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.MOLECULAR BEAM STUDY OF THE MECHANISM OF CATALYZED
HYDROGEN-DEUTERIUM EXCHANGE ON PLATINUM SINGLE CRYSTAL SURFACES
) 'S. L. Bernasek and G. A. Somorjai |
n

Inorganlc Materlals Research Division, Lawrence Berkeley Laboratory and
Department of Chemistry, University of Callfornia

o o - Berkeley, ‘California 94720

VABSlRACT -”.
’ '"Thebhydfogen—deuterium exchange reaetlon was studled by molecular
*beam aeatteflng on low~aad ﬁigh'Miller index cryetal faces:of platldum |
"*f'inlthevsurfaee‘teﬁperatureirange of 300-1300°K. :'ﬁnder the condition of
the'expe;lments wﬁich put strict limitation.on theareSidenee time of the
detected moleculea,ﬁthe reaetion product, HD, was readily detectable ftom
'§/the h1gh Mlller index, stepped surfaces (1ntegrated reaction probablllty,
-defined as total desorbed HD flux div1ded by D2 flux, is ~10 ) while
HD formatlon was below the limlt of detectablllty on the Pt(lll) low |
Mlller index surface (reactlon probablllty <lO ) Atomic steps atv
-.the.platlnum_surface must play a controlling role in diesociatidg the‘
l“diatpmic ﬁdleeuleé;'feTﬁe exchange reaction is first-order ip Dy beam
0w "'.preasdre.aad‘halfeqrder”in Hy background Ptessure;: This observation
'indieatesithat.ap atomaﬁolecule reaction or pbssibly an atdm;atom reaction
is the.rate—limiting step in the eachange.. The_absence of beam kiﬁeticv
energy dependence of the rate indicates that the molecular adsorption

does not require aEtivation’energy. The surface is able to store a
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to be the diffdsion of the D

 ;and an incident D

sufficiently large concentration of atoms which react with the molecules

< ) .

by a two branch mechanism. The'rate'donstants'for_this two branch

mechanism were determined under conditions of constant H atom coverage,

reducing the bimolecular reaction to a pseudo first order reaction. At

'.‘lower temperathres (<600 K) the rate constant fof the ekéhange is

[_k1=(2i1)X10§'exp(—4.51.5 kcal/RT) sec” L. ‘The rate determining step appears

2 molecule: on the sufface to a -step site

where HD'is-formed‘via a three-center (atom-molecule) reaction, or via a
two-center (atom-atom) feaction_subsequent to szdissociation at the step.

_. At higher temperatures (>600 K) the reaction between an adsorbed H atom

2b"gas molecule competes with the.low temperature branch.

.wTHé rate constant fqr.this branch is k2=(1ié)x102 exp(-0.6*.3 kcal/RT) sec~;f
‘.The_cétalygt éqtibh df the platinum sﬁrface forAthé'exchange réaction is
ldﬁé'to its abiiity to adsorb and dissociate'hydrégeﬁ molecules with low
- éctivation eﬁeré& andvto store atomic hydrogen on”the surface theréby

/ convefting.the.gas phase molecule-molecule reaptioﬁ t§ an atom—molecule‘v

or atom-atom reaction of low activation energy. -

" INTRODUCTION

One of the fundamental questions of heterogeneOus“catélysis‘is‘how’

surfaces lower the activation energy for simple reactions on an atomic

scale so that they prbceed readily on the surface'vhilé_the same reaction

in the gas phase is improbable. The reaction of hydrogeh and deuterium

molecules to form hydrogen deuteride is one of these simple reactions

which takes place readily on metal surfaces even at temperatures below

>

lOO°K.1 ‘The same reaction is completely‘inhibited\in the gas phase by

the large dissociation energy of hydrogen or deuterium (~103 kcal/mole) .



)

»

.,)

-3-

Once the H2 molecule is dissociated the successiVe atom—molecule reaction

(H + Dy + HD + D) in the gas phase still has a potential energy barrler

of roughly 10 kcal/mole.2

We have_studied the mechanism of the hydrogen-deuterium surface;

exchange reaction on platinum by a combination ofAtechniques thatdare
hsavailable in modern surface science. We.have emoloyed molecular beam
“scattering technlques to.determlne the angulardlstrlbutions and obtain
. kinetic information about products and reactants. We_have used platinum

single crystal surfaces whose surface structures were characterized by -

loweenergy electron diffraction (LEED) and whose”surface chemical

i

3;comp051tions were monltored by Auger electron spectroscopy (AES)

We have found that atomic 'steps on the platinum surfaces play an

’ essential_role in dissociating hydrogen or deuterium at the low pressures

used in thesebexperiments, Without the presence’of large concentrations

of atomic steps the‘probability for the exchange reaction to occur is

‘very low. _Hlnvthe presence of these atomic steps the hydrogen molecules

dissociate and then the surface is.able to store a large concentration

of atoms. These atoms then react with incident molecules by a two-branch

;mechanism._l'At 1ow temperatures,'the reaction has an”activation energy

of 4.5 kcal/mole and the rate 11m1t1ng step appears to be the diffu51on

of the adsorbed molecule on the surface to a 51te where the hydrogen

deuteride can;be formed.:_ At high temperatures, the reaction between an
adsorbed atom and a gas molecule incident at'an'atomic step competes

with the diffusion_controlled low temperature branch.
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_ here. ':Thé'apparatus was modified for use of the:modulated.beam technique

" detector, and a base pressure of ~7x10

EXPERIMENTAL
The eXpefiments described in this study were carried out with an
ultra-high vacuum molecular beam surface scattering apparatus which has

been déscribed previouély.3 Several modifications to the original

"apparatUS'wére'necessary for the work reported here.  These modificatiohs_.*
_to the original apparatus are discussed in detail in reference 4. - Their
o 1pufposejwas°fo increase the signal to noise ratio of the original_systemA

" and to allow kinetic studies of surface reactions by the modulated beam

technique.5 Improvement in the signal to noise_fatio was achieved by reducing

‘the incident beam path, increasing the pumping speed in the scattering

chamber;’ah&.shielding and modifying the quadrupole massfspectrometef

detector. ~ Either current measurement or ion counting techniques can

" be used for detection of signals due to reaction products.  Current

measurement using lock-in amplification was used in the experiments reported -

’ .

