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Abstract

- The édsorption of potassium and the coadsofption of potassium
and oxygen oﬁ the Pt(111) and stepped Pt(755) crystal surfaces
were studied by AES,'tEED, and TDS. >Puré potassium adléyers
were found by LEED to be hexagonally ordered on Pt(1l11l) at
coverages.ofﬂeKéO.9-1. The'monélayer coverage was 5.4x1014
K atoms/cm2 (0.36 times the atomic density of the Pt(1ll1ll)
surface). Orientational reordering of the adléyers, similar to
the behavior-of noble gas phase tramnsitions on metals, was
observed. The heat of desorptién of K decreased, dﬁe to
depolarization effects, from 60 kcal/mole at Og<0.1l, to 25

kcal/mole at Og=1 on both Pt(lll) and Pt(755). Exposure

.to oxygen'thermally stabilizes a potassium monolayer, increasing

the héat of desorption from 25 kcal/molé to S0 kcal/mole.
Boﬁﬁ'potassium and oxygen were found to desorb simultaneously
indicating strong intéractions in the adsorbed overléyef.
LEED results on Pt(lll) further indicate that a planar K90
layer may be formed by annealing coadsorbed potassium and

oxygen to 750K.



Introduction

The study of alkali metal and alkali oxide adsorption on
transition metal surfaces has received considerable attention in
the past. As early as 1923, Langmuirl showed that adsorbed cesium -
greatly increased the electron emission from hot tungsten surfaces
as a result of the decrease in the metal's work function. This
finding had many applications in the.design of thermionic and
photoelectron emitters2. It was also found that the addition of
alkali metal oxides and carbonates greatly increased the aéti?ity
of certain'transition metal catalysts3. Alkali metal compounds
are now routinely used as additives (or promoters) for iron
catalysts in both the ammonia synthesis and the hydrogenation
of carbon monoxide to hydrocarbons (the Fischer-Tropsch reaction).
With the advent of modern ultrahigh vacuum (UHV) technigques,
it is now possible to explore the structure, éomposition and
other atomic scale surface properties of alkali metal and alkali
oxidé monolayers to uncover the reasons for their physical ahd
chemical behavior.

In order to better understand how alkali adlayers impart
unique chemical activity to transition metal catalytic surfaces,
we have undertaken a systematic study of the chemisorption,
the electronic and atomic structure, and the catalytic properties
of potassium when adsorbed on platinum crystal surfaces. In Y
this paper we focus on the structure and bonding of potassium
and potassium oxide monolayers on the flat Pt(1l1ll) and stepped
Pt(755) crystal faces. Low energy electron diffraction (LEED)

revealed the presence of many different ordered surface structures



.

as potassium and potassium oxide coverages were changed.. Thermal
desorption Spectroscopy (TDS) of pure potassium adlayers showed

a large decrease in the heat_of desorption of potassium with
increasing coverage. Our results indicate that at coverages
beloW about .4 monolayers either potassium or potassium oxide

is bound so strongly to the platinum substrate that it would
remain there permanently both under reducing (hydrogen) and

oxidizing (oxygen) catalytic reaction conditions.

Experimental

All work wés performed in a Varian ultrahigh vacuum (UHV)
chamber equipped with a Physical Electronics (PHI) single pass
cylindrical mirror analyser (CMA) for Auger electron spectroscopy
(AES), a PHI four grid LEEb system, and a UTI quadrupole mass
spectrometer (QMS) interfaced'to_a PET computer for thermal
desorption spectroscopy (TDS) . ,A 99.998% pure platinum'crystal
was cut, oriented, and cleaned using standard procedures. The
Pt(1lll) surface was argon ion bombarded at room temperature
and 1000K to remove traces of Ca, Mg, and Si, then residual
carbon was oxidized off by heating to 800K in 1077 torr 0,
for several minutes followed by a flash to 1400K to remove
platinuﬁ oxide. Before each experiment the surface was checked
by AES and LEED to insure purity.

