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ADSORPTION STUDIES ON PLATINUM SINGLE CRYSTAIL SURFACES

A. E. Morgan and G. A, Somorjal

Inorganic Materials Research Division, Lawrence Radilation ILaboratory,
and Department of Chemistry,
University of California, Berkeley, California

The adsorption of various gases on the (100) face of a platinum
single crystal has been studied using low energy electron diffréction
(LEED).- This study was designed as a necessary'precursorvto a more
detailed investigation of reactions and eatalysis on platinum surfaces«

The sample (1 mm.thick, 6 mn in diameter) was cut from a single crystal rod
6£.99.999% puré platinum and orientated to withini 1° 6f the (100) face using
ba¢k~-reflection Iaue photographs. -The crystal was then polished and
~ finally etched in diluted aqua regia (5@%) at 100°C., The sample was
spot-welded to a holder (two strips of high purity platinum) and this
was subsequently attached to the erystal manipulator. The crystal was
heated by d«c. current énd its temperature measured by a platinum/platinum—
10% rhodium thermocouple, which was Spotiwelded to the back surface of
. the erystals Ion bombardment, using high purlty argon, wés used to
remove any gurface damége introduced in sample preparation and mounting;
Usual conditions for lon bombardment were 25107 torr argon, 290 eV
accelerating'poténtial'for 30 minutesa

The lOW'énergy eleetron diffraction apparatus used in these éxperi~
.ments wasg of the postuaccélerétion type;l The electrostaticaliy focused -
electrons (0-500 “&) were back reflected ffom the erystal sufface and,
after separation of the inelastically scattered fraction by a retarding
potential, the elastic electrons were accelerated and impinged on a

fluorescent screen. After bakeout and degassing, the pressure in the
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diffraction chamber was around hxlo“lo torre

The Pt(100) Substrate

The diffraction properties of the Pt(100) surface have been pre~
viously investigated? and wlll be ﬁummarized here. Filgure 1 shows
the'diffraction'pattern at an incident electron beam voltage E =165V, .
The crystal structure of platinum 1s face~centeréd cgbic with a lattilce
parameter of 5-92§ at 25°Cs From the bulk strﬁcture, a square unit mesh
of side_2.77§ is predictéd for the‘(lOO) féce. IThe distaences between
the diffréction spots corresponded to such a unlt mesh within the
accuracy of the meaéuremenﬂiand Figure 1 could thus be labelled a (L)
" diffraction pattérn using the termihology of two-dimensional erystallo~

graphyu3

However, if the crystal was lon-bombarded and then annealed
‘above 200°C, extra diffraction spbts were visible, Figure 2 shows a
characteristic diffraction pattern at E = 164 V displaying fractional
ofder_diffraction spoté along the x~- and y-axes, The intensities of
these extra spots were éomeﬁimes greater along one axis thaﬁ along the
other, There were no diffraction-spots in between the rows émanating
from the (OO) reflections The psattern suggestéd the exlstence of a
surface”structure with a unit mesh of dimensiohd five times that of the
substrate‘alongione principal'a*is and the same as that of the substrate

3

along the other. Using the nomenclature of Wood, such a surface strucw-

‘ture would be designated Pt(100) - (5x1). There could be surface domains = °
in which the longer perlodiclty was along the x~axls while in other domalns v
it was long the y~axls, Thus the ﬁattern shown in Flgure 2 could result ‘b
from the superposition of two structures rotated 90° to one another. As

long as the size of the surface domains was much smaller than the size of
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the electron beam, many domains would conﬁribute to the observed pattern.
The activation energy for the formation of the (SXl) gsurface structure
was determined by measuring the rate of inerease in the intensities of
the extra diffraction spots ét various temperatures, and found to be

38 kcal/mole.2 Continued heating of the crystal caused the surface
structure to disappear ahd the (1x1) diffraction pattern to return. The
(5Xl)vsurface structure»couid be regenerated by ion bombardment andv
vsubsequent annealing. Ale8 the structure gradually disappeared at room
temperature which was due to the adsorption of residual carbon monoxlde,
as'ﬁill be discussed latera

‘The (5x1) surface sfructure has also beeniobservedh’5 on‘thé (IOO)che
‘of golidy, , which alse hag a face-ceﬁtered cubic bulk structuré. This
has been interpretedh as indicéting the presence.of an hexagonal arrange-
ment of SCatfering centers superimposed on the underlyling gold atoms,
?igure 3« The spacing alohg, Say; the xéaxis, between atoms in the
surface iayer is 5/6th the x~axis spaeing of the substrate atoms but 1s
identical along the y~axis.',Thqs the hekagonal surface and square unit
mesh substrate lattices ére coincident at every fifth substrate atom
and this could generate an apparentbfive~fold gurface periodicity,