»by.installation,of a variable frequency chopper replacing the fixed

frequency chopper of the brigiﬁal appératus.,"

A schematic diagram of the modified apparatus is shown in Fig.'l.

" The system consists of (1) an ultré—high vacuum séattering_chamber with

LEED and AES cababilities, ion sputtering aﬁd gas:introduction facilitiéé,

a rbtétable quadrupole mass spectrometer used as avdénsity sensitive
. | 10 torr achieved bf‘ionnpuﬁping,
cfyopumping, and titanium gettering. (2) A molecular beam source chamber
containing an oven fitted with a multichannel glass capillary soufce
Arfay.» The properties of these sources have been diScussgd_preyioﬁsly.6’21?

-
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'The source used in these experiments produces an equivalent pressure

‘at - the crystal surface in the range of 1X10 -7 tqrr, corresponding

to an incident flux of roughly 1014 particles/cmzsec. (3) A chopper

chamber, contalnlng a’ slotted disk rotated by a varlable speed -

R

synchronous motor for modulating the 1ncident beam The range of

modulation frequencles 1s from 20 to 2000 hz.<' .

»

The 1nstallatlon of ‘a variable frequency chopper is essential

_for the use of the modulated beam technique of studylng surface

reactlons. Thls technique has been descrlbed exten31vely in. the

8 9

B 5 ; : :
- 11terature. : It is essentlally a modeling technlque wherein
' the waveform of modulated reactlon products leav1ng the surface

is measured as aﬂfunctlon of reaction varlables such as surface

temperature modulation frequency, reactant concentrations, surface

'topography, and so forth. For first order reactions; i,e. when

the rate of product formation depends only on the flrst power of

B the reactant beam pressure, the waveform informatlon is contained
inhthe first fourier component of the scattered 51gnal, or the
. phase and amplitudefof the scattered signalr vExamples'ofhthese ‘_l
'model calculatlons utillZing the phase and amplitude of the scattered

'.beam obtalned as a functlon of modulatlon frequency and other

reaction variables are given'in the literature.s 8- ll Thus, 1f

the surface reaction is first order, analys1s of the kinetics of



the gas‘solid interaction“can be‘determined directlyitrom'the

neasurement of the phase and amplitude of theiscattered:product L . .
*signal.as.avfunction.of the.reaction variablesab This‘is easily ‘
acconplished usingha.phaseﬁsensiti;e:}lock—in5 ahplifie; tuned

f'Eé the nodulation frenuency} The measured‘phase:shift isithe
':difference between.thewphaseshof the scattered reactant éﬁdffﬁé'
surface reaction product as ueasured by theiPAR uodel HR-Sllockv

'in auplitierlb ThlS phase difference has an uncertalnty rangingh
;'1from +2° at. low modulatlon frequencles to +4° at hlgher frequencles.
"The uncertaintylis‘determlned by the size of 1nstrdmental t1me'i:
1correct10ns compared to the chopplng time. Details of the
:nethod of phase sh1ft measurements are glven in the 11terature.$’8’9
LThe uncertalnty in the signal amplitude is of the order of 2% for

Vthe strongest signals, ranging to roughly 10/ for the weak 31gnals o
'fat low temperatures, low pressures and high modulatlon frequenclesa

: Figure 2 shows a schematic diagram of the 31gnal proce531ng electronics.

Three platinum s1ng1e crystal surfaces were used in thls study. . A"

‘ They are designated by Miller 1nd1ces as Pt(lll) Pt(997), and _

[

Pt(553) surfaces. The (111) surface is the hexagonal close packed
plane in which each atom has six nearest nelghbors. The (997) and' _fw; B e
(553) surfaces are,cut.6.5° and 12,2° respectively from.the (lll)

plane in the (111) direction resulting in a surface characterized

<



by oruered,nonatomic;height steps of (111) 6rientation.‘ These steps
'{are sepatated;by terraces of (111) orientation.onﬁthe average nine atoms
:_hidevin the;(§97) and five atoms wide in the (553)ﬁ :A more descriptive
.'nomenclature:-l2 designates the (997) surface as Pt(S)—[9(lll)%(lll)]
- and the (553) surface as Pt(S) [5(111)x(111)] Figure 3 shows

T the LEED patterns and real space schematic dlagrams of these three

»'_surfaces.t_-.»:J;

of coutse'even'the (111) surface is far.from being perfectly

i Smooth. It contalns a large number of steps of atomic helght as

f»well as those of many -atomic 1ayers in height. ThlS is unav01dab1e

due to the f1n1te dtslocatlon density orlglnally.presentvin the

‘;,platinum Crystal (~108 dislocations/cmz).;g Howevet; the step

:'den31ty in the stepped surfaces is orders of magnltude hlgher than

h.1n the (lll) crystal face,vroughly 10/ in the [9(111)X(111)]

_and 20% in the [5(111)X(111)] of all

surface atoms being in the steps of monatomicbheight. pin addition,

vthe atbﬁic enyironment*around‘atoms in steps is uniform due to

| the'weliAdefined qrientation, while in>the (lil)-surfaee_many :11

‘differentistep otientations ate present simultaneously. -
Alllof.the crystalstwere_identically.prepareu hy sparkvcutting