Atomic potassium was deposited by heating'a ﬁSaes Getters"
potassidm source mounted approximately three centimeters from

the sample. Deposition rates were routinely on the order of .2

monolayers/min} withvthe platinum crystal sample held at room



temperature. Small amounts of hydrogen outgassed from the sourcé
but did ﬁdt appear to significantly affect potassium overlayer
surface-structﬁres or bonding. The Saes Getters source was

' found‘to give‘dff ho oxygen, which we found to be a significant
contaminant in K-zeolite sources. . Recently we have achieved
considerable success with a pure potassium ampule'sOurce.mounted
in a differentially pumpéd evéporation'chamber.-’No contaminants
were found to be emitted With_deposition rates as high as
'several monolayers per minute.

Auger caiibratiohs of potassium and potassium oxide were
made by using the Pt 64eV and 237eV peaks;, the K 252eV peak (éuper-
‘imposed on the.Pt 250eV peak), and the oxygen 510eV peak. Thermal
desorption spectré were taken with heating rates of about 30
K/sec for both Oy and K. Potassium oxide was made by either
coadsorbing Oj With the condensing potassium vapor or post-
adsorbing 0Oj éfter a potassium monolayer had been deposited.

A leak valve connected to afmolecular doser was used to intréduce
-oXxygen so that the éhamber would retain its base pressure of
1x10-10 torr. Hence all exposures, while reported in

units of Langmuirs (1 Langmuir = 1x10-6% torr sec), are only
relative, as accurate pressure measuréménts at the sample

surface could not be taken.

Results and Discussion

Potassium Uptake and Growth Calibration

The potassium Auger signal intensity is plotted against

\J -



deposition time on the Pt(1lll) crystal face in figures la and

lb. At platinum crystal temperatures slightly above 350K,

(figure la), the curve, linear at first, leveled off abruptly to

a makimum. The height of the maximum was determined by both the
temperatﬁre of the crystal and the potassium flux to the surface.
At 350K.with a potassium flux of about .2 monolayers/min., the
potassium adsorption proceeded until the potassium Auger signal
was about ohe half the maximum intensity from a cooled pure
potassium mditila?er. The growth of multilaYer potassium
deposits is not observed at these temperatures.

Platinum crystal SUrfaces cooled below room temperature

- showed smoether Auger uptake curves, (figure 1lb), displaying

slight breaks'at the positions which corresponded to the first
and second layers, as confirmed from TDS and LEED experiments

(see below). The deposition is shown in figure 1lb as the

‘ratio between the K 252eV and the Pt 64eV Auger peak heights,

with the crystal held at 250K. The first break occured when

the K(252eV)/Pt(64eV) peak ratio was 1.1 (as monitored by our

- PHI single pass CMA). This was also the coverage at which the

most densely packed potassium monolayer LEED pattern was visible
(see below). Therefore, we define this potassium coverage

(Og) to be one monolayer; as will be shown below, this

- corresponds to 5.4x10-14 K atoms/cmz, or 36% of the surface

atomic density of the substrate Pt(111l) face. The large difference

- between the potassium and platinum surface density is due to

the much larger potassium metallic radius.



Potassium Thermal Desorption

The results for the thermal desorption of potassium from
the Pt(111l) surface are shown in figure 2. At coverages of

less than .l monolayer, the potassium binds tightly to thev‘

surface, desorbing at about 1000K. As the covérage is increased,

the temperature at which the desorption rate is at a maximum

decreases continuously, and at one monolayer the desorption

temperature is at 400K. We believe that this shift is-due to

repulsive lateral interactions between the (slightly ionized)

potassium atoms that weakens their bonding to the platinum

surface, similér to the behavior of alkali atoms on

other transition metal surfacesls4-6, Assuming first

order desorption kinetics and a preexponential factor of 1x1013

that would be characteristic of a mobile atomic overlayer’/, the

variation of the desorption temperature péak with coverage

corresponds to a heat of desdrption shift from 60 to 20 kcai/holé

as Og is increased. The heat of desorption of potassium

as a fhnction of coverage thus calculated from the TDS spectra

is shown in figure 3. | |
The large variation in binding energy ﬁith coverage of

alkali metals adsorbed on transition metals has been observed

by others. For example Gerlach and Rhodin4 showed that the

heat of desorption of potassium on Ni(11l0) drops from 58 to 28

kcal/mole as the potassium coverage is increased from near zero

to 0.5 monolayers. All of the models that were proposed assume

that the decrease in heat of desorption is due to the depolariiation

of the surface dipoles at high coverages. The binding energy
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shift can be raﬁionalized ifrone considers an alkali atom -
‘adsorption potential having two terms: AHzgg = AHéub + P(9).
AHgyp is the heat of sublimation of pure potassium .