Fedék and Gjostein,claim that the hexagonal layer bn gold is eOm~
prised of impurity atoms but Palmberg and Rhodin, who epitéxially dep§~‘-
sited a few layers of Au on KCl and MgO substrates, belieVe”%hat_AuAatoms
alone comprise this layer, If the hexagonal layer is essentialiy the |
(111) face of gold ér platinum, a compression of this layer by appf§xi~
matelj 5% in the 1/5 order dlrection ié necessary to allow 6 rows of

the surface layer to fit onto 5 rows of the substrate,
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Ring-like diffraction patterns,2 (Figure U4), were obtained by
heating the platinum erystal above 800éC, without prior ion-bombardment
belng necessary. The rings could be removed by lon bombardment. Their
propertles have not been investigated in these experiments and gas
adsorption has-been;studiedvat temperatures below 800°C, to prevent ring
formation, Thus results will be referred to gas adsorption on either the

P£(100)~(1x1) or Pt(100)-(5x1) surfaces.

Adsorption of Gases

Figure 5 is a schematic of the diffractioh chanbery The guadrupole
maés spectrometer was uged to monitor the purity of the gas flowing
through the chambers. Also, by rotation of the erystal through 906, those
gases desorbing from the surfaece could be analyzed directly in the mass
spectrometer, The gas was introduced into the chamber via a Granville-~
Phillips leak valve and a fine capillary so 1t was inéident direetly on
the.erystal surface.v Figure 6(&) shows a typileal mass spectrum at a
pressure of hxld-lo torr; earbon monoxide, watér, hydrogen and carbon
dioxide were the majorchnStituents of the ambients In order to_minimize
the back-streaming of prevﬁously pumped gasés from.the Vacion éump,.the
,flow rates into the diffraction chamber were maintalned deliberatély‘smalla
The.pressure, recorded on the lenlzation gauge, was always beloWfL><l>O"7 |
torr during the adsorptlon experiments, The ﬁajor gases liberated from
the Vacion pump were CO and Ar, Figure 6(b) shows a representative mass
spectrum, obtained with acetylene flowing through the chamber at 9><ZLO-'9

torrs Only at these low pressures could sufficient gas purity be main-

tained and hence the flow times were necesgarily of the order of minutes.
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Thevmethods.used to follow gas adsorbtion included a) studying |
the formatlon of new strface structures during adsorptién, b) measuring
the change 1n inténsityvof a glven diffraction spot with time during
adsorption, and (c¢) flash desorption; the cryﬁtal'was heated from room
tempeaature to 800°C in a few seconds and a plot made of the height of
a given mass spectral peek ag a function of temperatufe.

The majority of previous work of gas adsorptlon on platinum has
Been performed under_significantly different-experimental condiﬁions;
‘the residual vacua weie podr ( > 10-5 torr), the substrates were poly-
crystélline, the gas intr@duced into the system was of urknown purity
and its pressure usually greater ’t‘,lmexn'lom2 torr. However, previous
work has'shown6 that the order of gaé adgorption on platinum is
Oé >»C2Hé > 02H4 > CO > Hé > C®2 ~ Né. The last two gases wgre found

not to adsorbs

Carbon Monoxide

The adsorptioh of carbon monoxide on supported platihum.has been

7 using infrared spectroscopy. Their

studied by Eischens and Pliskin
results showed that carbon monoxide war adsorbed in both the bridged

and unbridged configurationss

.0 0

I I
o C C
/N a
Pt Pt Pt

An integral heat of adsorption of 30 kcal/bole has been reported.6
When carbon monoxide was introduced.intb the diffraction chamber
and impinged on the platinum surface displaying the (5x1) structure,

the l/5th order diffraction spots rapidly disappeared. For lnstance, at
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a carbon monoxide pregsure of 8X10_9'torr, the extra spots vanished
completely within two minutes, This extreme sensitivity of the (5x1)
structure tovthe presénce of trace amounts of carbon monoxide explained

- the sloﬁ, apparent disappearance of this surface strueture as the crystal
remained in thé diffraction chamber in ultra-high vacuﬁm at room tempera-
ture. Wheh all theicarboh ﬁbnoxide was desorbed by heatlng the erystal
above 600°C, the (5x1) surface structure reaéily reappeared.