- from high:purity bulk'single crystai rods 6 mm in diameter (MRC) after being



v orien;ed'to:t.5° of the desired plane by X-ray diffraction..- The
éurfaées.weré polished mechanically ending with lﬁ'diamond paste,
etched in‘hbt'SOZ aqua ‘regia and spot welded to-ﬁigh purity poly-
cfystéllinéfélatihum supports. A Pt-Pt 10% Rh thermocouple was spot
'ﬁélded fb tHé.Back of the shrfacé and the whole ;séembly.etcﬁed onée..'
_ mére ahd rinééd_in distilléd water and metﬁanol;“”'Two crystals could
.befmountedﬂiﬁ the scattering_éhamber at one timé;ione above the
other 6n a“Vériaﬁ cryétéi manipulétor. * This ailowed‘gompatéfive studies

to be carried out under identical experimental éonditions.

to extensive heat treatments in oxygen and ion bombardment annealing -
cyclestto preparé'cléén,”well ordered surfaces. Oxygen and argon used
' for cleaning the surfaces and the hydrogen and deuterium used in the

experihehtal studies were Matheson research grade phrity. After cleaning,

/ .

!

: spectrum'of’the:clean surface. = All of the experiments were pérforméd
~on surfaces ekhibitiﬁg the clean surface Auger spectrum of Fig. 4 and
the LEED pétterns'of Fig. 3 which indicate the p:esehce of weil-ordered

. .atomic domains on the crystal surfaces.

Thé surfaceS»were also characterized by He scattering.  This technique

:4has béén shéwnitovbé Very,senSitivé to surface disordervand to .the

__ﬁrésenée bf.édéorﬁedvlayers_of impurities.14v fhe scattering distributions
can be déséribed by a épecular intensity and FWHM of the specular péak.
A'comparisoh of these values for the three éurfaceé is given.in Table I.

The presence of steps increases the surface roughness as evidenced by

N

“'Once the crystals were in the scattering chahber;,they were;subjected -

the surfaces were characterized by‘LEED and AES. Figure 4 shows the Auger -
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_ melting point of the soft gIASS'multichannel source.

the decrease in specular intensity and increase in FWHM as the step

- density is increased..

.. The experiments were generally performed Byféééttering a deuterium
. : | S ’ .
7

beam from the platinum surface in an ambient hydrogen ptéssuré‘of ~6x10"
torr. ‘Background pressures are measured with a Varian nude ionization
gauge. The uncertainty in the measured pressure arises from the normal

uncertainties in ion gauge measurements, and is taken to be about 10% of

the measured value. The equivalent beam pressure is determined by flow
calculations fqr the particular multichannel source used, in conjunction -
-with source oven pressure,measureménts with a Wallace & Tiernan absolute

‘pressure gauge. These pressure determinations should be good within a

féc;érVof tﬁé as far as. absolute ﬁressuré is concgrnéd. Relative ﬁressuré
meaépreﬁenfs ére mﬁﬁh more éccurate,.however, being limited oﬁly by the
preésure méésuremenc in the source oven and the linearity of fhe soufcé.
Thié.unéertainty'is estimated to‘be less tﬁan 5%."A ﬁydrogen beam with

a qeuterium-aﬁbient and a mixed-hygrogen deuteriumrbeém Qere also psed.
Thé{resultéiaépeafed'to be‘ihAependent éf'the method of feactaht introduction.

Sepéréte introduction of the reactants was preferred because of difficulties

'in:céntrolling the H2/D2 ratio in the mixed beam.

The surface reaction was studied in the. surface temperature range

'300°K to ~1300°K. Great care had to be taken at surface temperatures

:below.450°K,dqe to the possibility of adsorptioh of CO on the Pt surface

from the scattering chamber background.
The mean Vélocity, or characteristic temperature of the incident

beam was varied from 300°K to ~600°KAby resistance heating of the source

oven. Higher temperathres could not be attained because of the lqw.‘

-
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All reaction products and scattered reactants were detected in

- the plane of the incident beam and the surface normal. No_information

. is therefqre”available‘about product which may appear 6ut of plane.
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RESULTS
‘ Figure 5 shows the amplitude of Ha, D, and HD versus the angle from

the surface normal for the three surfaces. The amplltude at each angle

'-his normalized to the incident beam flux determined by placing the detector
" i the molecular beam with the crystal surface raised above the beam

- line. - In each case the scattering distributions are for a 300°K incident

beam'and'a:1000°K surface. The modulatlon frequency is 400 hz. The

© Hap “and D2 distributions are directed on all three surfaces " The (111)

surface shows narrow, intense specular scattering for both H2 and D2.

The Hy dlstrlbutlon is definitely narrower and more intense than the_‘j

' Dé distribution;" This hehavior has been attributed to rotationall‘

15

__coupling between the surface and the incidentDZ'.' | The [9(111) (111)]

surface shows a broader, less’ intense directed distributlon, and Hz

; and”Dz.angular'distributlons from this surface'are very similar. - The

[5(111)>(111)] euhibits the broadest,'least specularlypintense scattering

dlstributlon.,‘ Again the Hy and D, angular‘distributions'are very similar.

