverage in- out photoemission and TPD measurements of Xe adsorbed
creased. While the LEED patterns are qualitatively consisen K/P{111) (Fig. 4). At K precoverages belo® =0.22 the
tent with our observations, we assign the LEED sequence t¥e photoemission spectra are characterized by a splitting of
a different coverage range. A coverage of 0.14 ML obtainedhe Xe 5,/, peak® as shown in the lower spectrum of Fig. 4.
from the conventional AES uptake curve given as the brokefThe work function of the corresponding K(R11) surface
line in Fig. 3 transforms to an actual coverage®f0.22in was 4 eV AP =—1.95 eV,0,=0.20). Beyond the break-
our calibration. This is just the critical coverage, where ouring point in the work function curve an additional component
data indicate the onset of a transition towards regular adsorppears in the Xe 5, spectrum, as shown in the upper
tion. The sequence of LEED patterns between thespectrum of Fig. 44®c=—2.31 eV,0,=0.23). This dra-
(V7X\7)R19.1° and the (X2) structure corresponds matic change of the peak shape within a narrow coverage
therefore to the coverage range where we observe a tempenange provides independent evidence for a phase transition
ture dependent behavior of the AES signal indicating structaking place as the critical coverage is exceeded. The con-
tural rearrangement. A possible interpretation of the LEEDclusions are further supported by the Xe TPD data. Up to
sequence would then be as follows: @t=0.22 the alkali ®,=0.22 the Xe adsorption energy remains by and large the
atoms start to return into regular adsorption sites on the susame as on the clean surfa@ee inset of Fig. ¥ Beyond
face forming (/7x+7)R19.1° islands under appropriate ®«=0.27 no Xe at all could be adsorbed at temperatures

K(252eV)/Pt(237eV)
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T T 1 this case, however, the site change was associated with the

{ -+ Xe/KIPt 4 transition between different ordered superstructures at cover-
— XelPt TPD

ages abov® = 0.25 and involved only a transfer from fcc or
on-top to hcp sites. Such a site change could hardly explain
the present work function and AES data, which suggest a
true incorporation. In view of the small activation energy an
interstitial incorporation seems more likely than a substitu-
tional one in contrast to other close-packed metal surfates,
for instance Na/Al111) (Ref. 24 or Na/Au111),>®> where
substitutional adsorption has been found. However, the data
suggest that inequivalent adsorption sites are simultaneously
populated. We speculate that in the present case the driving

Intensity

force for the incorporation is associated with the large sur-
Xe/KIPt(111) \\JJ\MF face stress of the Ft11) surface?® At low coverages incor-
UPS ! poration of the alkali atoms may lead to an efficient stress
i release. The present results should be compared to those of
8 6 -4 2 0 Ertl and co-worker® for Na adsorption on A@i11). The
E-Ef (eV) TPD spectrum from this system looks strikingly similar to

that shown here in Fig. 1. The sharp high-temperature de-
FIG. 4. Photoemission measurements on adsorbedP®X). Lower  Sorption feature is attributed to the decomposition of a mixed
spectrum: K/Rtl11l) surface prepared by annealing to 1070 K NaAu, phase. On A(L11) the peak does not saturate, be-
(®k=0.20), Xe saturation exposure. Upper spectrum: (/PY surface cause at higher coverages a NaAbulk alloy is formed.

prepared by annealing to 1000 KO(=0.23), Xe saturation exposure. .. . . .
Shaded curve: Xefbemission taken from the lower spectrum and shifted by This is not pOSSIble in the alkali metal(®11) system, but

0.83 eV. Inset: Xe TPD spectra from clear(Btl) (solid curve and from  the similar TPD spectrum strongly supports the assumption
K/Pt (@ =0.22) (dash-dotted ling of the formation of a mixed surface phase. Due to the large

surface stress on @t11) the mixed phase may form sponta-

down to 60 K and pressures up to<10~7 mbar, which is  neously, while on A1) the formation of this phase re-
the behavior generally observed on alkali covered surfdces.quires a finite coverage and thermal activation, because al-
We obtained very similar data concerning TPD workready on the clean surface the stress is released via the
function measurements, and PAX for N&/Ptl). All these 22X /3 reconstruction. On ¥Na)/Pt111) the details of the
results strongly suggest that the light alkali metals are incorincorporation mechanism have yet to be clarified, but the
porated at coverages belo®=0.22. At higher coverages peculiar properties of the system indicate that the mechanism
they revert to regular adsorption as indicated by the compress different from what has been observed in other alkali-
sion structures observed in LEED. As the incorporation ismetal adsorption systems so far.
also observed at 100 K, the activation energy has to be very We gratefully acknowledge continuous support by V.
low. Dose, useful discussions with G. Rangelov, and technical
A change of adsorption site as a function of coverage hasssistance by E. Berger. This work was supported in part by
been observed for alkali metals on (RQ01) as well??> In  the Deutsche Forschungsgemeinschaft.
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