The intensities of the diffraction spots due to the (1xl) substrate
ihcreased durihg the initial gtages of CO adgorption as the extra i/5th
order.spots disappeared. Continued adsorption of CO then caused =
gradual decrease in the intensities of the r;maining diffraction spots
until new diffraction features appeared. Thé flash desorption cufve,

Figure 7,vindicated the existence of three discrete adsorption states,

the low coverage but'strongly bound fB~form and the higher-coverage weakly

held Oi and ¢, forms. The total concentration of the & forms (al

- + aé)

was'abﬁut 20 times that of the B forms, The desorption temperatures were
approximafely 130°C (al); 170°C (aé) aqa 600°C (B) for the different

co sufface speeiesQ Adsorption of carbon monoxide in the strongly-held

B form caused a décrease in the intensities of the (1x1) diffraction.spots
butvgave rise to no new diffractionrfeaturesu Figure 8 illustrates the
new diffraction pattern obtaiﬁed after the adéorption of carbon monoxide
had reached saturation; [This pattern has also been repdrted by Tucker.8]
The intensifies of the extra spots were mucﬁ weaker than those of the -
%
substrate diffraction spots. A (42) unit mesh which could lead to the £

observed pattern is shown in Figure 9. The open eircles repregent the

platinum substrate atoms and the shaded cireles represent the CO mﬁleculesa‘
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It ﬁould be necessary to haye other domains of the same structure rotated
by 906 to genefate the eomplete patterns The carbon monoxide coverage
neeessary to produce thie.surface structure is approximately B/h of a
monolayer; _
 The Pt(100) - (b2) co structure could be converted to the pattern
cheracteristic.of Oé-CO by heafing the crystalbto 140°C or by allowing
the eleetron beam to strike a certain area of the surface for a feﬁ'i
minutes. The change in the diffraction pattern due to the eiecﬁron beam"
impinging on the carbon monoxide covered surface 1s shown schematically
in Figure 10. The extra diffraction spots first became streeky,vthen
those along the x- and y-axes disappeared and finally,'only very faint
and ill-defined extra spots.remained. Caleculations indicate fhat surfeee
heating by tne>incident‘electrons should be negligible ( < 0.16C3;},
Thus, the" desorptlon of the weakly adsorbed (al) carbon monoxide was
caused by the interaction between the impinglng electrons and the
adsorbed CO molecules, When the erystal was heated above 600° C, s0 that all
the carbOn monoxide desorbed, the (5x1) surface structure reappeareda
Also, when the crystal was heated to between 200° 600 C in carbon monoxide,
the gas adeorbed only in the p-form and the 1/5th order diffraction spots |
disappeared, the rate of diSappearance_being faster the lower the‘tempera-i
tures

7 In summary, as carbon monoxide was adsorbed on tnevplatinum Surface,.
the (5x1) surface structure first disappeared producing a (1x1) diffraction'
pattern, ‘This was folloﬁed by.the formation of iil—defined exﬁravdiffrac~.
tion spote [Fig. 10(d)] and finally, with increesing exposure-time,’the‘

Pt(100)~(bx2) CO pattern [Fig. 8] developed. -
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Hydrocarbons

The mass spectrum of ethylene contains relatively large peaks
at m/e = 26 and 27 in addition to the one at m/e = 28 due to ion frag-
mentation. Hence, the adsorption of ethylene was followed by
mdnitoring those peaks ip order to differenfiate it from the carbon .
monoxide present in the ambient;..

' Ethylene was adsorbed on the Pt(100)~(5x1) surface at room tempera-
tures The l/5th order diffraction spots again disappeared but 2-3 times
slower than during the adsorption of CO at the same flow rate, After
the disappearance of the n/5 diffraction quts, continued ethylene
adsorption resulted in the formation of a:¢(2x2) surfaee structure,
Figufe 11, The pattefn contained, in additlon to the normal substrate
spots, extra gpots of half-integral indices -at the center of each
platinum reciprocal unit megh, The extra spéts were less intense and
more diffuse than the (1x1) diffraction spots. The ¢(2x2) surface
structure was formed, by ethylene adsorption, from either the (1x1) or

(5%1) diffraction pattern. The unit mesh of the surface structure may be

taken to be a centered square of side 2aa Possible atomic configurations,

leading to the ¢(2x2) structure are depicted in Figure 12, (a) and (b),
.wheré the shaded circles represent the adsorbed ethylene. Adsorption

of ethylene6 may be dissoeiative

i
C‘H + Pt ‘ (a)

Pt

or associative,

4
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H,C — CH, (B). or HC == CH (c)
/ \ / \
Pt Pt Pt Pt

Assuming nbrmal bond lengths and angles, the ideal Pt~Pt distance for
sﬁructure (B) can be ecalculated to be 2.75&, a; value cloge to the
distance Eetween (n,0) rows on the platinum (100) sﬁrface; and 3.#5&

for structure (C). However, any of the above atomic configurations
could lead to the formation of a c(2x2) diffraction pattern and thus the
LEED data canﬁot diétinguish between ﬁhem.