If .Wwe assume that the molecules appearing at the specular p031t10n are

'the only ones scattered elastlcally, these results 1nd1cate more
:efficient energy»transfer between the incident gas and the»steppedv'

:surfacesithan'with the (111) crystal face. - The speCular intensity.and

FWHM for these distributions are summarized in Table 2.
Figure 5 also shows the amplitude of HD versus the angle from the

surface normal. No HD was detected desorbing'from the Pt (111) surface

.under experimental conditions which resulted in approximately 5% and 10%

-of the incident ﬁz beam being converted to HD on the [9(111)%(111)] and

- s
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[5(lll)x(111)] surfaces respectively The experiments'reported here
were performed using a modulated D, beam with H2 approx1mately equal to
theLDz equivalent pressure in the ambient of the scattering chamber.,l
"Fdﬁ tﬁe sﬁeppgd_surfaces,,vhich‘produced detectable amouhts of HD, the
.L_amplitudevoffHD decreased as the cosine of the angle from the SUrface"
normal " This cosine distribution indicates complete thermal equilibration
of the reaction product molecules with the surface before desorption.>’>
. Measurements of the normalized HD signal amplitude (HD 51gnal at-
the specular angle. (6-45 ) normalized to the 1ncident Dy 31gnal) at
, ident1cal exper1menta1 conditions for. the three surfaces, gave the
_Iresults shown in Table 3. 1Integrated reactionvprobability values,
.obtainediby.integrating over the HD angular distribution,:assuming a
symmetric‘out of plane cosine distribution, and dividing this value‘by:
the 1ncident Dy signal gives the values listed in ‘the third column of _h ;v;r
Table 3. . The experimental conditions used for this comparison are 'v ,
1000°K Tb = 300°K, modulation frequency 40Q hz,.PHZéfSXIO -8 torrui PDé‘
) These,reaction probability values indicate quantitatively the effect of” 3
thebstep density on the production of HD. |
verhé pressure dependence of therHZ-Dz reaction vas investigated bv
holding the Hz background pressure constant and varying the 1ncident D2
N beam pressure and conversely holding the D2 beanm pressure constant and
1vary1ng the Hy background pressure. The results of these‘experiments
are shown in Figs;'6 and 7. These figures indicate that the reaction
is 1st order in the incident Dé flux or equivalent beam pressure up to

pressures near that of the fixed background Hp pressure. The HD signal

L
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then levels off and the reaction becomes zero order. The observation of

a first-order dependence on the beam preSSure allows the use of phase and

amplltude data for the mechanistlc descrlptlon of the reactlon as mentioned

above. The reaction isvhalf—order in background H2 pressure,'indicating

first~order dependence on the concentration of H atoms On the surface.

Thls 1mp11es an atom—molecule reaction or p0331b1y an atom—atom reactlon

‘in the rate llmiting step Klnetic rate determlnation experiments were

performed with P ~ 10 P » On the zero order part of the P dependence
Hz . Dz S , H2

curve. This glves a constant coverage of H atoms. as ev1denced by the

' coinC1dence of low and hlgh'Ts points on Fig. 6. Thls 1s essentlal’to the

further analysis which assumes a constant H atom coverage. .~

]

The production of HD as a function of the incident beam kinetic

energy was also 1nvest1gated. By heating the source oven in’the tempera-. .

:ture range 300° 600 K a near Maxwelllan beam of partlcles at characterlstlc
lvtemperature greater than room temperature could be produced | The velocity
‘ ,.distrlbutlon -of - the'multrchannel source used in thlS work has been pre-
.viously studied R This beam energy dependence was measured on the low

Hstep den51ty stepped surface, [9(lll)x(lll)], at 1000 K surface temperature

and on the high step density surface, [5(1ll)x(lll)] at 1250°K. 1In bothv -

cases, the HD amplitude and phase were unaffected over th1s temperature
'range 1nd1cating the absence of an actlvation energy for the adsorption'

of the molecules. Flgure 8 shows the results of these experlments.

The HD amplitude at 6=45 normalized to the 'incident.D2 signal is
plotted as a function of the reciprocal surface temperature for the two
stepped surfaces in Fig. 9. There are two temperature regimes that can

be distinguished. From 300-600° K, the amplitude increases rapidly

following the same T-dependence for both surfaces.. Above 600°K,’ the

increase becomes less rapid for both surfaces and starts to. level off.
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The amplitude of the hlgher step density surface; however, levels off
at a higher value, roughly twice that of the [9(111)X(111)] surface.
'The surface temperature dependence of the phase shift for the two
surfaces,_shown in Fig. 10 ’exhibits similar behavior. From 300 600 k,
the phase shift decreases rapldly, data from both surfaces falling on
fvthe same line. | Above 600 K, the phase shift of HD formed at the »i.

_f[9(111)x(lll)] surface goes through a minimum and then increases..' The:
-s‘phase sh1ft of the HD formed at the [S(lll)x(lll)] surface goes to a’

. slightly lower mlnimum and does not increase as much Slnce the phase p
ShiftAlS proportlonall to the residence‘time of the_HD molecules on .
ithe surface, a.decrease in phase shift with‘iﬁéfeégiﬁg surface temperature a

1s certalnly expected. ' The reversal in this behav1or'at h1gh temperature
_ 1ndicates the onset of a'new mechanism‘for the formation of HD not present'
. at 1ow temperature.r o | .~ o
i ) Using either.the'phase or the amplitude data.in the low temperature
,Jtegion, an activation_energy for the process_occurring can be calculated.

-~With either'of the data sets used f(phase or-amplitude Xs,vl/TS) this
'actlvation energy is calculated to be 4.5 kcal/mole. ' .