'(=20 kcal/mole), while P(Q) is a coverage dependeﬁt

term, related to the Topping forﬁulas; that tékes into accéunt
the polarization of the adsorbed potassium.- At low coverages
'the surface_dipoles would not affect each other and P(0)
would aséume a high value} whilé at high coverages the dipoles
would have a sighificant depolarizing effect on -one another,

déCreasing P(0) and therefore AHazgs (see figufe 3).
~LEED Studies of Potassium Monolayers on the Pt(1l1l1l) Surface

In figures 4a, b, ¢, & d we show the prégréssion'of LEED
patterns obtained from the pure potasSium-QVeflayers as ﬁhe
coverage ié»decreaSed (by thermal desorptionj. The baﬁtern in
vfigure 4a was obtained by depositing a monOlayer of_potaésium;
AAt'highef coverages the LEED patterns becaﬁévmoré diffuse.

The inner spots of thebLEEb pattern of figure 4a are
indicative bf an iﬁcommensurate hexagbnalijicloséjpacked_
surface structure. Assuming one potassium atom per uhit cell,
the potassium overlayer is calculated to haVe a surface density
of 5.4x1014 atoms/cmz, in agreement with results found on other .
suffaces5. Others define the overlayer coverage as.the adlayér
atomic density divided by the substrate surfacé density; in
our case, the coverage with respect to the surface density.of
the Pt(1l1ll) substrate would be 0.36.

| From the LEED pattern we see that the overlayer structure

has its axes aligned)y with the substrate but with an interatomic
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sﬁacing of 4.6t.1A , 66% greater than that of the platinum
interatomic distance (2.78A), and slightly smaller than the
known metallic potassium interatomic distance (4.70R). The
- real space transform;tion matrix forvthis structure is'(lé66 i?66)o

As the coverage is decreased by‘deso:ption, orientational
reordering of the overlayer occurs. At first ring—-like patterns
appeared. Upon desorption, the ring transformed into well defined
- spot pairs, figures 4b and ¢ (each pair beihg split about the
(1/3, 1/3) spot positibn). After further desorption by annealing
the crystal to-400K and cooling, the split paifs eventually
coalesced into the (1/3, 1/3).spot positions, produéing a
(¥3x/3)R30° surface structure (figure 4d), at Og=.9. Lower
coverages only resuited in the loss of the (/3x/3)R305
surface structure and in the appearance of a higher background
intensity, indicative of surface disorder. It shoul& be noted
that the ordering behavior of the potassium monolajer on Pt(l1ll)
is very simil#r both to weakly adsorbed noble gases on metal
and gtaphite surfaces as predicted by Novaco and‘McTagueg,
and to the ordering behavior of halogén monolayers on mefalslo.

In many of these studies the adlayers were found to have hexagonal
symmetry at a coverage of one monolayer, regardless of the
substrate symmetry.

From the thermal desorption results which indicate a higher
degree of polarization at.low coverageé, we also would expect |
lateral interactions to favor hexagonal ordering at less than
monolayer cove?ages. Recently Ertl & coworkers” showed the
existence of a low coverage (3x3) surface'struéture for potassium

on the Fe(lll) surface. We do not see any ordered structures
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ét coverages less tham Og=0.9.  That these lower coverage,
drdered structures were not seen with the ¢rystal held at 250K
might be due to a liquid-like mobility of the potassium overlayer
in this temperature and c¢overage region. Previously reported
LEED inteﬁsity ¢alculations indicate that alkali metal atoms
favor three- and four-fold hollow»sitesll, where presumably the

alkali atom ¢an donate its excess charge more easily to the

"substrate.