When the crysfal was heated at 150°C, the.extra gpots became streaked
and gradually the surface structure disappeared. Also the (5x1) surface
structure was regeheratéd. The flash desorption spectrum showea'an'.
ethylene peék around 80°C and aiso hydrogen peaks at 200°C and 52060.
After ethyléne had been adsorbed and then desorbed from the sﬁrface
several times, the diffraection spoﬁs became véry faint, the patﬁernv
background increased and it became difficult to régéneréte'the (5)
surface structure., The effect was even more dramatic when heating tﬁe
crystal in ethylene at higher temperatures. The surfacarimpurity Waé-
removed by heating the erystal in oxygen.or by a lengthy (4 hrs) ion
‘bombardment. These observations suggested that the surface impurityv
deposit was carbon formed by'fhe cracking of adsbrbéd>efhylene¢ It
should be noted that the strength of the Pt~C bond (65.6 kéai/mple) is

comparable to that of the C-C bond (66.2 keal/mole). The ring-like
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diffraction patterns (Figure L) were formed after repeated adsorption
and subsequent desorption of ethylenes This suggested that they too

resulted from the presence of carbon on the surface,

An‘equiuﬁixture of hydrogen and ethylene introduced at various
erystal temperatures, showed the same adsorption characteristies as
ethylene alone and fheré was no mass~spectrometric indication of ethane
formations

Acetyléne 1s expected to adsorb more strongly than ethylene due to
the greétér reactivity of the triple C-C bonds This was found to be
the case in this study. Acetyleﬁe was adsofbed at room temperature and
desorbed at 140°C. iThe flagh desorption speetrum also contained Hé
peaks at 20060 and BhOdc.w,Although acetylene showed the same adsorption
characteristics as ethylene, all features of the adsorption were more
pronounceds For example, the (5xl) surface structure vanished extremely
‘ rapldly upon the intrdduction of acetylene into the diffraction chamber,
at an even faster rate than with carbon monoxide. A clearer diffraction
pattern of the c(2x2) surface structure wag formed, which éould be reﬁoved
by heating the platinum ecrystal at 150°C for about one hour. It has
been widely assumed6 that acetylene is adsorbed as strueture (C) and
that, whereas olefins are adsoibed with least strain along the shorter
interatomic distances [Fig. 12(a)], acetylene édsorbs along interatomie
spacings greater by Jo tfiga 12(b)]. Thus 1t is predicted that, since
none of the longer.spacingé are available in the (111) plane of faée-.
centered cubic metals, acetylene will not adsorb strongly on this face.
Future experiments will test this hypothesié. |

Methane and ethane, at temperatures up to 700éC and at gas pressures
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7 torr did not seem to adsorb on the (100)

in the range of 107 to 10~
face of platinﬁm‘ These gases did not rémove or interact 1n any way
with the (5x1) surface structure and showed no cracking on the platinum
surface,
Oxygen

Oxygen did not seem to adsorb on platinum at room temperature. If
the crystal was heated at 300°C in oxygen, the (5xl) surface structure
was not removed and there was no detectable adsorption of oxygen. However,
when the erystal was flashed to 800°C in #acuo, a small, broad desorption
peak was recorded in ﬁhe mass spectrometer between 400° and 750°C at
m/e = 32, and a c(2><2) surface structure was formed, Figure 13, The
extra'spots were as sharp and as intense as the substrate diffraction
features, in direct contrast to the sdrf&de-stfuctures formed by:
adsorbed CO, CQHA or CEH vwhich showéd faint, diffuse fraétional order
spots. The ¢(2x2) pattern disappeafed when the erystal was heated
between eoo‘c-hoodc in oxygeh. However, this removal was reversible
since the structﬁre returned immediétely after flashing the erystal to |
800°C, The d(2x2) structure could be permaneﬁtly removed by heating in
vacuo at 800°C for about 30 minutes, by ion bombardment or by heating
in 207" torr hydrogen at 600°C for about half an hour. This latter
treatment removed the ¢(2x2) structure but had no effect on the (5x1)
surface structure. By heating the erystal in oxygen, thér(5xl) surface