, The activation energy in the h1gh temperature‘region (>600 Kj 1s.
', calculated to be 0 6 kcal/mole.. Figures 9 and 10 are obtained w1th a |

B modulatlon frequency of 40 hz. Incre331ng the modulation frequency to
160 and 400 hz gives the same two branch behavior, except that the
tran51t10n temperature is shifted to hlgher values as the chopping
frequency is increased. . The activation energies.remain the same; This

observation indicates that the reaction that dominates at low temperatures-:: .



jconstént ki is written in Arrhenius fashion with pre-exponential ‘A

. .~activation energy E

_pressure constant in the range of zero order P

~-15-~

occurs with a faster rate than the reaction that dominates at high

_ temperatures,

The_modulation frequency dependence of the ﬁﬁhée and amplitudé are

_Showﬁ ihiFig. 12 and Fig. 13 for two surface temperatures, 1000°K and'

485°K. ‘The .low temperature phase shift increases monotonicallvaith'

increasing‘frequenéy; while the amplitude;decréaseé.with_unit slope.

ﬂCalculatiéh of an activation energy from the 485°K frequency data using’
u’EQS, 1-3 bélow égrees faﬁorably with the activéﬁion energy calculated from

‘the sﬁrface tehperatﬁre_data in the low temperatureArange.

.(1) Aé “¥'.éﬁplitude = N

. T A (wp?
2) A - phaséshift = -t_an_l(_w/kl)2
3 Kk = A eXP(-El/RT)

‘where n is the sticking coefficient; determined by extrapolation of €

versus modulation frequency data to zero frequency to be ~3x10 1, w is

'_the angulérvmodulation frequency equal to 2mf(f in hz), and the rate

| - 1 aqd
1 Both ki and k2 (discussed below) are pseudo first
order rétéLcohstanté; . V

. For first order ;eaction.the signal amplitude, [HD]/[DZ],’is related

' to the rate constant by EQs._(l) and (2). By hélding the background H2

H dependence the exchange
2 . .

. . , ; . 1
reaction becomes pseudo-first order. Thus the units of k are (sec )

as indicated by Eq. (1) and Eq. (2).

*
Integrated over all angles.
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The ﬁigh témperature béhavior is more complex. vThé‘frgqﬁengy'dependence

~of the phaée appears to be S-shaped and the amplitude decreases wifh

|  .a élope of 1/4 as the frequéncy»increases;.v | |

_}bTﬁg vefyllow HD production rate on the.(lll) su?féce (at about

: the'}imit'6f detection at f=400 hz), can be:ihéréased‘by inctgasipg ‘H 
‘the r§actéﬁt:§re§sufes #nd decreasing thgvmoduiéﬁion‘ffequeﬁcy. “

__{Increésing tHé reactaﬁt bréssu;es by a factor of 10 énd degfeasing

v_the_mod@lafédg frequency a fac#or of 10 increases ;he7HD‘réactioﬁ i“

- ptobébility about a factor §fvthirty on fhe fill).surféce.  The same:” -

’:>changeérwitﬁ éigher.oflfhe étepped éurfaces iﬁé?eéses thg_alfe#dyk‘ o

“much higher reaction probability about a factor of six.
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DISCUSSION

Any chemlcal 1nterpretat10n of the data presented in the prev1ous

. section must be con51stent with the conclusions this data suggests.

These conclusions are:

1) The iowvindex Pt(111) surface did not produce a significant amount

- .of HD in our molecular beam scattering experiment in the frequency, pressure,

"and'temperatureﬁrauge studied.

| 2)-The'stepped platinum surfaces produced large amounts of HD under

- -conditions uhich showed little HD formation on the (111) surface. -

3) Angular distributions indicate greater energy accommbdation on higher

- step density surfaces, and that HD product is in thermal equilibrium with
‘the surface before re-emission, with residence times in the range of

milliseconds. - - - . . .. : : e

4 )Temperature dependence of both amplitude and phase indicate two reaction regimes.

2 preSSure of 6><10-_7 torr in the background, the pseudo first-

- order rate Constants for the exchange reactioh have been'determined. They
are at low temperature (<500°K) k =(2¢1)><105 exp(~4.51.5 kcal/RT) sec-1

‘and at hlgh temperature C>600°K), k (l+2)><102 exp( -0.6 0. 3 kcal/RT) sec l.

©5) In the high temperature region, the surface step den31ty 1ncreases

the rate of productlon of HD proportlonately whlle in the low temperature

; reglon, the step den31ty does not have as great an effect.

6) Beam temperature dependence measurements 1nd1cate that the molecular

adsorption is not an activated process.

beam pressure and one-half

7) The reaction is first order in D2

order in H2 background pressure.
8) Frequency dependence measurements of the amplitude and phase haverf:

a simple monotonic dependence in the low temperature region, and more complex

behavior in the high temperature region.
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.9) Increasing reactant pressure and decreasing choppiﬁg ffequency
ihéfease'HD production'on_the (111) éurféce much fééter tﬁan on the
'stépped piétinum surfaces.
| 'exchange studigs are carfiéd oﬁt in the. presence of excesé

e p
f The H2 )

'h&dfogen ihitHe scattering chambér. Since the H2 pressure is about:an- h
Qfdgrldf,magnitﬁdé gteater thanrthé pressure'céicdlabie from #he D2
: Vf1hx to:thg'suffaéé;fthe hydrogen atom coﬁcentratién on the ﬁlatinﬁm
.sﬁrface femainsféonstant during the exchange réactionf.,ﬁyv§§fying'the> 
ujﬁydrogenfbféssure”in the chamber in the range 5X10f8f 7xiO’7 torr we |
-~ have foﬁnd tHe rates of HD formatién'and the obéerﬁedvfate'cthtanté éré.
_indébéndéﬁt éf'Hz preséurei .Also,'the ac;ivatiqn éﬁefgies‘in‘béfh ’ .
the high agdi;ow fémperature region were independéﬁt of H2 pressﬁre
‘*T»iﬁ,thé studiéd préssuf¢ range. It appears tﬁat.th§ hydfogen atom:
v;covéraée’oflfhé activezéites (moét'iikely of the step sitéé) is unity
of neét»uﬁi;f in the studied temperature range. Thgs, Sy carrying out
' 'thé'rééctidh thisnﬁay, Ve have converted the bimolgculag reaction to a
"pSeqdo fifét‘o?def'feaéfion Qith the'incidéht Dzrflux és the onlyu |
 conqentréti6ﬁ‘variab1é. o L R
{ The'sﬁrféce_temperature data éﬁd particulafly”the phasé shift .. " .
beha@iof‘ég.éifuhctioﬁ ofAmoddiétion f:eduency at-high sﬁrface'fempefa—.f |
: tureISuggestAa branchéd model. - An expression for the producf-ampli#ﬁdé
and phase_sﬁift‘as a function of surface tempera;ure,gnd.modqlatioﬁ
frequency.can be derived as with Egqs.” (1) and (2)'11, This exbression
is |