Potassium Oxide:Thgrmal Desorption

- Metallic¢ potassium on the Pt(1l1l1l) surface readily promotes

the adsorption of 09, in sharp contrast to the low, defeét-sensitiveﬁﬁf

al? o be AT

"in the range of 1x10-6 to lxlO'z‘ ‘The potassium oxide

ove:layer thermal desorption spectra are given in figures.Sa'. LA
and 5b. Potassium deso:ption, méSS'39, is reéorded.in figure

5a and oxygen desorption in figure 5b. The two thermal.deéorption
spectra overlaﬁ indiéating.siﬁﬁltaneOus desbrption of potassium
and oxygen. While no notiéeable desorption'of a potassium—oxygen
é¢luster could be detec¢ted by the mass spectrometer, it is

known that K20 can exist as a vapor speéies13

. Therefore

we must consider the possibility that any potassium oxide
¢luster that may desorb is broken apart by the mass spec¢trometer
ionizer. Our results, however, only give evidence for the
simultaneous desorption of kKt and 02+. We cannot say with
éertaigty whether the dissociation occurs at the surface or in

the mass spectrometer ionizer.

The potassium thermal desorption spectrum in figure 5Sa
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indicates a slight decrease in heat of desotptién as the coverage
is increased in the first monolayer. Again, assuming first
order deéorption kinetics, the change in desorption temperatures
corréspond to a heat of desorption ghift ffom 60 to 50 kcal/mole
as coverage is increased from 0.1 to 3 layers, much legs than
the shift seen for pure pétagsium. Here thé potassium coverages
are'réported in units of overlayer coverage (@gg), where
the K(252eV)/Pt(64eV) Auger monolayer ratio‘is 1.9, compared
to 1.1 for potassium adsérption alone. Thus more pofassium
fits into a "potassium oxidef monolayer than in a pure potassium
monolayer. The desorption temperature for the multilayer
remains at about 810K. . Comparing the potassium desorption
spectra for the pure potassium and potassium oxide overlayers
we see that for potaésium coverages in excess of 0;2 monolayers,
the oxygen‘in effect thermally stabilizes the potassium overlayer.
This factor would likely be df s;gnificance~undef actual'catalytié
conditions. |

The oxygen thermal desorption spectra are shown in
figure 5b. After predepositing various amoﬁnts of potassium
on the Pt(1l1ll) crystal face, we exposed the surface to 10
Langmuirs éf 0O2. The first major peak to develop in the
thermal desorﬁtion spectrum appeared at 660K. This peak had a
long tail and retained its position, shape and intensity, up
to potassium coverages in excess of one monolayer. At these
high coVerageé the peak disappeared. The second oxygen peak
to develop, as we increased the potassium coverage above Ogp=0.2,

came first at 730K, and moved up to 770K as the potassium

coverage was increased to a monolayer. At higher coverages

v
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this peak also disappeared. Next, a third peak developed at
900K appearing at coverages of.OK0>O.5; which retained its
position and size, even in the multilayer. An& lastly, a
fourth peak appeared at 820K, at tﬁe completion of the first
monolafer. This was found to be the dominant peak in thé
multilayer. We also hote that at potassium coverages between
0;5 and 1;0 monolayer, a low energy peak appeared at.SOOK.
This might‘bé due to chemisorption of molecular oxygen.

An explanation'of this rathér éomplex‘oxygen thermal
desorption behavior 1is bffered in,é forthcoming paper where we

anaiyze the vibrational spectra of these adlayers as obtained by

.high resolution electron energy loss spectroscbpyv(HREELS)14.

At present we 6n1y wish to note that several forms of oxygen are
present on the surface, and that some of the oxygen desorbs
simultaneously with the potassium although not necessarily as

a potassium oxide cluster.
LEED Studies of Surface Potassium Oxides

Four stable and reproducible ordered potassiﬁm oxide surface
structures were seen by LEED at specifiC'potassium and oxygen
coverages. These structures included three which were commensurate,
(4x4), (8x2), and (10x2) overlayer structureé (figures 6b~e) and an
incommensurate one (figure 6f). The (4x4) surface structure,
(figure 6b), was generated b& exposing a cooled Pt(lll) crystal
with Og>1.5 to 10 Langmuirs of 0, then annealing the crystal
at 650K for several seconds, in effect desorbing the 6xygen
associated with the 650K peak in the TDS spectrum of figure

5b. The pattern was observed over a range of coverages for which



K(252eV)/Pt(64eV) Auger peak ratios of between 1.5 and‘2.5 were
found. The K(252eV)/0(510eV) peak height ratio was 5t.2 for
the (4x4) surface structure, for bofh relativeiy high and low
total coverages. The fact that the same LEED pattern was
observed over a range of "potassium oxide"™ total éoverages, .
but where the pqtassium to oxygen stoichiometry stayed constant,
is indicative of ordered domains on the surface at less than
monolayer coverages.