structure was formed rapldly on a surface which had not been lon bombarded

.or from Which’this surface structure had been annealed out. The rate of

formation of the (5x1) structure in oxygen was greatest at the highér

temperstures. However, there appeared to be a competitlon between the
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formation of the (5x1) and €(2x2) surface structuress By heating the
crystal at EOOGC in oxygen, only the (SXl) structure was formed. However,
if the experiment was performed at 60060, the ¢(2x2) structure predomi-
nateds The c(2x2) structure appeared to be pregent on certain regions

of the surface while the (5x1) was visible on the remainder. In this
respect, Figure 13 1s misleading since both types of surface regions
contributed to the diffraection patterns Also, the ¢(2x2) pattern de-
veloped more easily from the (Ix1) pattern than from the (5x1) patterns

d9 that a partlcular feature of oxidation

It has been reporte
catalysis is the rearrangement of metal su:faces during the reaction,
gsometimes as low as 25@60. Hence, another model, involving the recon-
struction of the platinum surface in the presence of adsorbed oxygen,
could ledad to a ¢(2x2) structure and this is shown in Figure 12(c).

The surface layer consists of alternate diagonal rows of platinum and
oxygen atoms and the diffraction pattern arises from the array of
platinum atoms alone. This model of oxygen adsorption could be tested
by structure analysis using the relative intensities of the different
diffraction spotss It is hoped that such a treatment will be carried
out in the near future.

When carbon monoxide was preadsorbed on the surface and then, the
- erystal heated above 200°C in oxygen, the (5x1) and ¢(2x2) structures
were formed but at a slower rate than that with a clean surface. Alter-
natively, if these structures were first formed by heating in oxygen,
then carbon monoxide appeared to adsorb only on the (5xl) strface regions;

the (5x1) structure disappeared but the c(2x2) pattern remained visible,

) S
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Finally, the crystal was heated at 500§C>and an equimixture of carbon
monoxide and oxygen was iﬁtroduced into the diffraction chember at
1x10—8 torr. After 30 minutes a Ffaint ¢(2>2) structure had formed.
[Under identieal éonditions, but with O2 alone, the (5x1) was the
surface structure formed,| At 500fC, a clearer c(2x2) pattern was pro-
duced, but in a few surface reglons the (5x1) structure was also deﬁec~

table,

Carbon Dioxide, Nitrogen and Hydrogen

There was no evidence of the adsorption of carbon dloxide, nitrogen

or hydrogen on the (100) face of platinum at pressureé up to 1><J_O_'7
torr and temperatures up to 700fC;'there wag no removal or formatlon
of the (5X1),surface'structure, no change in the diffraetlon pattérn.and
no desorption peaks ﬁere observed in the mass spectrometer during flash-
ing the sample to high temperatures.

~Furthermore, an equimixture of hydrogen and oxygen was introduced
into the chamber at ZL><:LO_7 torr pressure and at varlous crystal tempera-
.tures; The adsorption charactefistics were the same as those observed
for oxygen alone, and there was no indication of water formation., Present
investigations include the effect of increasing the pressure of'the hydro-
gen usged in the adsorﬁtion experimentsa‘ Further studies will enéompaés
the properties of the ring-like diffraction patterns and their effect

on gas adsorption.

This work was supported by the United States Atomic Energy

Commission,
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FIGURE CAPTIONS

Pt(100)~ 1x1 diffraction pattern at beam voltage E = 165y,
Pt(100)~ 5x1 diffraction pattern at E = 12Lv,.

Possible interpretation of (5x1) surface structure showlng a
hexagonal surface layer superimposed on square substrate layera
Pt(100) - ring~like diffraction pattern at E = 90V,

The diffraction chamber

a) Mass speetrum at ambient pressure = 1510~ towr

b) Mass spectrum with 9x10~9 torr acetylene flowing through
diffraction chamber,

Carbon monoxide flagh desorption spectrum,

Pt(100)~ (4x2)~CO diffraction pattern at E = 95V.

Possible interpretation of Pt(100)-(4x2) CO surface structures
Gradual change in diffraction pattern due to eleetron beam
degorption of some adsorbed carbon monoxide.

Pt(100) - ¢(2x2)- C,H) diffraction pattern at E = 9Lv,
Possible interpretations of ¢(2x2) surface structure,

Pt(100) ~ 5x1 and d(2x2)—02 diffraction pattern at E = 90V.
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Reconstructed layer
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