A -1,
. ne-'-ltan (w/kl) . ne,1tan (w/kz)

Qlﬂ@/kl)z . an(w/k;)?- I

£

o109 1%
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with the terms defined as before for Eqs. (1-3). Using the low tempera-.
ture activation energy and pre—exponential factcrﬂ(determined from
Eqs. (1 & 2) and the low temperature range: T data) along with the

measured act1vat10n energy for the high temperature branch Eq. (4)

.can be solved to determine a rough value for the preeXponential of the

'yrate constant-k’ Us1ng these four parameters to evaluate the two rate

2°

?:constants in Eq (4) we can reproduce the behav1or of the reactlon

product”phase and amplltude over the temperature and,frequency ranges

studied. Broken lines on Figs. 9-12 indicate.theppredicted phase‘and

“amplitude behavior using these experimental values and Eq. (4). The

good:agreement lends support to the choice of a branched reaction model .
to describe the data.

*-Let us now discuss the two-branches separately by considering first

"’the low temperature (300 6OOK) reaction behavior and then the hlgh

’ temperature (600—1300K) behav1or. " In the=low temperature reglon we find
hthat the presence of atomic steps on the platlnum surface. is necessary

" for efficient productlon of HD, as the reaction probablllty is much
~tlouer on the 1ow.indeg (lll)‘surface. . The first-order beam pressure
“dependence indicatesvthat mblecular deuterium is inVolved'in:the rate.

“1imiting step if we assume equilibrium between-the adsorbed and gas

phase Dzvmolecules.: Possibilities for this rate determining step are

.diffusion.of the molecule to the active step site, or perhaps dissociation

of ‘the molecule at this site. The half-order pressure dependence on the

hydrogen background pressure indicates the involvement of H atom in the

rate determining step. ' In the low temperature range the concentration



'H beihg bound at the steps is given in an'inferesting study of hydrogen
’w_adSQrption'ohiPd surfaces by Conrad, Ertl and Latta;17.'They found-

‘' that the isosteric heatApf hydrogen adsorption on Pd—(S)—[9(111)X(111)].

-to. form HD after dissociation of the D

'ﬂjthe'meén diffusion path length on step density inéfease} The values
-of theaadtivation enefgy18 and pre=-exponential faétorAalso support tﬁe 

choice of molecular diffusion and a three-center reaction as the. rate
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. of atomic H'oh_thé surface should be quite high, most of it bound at the

- monatomic step sites. Supporting evidence for the assumption of atomic -

o was”ab0ut 3 k¢al/molé higher at low coverages than oﬁ Pd(111).

f»"Thi§ information_in the low.temperature region suggests the_foilowiﬁg '

- mechanism for the exchange reaction. Molec@lar-DZ, weakly adsorbed pni'

.~ the terraée,'diffuses'tO‘step siteé where strongly bound atomic hYdrbgen

is present. It there undergoes a three-center atom-molecule reaction

» to form HD WHiéh.is subsequently desorbed and defected.' We cannot rule

. o@t»the possibility of a two-center, or atom-atom reaction, taking place

2

étep;denSity_does'not,affect,the reaction probability as drastically in

at the step. The fact that the

the low’teﬁperature‘region argues for the diffusion, atom-molecule
reaction step being rate limiting, since dissociation, followed by

atom-atom reaction should be directly proportional to the step concentra-

.tion;-whilé diffusion'rate would only be affected by thevshortehing 6f

P

limiting step. A study of H, electron impact desorption from tungsten
: S . : .

by Menzel19 resulted in the observation of a very low pre-exponential.

This was postulated to be due to a curve crossing in the transition state.
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20 ' e
~Suhl has connected the low pre-exponential to the existence of a

transition state involving coupling between a tighéiy bound (H atom in

this.case)_and weakly bound (Dz_molecule) species. The reaction in the

. low temperature region, involving two adsorbed species is commonly

- termed the Langmuir—ﬂinshelwoodZI,mechanism.

The.reppfted rates of HD“formatiqn are referenced to the incident

9 flux at a given hydrogeh pressure (or constant H atom coverage).