After annealing to 700K and cooling to room temperature
an (8x2) overlayer struéture develobed, (figure 6¢). One of the
most stable struétures was the (10x2), (figure 6d), generated by
annealing the sample at 750K for several seconds. This pattern
was visible with K(252eV)/Pt(64eV)‘Auger peak ratios of 1.25-1.6
and with a K(252eV)/0(510eV)‘peak ratio of 7.3*.3. As is
seen in.figure 6e,vthe (10x2) surfaée structure could be induced
to form one domain. This ﬁas ac¢complished by ion bombarding
the surface at a slight anéle (about 5 degrees) away from the
surfacé normal. The single domain pattern is then readily
analyzed to yield the (10x2) surfaée structure.

The pattern in figure 6f was also generated by heating
the crystal to 750K, but appeared to have slightly less oxygen
incorporated into the surface oxide than the (10x2) structure.
The K(252eV)/0(510eV) Auger peak ratio was found to be 7.7%.3.
Upon ¢lose examination of the LEED péttern in figure 6e one v
sees that the most intense of the inner spots is not loc¢ated in
the exa¢t half order spot locations, which would imply a (2x2)
surface structure, but rather are shifted slightly outward

indi¢cative of an incommensurate overlayer. Their deviation
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.from the half ofder spot position and-hence.the deviation from
a (2x2) overlayer structure is readily calculated from the
positions of the double diffraction spots. The extra sﬁots
yield a hexagonal overlayer unit cell lattice constant of
4.71A, a 15% contraction from a (2x2) structure.

VA likely stoichiometry that could accéunt for this struc-—
ture is.bi, in which each oxygen is hexagonally surrounded by
6 coplanar potassium atoms and each potéssium by 3 oxygen and
3 potassium atoms. Using the average ionic cfystal radiil3
for k¥ (1.33R) and 02-‘(1.4A) the K50 unit cell |
lattice parameter should be 4,698, very close to the value
derivéd from ;he LEED pattern. To confirm this model a more
exaét_LEED intensify analysis will have to be made of the over-
layer, and combined ﬁith HREELS aﬁd pﬁotoelectrdn results.
Doubie-layer models have been proposed6 for alkali oxide

overlayers, and cannot be ruled out.
Platinum Stepped Surfaces

We have also carried out the experimenfs described above
on the stepped Pt(755) [or 6(111)x(100)] surface and found only
a few minor differences. Ihe thermal desorption of both
potaséiuﬁ and potassium oxide were yer& similar to that of the
flat Pt(1l1l) surface. The LEED patterns of pure potassium
monolayers were not visible, but single domain patterns of
(4x2), (8x2), and (10x2) potassium oxide structures were all
seen. As will be describéd in an upcoming paper16, potassium

was. found to be distributed evenly among step and terrace

sites when titrated with CO.
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Conclusion

The adsorption of potassium on the Pt(111) and stepped
Pt(ZSS) crystai faces is similar to the behavior QXHibifed by
most pure alkali mefal monolayers on ﬁther transition metal
surfaces. At low coverages (@K<0.1) the potassium atoms
are tightly bound_with heats of desorption of about 60 kcal/mole.
As the pot#ssium coverage 1is increased, the heat of dgsdrpfion
decreases, due to depoiarization effécts, approaéhing'the'heat
of sublimation (20 kcal/mole) in the second monolayer of
pbtaSsium. We have observed ordered LEED pattern&, corresponding
to cldse-packed hexagonal overlayers, at coveragesjéf «9<0 <1,
This surface structure behavior is similar éo surfaée phase
transitions of noble gas monolayersg. The most densely

packed overlayer at which a LEED pattern was recognizable; was

defined as a monolayer and yieldéd a coverage of 5-4x1014_ atoms/cmz;

Although no overlayer surface structures were visibie by LEED for
the stepped Pt(755) surface, the TDS results indicated very |
similar adsorptioﬁ enetgétics. |

Our coadsorption studies of potassium and oxygen show a
strong interaction between the oxygen and potassium at all
coverages. The. potassium became thermally stabilized by coadsorbed
oxygen anﬁ its heat of adsorption at Og=1 increased from
about 25 kcal/mole for pure potassium to 50 kcal/mole in the
presence of oxygen. Molecular oxygen and atomic¢c potassium were
found to desorb simultanesouly when coadsorbed, and very little

of the substrate platinum was left oxidized. 1In addition,

W
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Some weakly bound oxygen was fdund to be adsorbed at low potassium
‘doverages.