- Thus, the rate constants that were determined are affected by the various

reaction steps,thevD2 gas molecule participates in prior pd’the proposed

" rate determining atom-molecule reaction. In the low temperature region,

adsorption of Dz(gas) and subsequent diffusion to a reaction_site'is'

- likely tovﬁreceed the surface reaction. The activation energy may be

vmbdified'by these feaction steps. The observed 4.5 kcal activation

eﬁergy may well be smaller than the true activation energy fef the

- surface reaction,being reduced due to the contribution from the

e#othermic heat ef adso;ption of molecular Dé (aboet 2b.kca17mole)?4. The.
preegponential'factor.may include terms such as fﬁe>densit§‘of:actiye:
sites and-the eovefage of hydrogeﬁ_atoms 1n,additibn t0-£he’érobabi1ity
factef andbthe paftition function fatio. The estimetionbof'the ﬁagnitudes

of these various parameters is uncertain and is dependent on our chosen

reaction model. Thus we refrain at present frem direct comparison of

either the activation energies or the pre-exponential terms we have

determined for the surface reaction with the rate parameters of the

bimolecular gas phase reaction.
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f:In fhe.high témperature_region, again‘the steps aré necéssary for
‘effi¢ient-production of HD; The pressure dépendenée,is the same as in
: _fhé-low éémperaturevrégion; indicétiﬁg_én atom-molecule reaétion as.the
ratevlimitiﬁg step. . in thiS'region, howeverf-the step density directly
afféété fhé productidn of HD. .Sincé the surfacé cohéentra;ioh of adéorbed.
'szmoiecﬁiés'ﬁuSt.be mucﬁ:lower:at these temperatuféé; the.rééctién
'érobébility of the'faét'Langmuir~Hinshelwood.reaction‘betﬁeeﬁ the_a&sorbed
"~ﬁfspécies must be markedly reducea. The m@ch lowé;'acpivaﬁion ehErgy thét A>
méhéraCtefi?eé éhe'reaction in tﬁis region ihdicates th§ oﬁsét4of é |
  '}eaét$§n méqhéﬁism where.iqcidgnt Dé moleéules reaéﬁ'directly frOmfﬁhe
:wgas'phéSéiwith.hyd:ogen‘a£bms at the stéps. Siﬁilarl& in this région,
:5thé'pfgéxbénéhtial:includes terms involving the densiﬁy of aétive sites
‘3and reaétaﬁt'co§érage aé well as the bimolecular collision frequency.

s

This pfééludes a direct comparison of these values with similar gas’

. phase values at this time.
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. Due to the experimental condition of large H
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 This mechanism is not dominant at lower temperatures (300-600°K)
“because of the abundance of molecular deuterium{ayailab1é>on the surface.

2 background ﬁréséure, the

-

H atoms, strongly bound at the steps, remain available at sufficiently .

.‘large concentration over the entire temperature range, while the weakly

- bound molecules have markedly reduced residence times as the temperature

'is increased. Because of this circumstance the rate of the slow direct

z"reaction‘with'the low preexponential becomes dominant at high temperatures

‘C>600fK).‘fTﬁis'reactioﬁ of a gas phase species with an adsérbéd species
is commonly termed the Eley—Rideal22 mechanism. -

.~,Thé two;branch ﬁechanismiﬁith the proposed‘mbdels"for_the high -

-‘temperaturevahd ldw'temperature branches is shown below.

“P%t diff. to step
" 3-center rx. ' '
H: ads., step

' qz(éas.té:fﬁce) ~ HD + D ‘
b diff. to step I - ‘H ads., step
- -dlssoc1ate..-_.- - = = e 2D > HD + D

. " 2-center rx.
H ads.step : -

HD + D

The broken arrow indicates the possible path resulting in an atom-atom

reaction in the low temperature region.
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, The tWo branch model can also give information_abOut the expected
- behavior Of‘the exchange reaction at even lower surface temperatures. As
';we'ertend theﬂsurface temperature below 3QOK, the low activation energy
.\yEley—Rideal'process.would:bevempected to again becomeidominantay
.bCalculationS‘oftk and k and the phase and amplitude atilower temperatures'
,u;u31ng Eq (4) 1nd1cate a transition back to low activation energy reaction |
., at around 260K where kl and k are approximately equal Below th1s -
~;3temperature k becomes 1n51gnif1cant and the low activation energy k2
J_branch again dominates. .This behavior is shOWn in Fig. 13 where the
bamplltude vs. l/TS dependence.is shoun calculatedvfrom”Ed.i(4)f'v
:Kuikers_gt_al.l and Breakspeare et_gl,23 have observed the H,: D2
: exchange.at-low‘temperatures (<300K) and report a transition from low;i
activation energy to higher activation eneréy with'increasing surface
temperature on Pt films and Pt w1res, as predicted by our exten51on
._of Eq. (4) to lower temperatures.' | |
- The low actlvatlon energy Eley—Rideal mechanlsm becomes predomlnant b
" for the H2—D2 exchange at high C>600 K) and at very low (<250°K)

"temperatures :for different reasons. At hlgh temperature tbe rate'. _
’of_the competlng bangmuir—dinsbelwood reaction (H dh Zads HDads).?S
| attenuated by the very short re51dence time of adsorbed D2 molecules
whlchlreducesmthelr surtace.concentration. At very.low temperatures,'
_although both adsorbed molecules.and adsorbed atoms should be available
~in large‘concentration, the_reaction that Vould have a higher probability
is the one with the lower actiyation energy.

The observation of a very slow reaction step (characteristic

time > lO—Zsec) in this system lead us to investigate the possibility of
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'a.vefy slow reaction step limiting the formation of HD on the (111)'Surfacef

ExtendingméaSurementstotjm,lowest practicalchoppingfrequency of 40 hz increased

D

.
‘l

the integfafed reéction probability on the (111) surface to about 8X10—4.

- This is still over two orders of magnitude less than the reaction probability

on the stepped surfaces under identical conditions, but is a significant

v increasé. » If_the‘chopping_frequency could be reduqed even further, it is
conéeivab1e that thenﬂD reactiqn probability on the (111) surface could be
;comparableftdvthat observed on the stepped surface. As the chopping

o frequeﬁcy is'reduced,'the_reaction of molecules that need more time to

diffuse'to;tﬁe active_step'sites which are present on even the most

vﬁcérefhlly pfepared low index surface are also detectable, possibly making

the stepped surface and low index surface behavior more similar. Also,

 at higher pressures the increase in surface concentration of H atoms

increases the probability of an atom-molecule reaction to occur away from

the step sites.