A series of stable surface structures appeared on the
Pt(lll) surface which had béén annealed after exposure to
potassium and oxygen. The structures, as determined by their
LEED patterns, were quite distinct froh either the pure oxygen
‘or pure potassium adlayer suffaée structures. It was also
showﬁ that the surface stoichiometry changed, and the LEED
pétterns transformed,}as ﬁhe sample was annealed. An incom-
- mensurate K70 surface structuré has been proposed for one of
‘the LEED pattefns (fig. 6e) from geometrical arguments. .In
this model the potaséium and oxygen are coplanar and assume
vstahdard ionic radiil5 given for K+(§l;33A) and 02'(~i.4A).
The incommensurate K0 overlayer implies that lateral inter-
actions betweén'potassium and'oxygen dominate over substrate
induced forces in determining adlayer structure. Of course,the.
image charges in the substrate induced by alsurface alkali
oxide would tend to stabilize the adlayer in the direction
perpendicular to the surface. The presence of sharp LEED patterns
at low coverages implies the existence of}isolated potassium
oxide domains.

There has been some disagreement in the literature on
the existence of surface alkali oxides. Lindgren and Wéldenl7
conclude that surface cesium oxide exists on the.Cu(lll) crystal
face. On the other hand Broden et al®, in their XPS and

UPS studies on both the Fe(110) and Pt(11ll) surfaces, conclude

that potassium oxide does not exist at monolayer coverages.
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Instead they argue that oxygen is present in two forms: (a)
chemisorbed to the substrate, and (b) either as a substrate-
metal oxide,.or.incorporated in the substrate lattice. Although
we cannot prove that oxygen and potassium have formal charges
of -2 and +1 respectively when coadsorbed in the first monolayer,
.we tend to agree with the modelvof Lindgren and Walden in
which the alkali metal and oxygen do interact strongly with
one another when coadsorbed. Our LEED results further imply
that a coplanar potassium oxide might exist on the Pt(111)
surface. Other models®, such as a double layer where the
potassium atoms are situated above the'oxygen atoms, are not

ruled out.
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Figure Captions:

1.

Potassium Auger uptake curves on Pt(1lll) surface. -

a) K(252eV) peak intensity vs. deposition time with the
crystal held at 360K. , '

b) K(252eV)/Pt(64eV) peak ratio vs. deposition time
with the crystal held at 250K. Inset figure is the Auger .
signal after 7 minutes and corresponds to 1 monolayer.

Potassium thermal desorption spectrum from Pt(lll) surface.
The coverages are calibrated from peak areas and Auger -
signal intensities. The heating rate was 30 K/sec.

The heat of adsorption of potassium vs. coverage on Pt(1l1l1l)

Sequence of LEED patterns obtained for K on Pt(lll) at 58eV;
crystal temperature 250-270K at time of exposure.

a) One monolayer, 5.4x101% X atoms/cm?2

b) After (a) was annealed to 330K, 0g=0.95, and

¢) 350K, 0g=0.94.

d) After the crystal was annealed to 400K, Og=0.9.

Further annealing caused a loss of overlayer patterns,

and a diffuse background.

The thermal desorption spectra for (a) K and (b) 07 from
coadsorbed potassium and oxygen on Pt(lll). Here one
monolayer, Ogp, is defined as K(252eV)/Pt(64eV)=1.9,
compared to 1.1 for a pure potassium monolayer.

LEED patterns of "potassium oxide” monolayers on Pt(ll1l).

a) Clean Pt(1l1ll). :

b) The (4x4) overlayer structure formed after Og=2, 10L 0j
then annealing to 650K.

¢) Subsequent annealing to 700K resulted in a (8x2) overlayer
structure. _

d) After annealing to 750K, a (10x2) overlayer structure develops.

e) One domain of the (10x2) surface structure.

f) Incommensurate overlayer, similar to the (10x2) structure
in preparation, but with a slightly different surface
stoichiometry. '

4
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