It ié worthwhile to compare the results and model diécussed here

.~ . with work on thiszsystem done by other methods and workers. The angular
‘distributions of Hy and Dz_fromth(lll) are identical'tofthbse reportedi
" by Merrill24 on similarly prepéred'surfaces. On the'dther hand, the

HD angular distfibuﬁions are much different than those obtained by

Palmer, gg_gl.zsfin their molecular beam study of the reaction on epitaxial

| - . e 26 | | |
- Pt surfaces. There is some indication that angular distributions

- :

sharply peaked at the normal, such as those observed by Palmer et al.,

could be related to carbon or sulfur contamination on platinum surfaces.
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» Welsendanger27 measures a sticking probabllity of H, on polycrystal— -

, 2
11ne p1at1num of 1X10 3 . Lewis and Gomer18 assign adsorptlon energles to
two states of adsorbed hydrogen of <15 kcal/mole for a molecular state and

16 kcal/mole for an atomlc state, They also measure an activation energy

for diffusion of hydrogen atoms on a'platinuﬁ field emitter tip of 4.5 kCall.

‘nole:;}The‘agreenent:between the.neasured activation energy in thisvwork A

and that.measuredhhy Leﬁis'and Gomer18 could’indicate that the'diffusing 1A

’{fs§¢¢ieé”i§ thegsane;inneach'case;r;lt.uas indicated above that:we.cannot”
'rule}outfthe.possibilitybof aniatomlc diffusion stepfas the:precursor_for

" “the atom-atom reactlon (H D , ~HD . ) that can occur in addition to the
ds d ads o S »

atom molecule reactlon.- ‘The relative importancerf the‘atom-atom'or atom— T
fmolecule reactlons, depends on the rate of dissoc1at10n of D2 upon single" .

”‘scatterlng At present we cannot dlstlngulsh between HD molecules produced

by these two p0351ble react1ons. Merr111 28 has postulated the ex1stence

of two molecular ad states with blnding energies of 2 kcal/mole and 17 kcal/v

_mole. Norton and R1chards29 have performed a careful flash desorptlon

/

study of the H2 2

-~ for a precursor’ “ad state, measure a f1rst—order_reactant pressure dependence

" at 870°K"awsticking“coefficient of < 01, and an'absolutefreaction rate of

4X10 /sec at a coverage of 0.5 and surface temperature of 244° K.

AR s
A very recent flash desorptlon study of the H2 9 exchange has been

performed by Rye and Lu.30 The1r work compared a serles of four platlnum

:s1ngle crystals for react1v1ty to H, - exchange. They found only a factor

2 2

of tlve difference in react1v1ty between the (111) surface (low react1v1ty)'

and the (211) surface (high reactivity). The (211) surface is the
[3(lll)x(100)] stepped Surface Their reaction probability is of the

same order of magnitude (~10~ ) as ours for the stepped surfaces, ‘but much

exchange on polycrystalllne platlnum ‘'They see evidence:

e



o

'place on a- much shorter time scale.
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higher for the.Pt(lll) crystal’face. We believe that the differing

-results of these two studies (Rye's and the present work) are the

\results of differing experimental techniques._ The flash desorption
'technlque.éives no time dependent informationiabout the 1n1t1al adsorption
'and diffu51on of molecules on the surface. - Indeed, given the infinite |
| residence time of.adsorbates in such a flash.desorption experiment ”

diffu51on to- active sites for dissociation could not p0531b1y be rate-

-.* et

. ‘1im1t1ng : In the molecular beam system, however, the modulation of ‘the

incident beam enables one to probe processes, ‘such as diffu51on, taking

Using the values of activation energy (4 5 kcal/mole) and pre~

exponential;(1X10 ) sec l_determined for the rate limiting step in the

o low_temperature region, one can calculate the diffusion times. involved.

TheSeAcalculationS'give times of 2><l()"l sec at 300°K and 5X10_3 sec at

_ 600° Assumlng a root mean square diffu51on distance on the

[9(lll)x(lll)] surface for instance to be one—half the terrace width or

- 6. 5X10 -8 cm, yields a diffusion velocity of ~1X10 = cm/sec on the stepped
f_surfrces.,' The stepped surfaces have a monatomlc height step dens1ty

"'of roughly 10 /cm2 on the surface. If we assume that the den31ty of

monatomic-steps on the (lll) surface is comparable to the dislocation

'density ("108/Cm2), then the rms diffusion distance to an active site on

this surface-would be roughly 10_4 cm. Even at the very low diffusion
velocity measured in this mork, this.distance corresponds to a diffusion
time of 1—10'sec, which could not be resolved in the flash desorption e
experiment. Therefore,,under these conditions, the stepped and lov*index.

surfaces mould be expected.to'behave similarly.
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. Tahle.IV'listslﬁxrexponentials and activatiqn-ehergies;for several
sutfaee reectieh;ﬁ‘hLprreimponential'valqes hateebeen obserhed by
Olandef et‘el.Bljin theirhstudieé‘qf graphite okidatiqn and b& Madix
.'Q.eﬁdYSChwa;z??,ih e:etudy of molecqiar eh1qrine'interections with ‘

;gerhanihmhehdhsi;tcen. :In both cases, the lowpre—exponentiei telue _ ;

'.&ée'eectibed.to'e ehrfaCe.migration step. Tables of ﬁte;eghehentiale

‘.for gas phase hnlmolecelat reaetlons3$ often 1nd1cate pre—exponentlals
j;ln the 10 tq‘lQS_ranget‘ In each case,.the low hre-exponentials'are

“:, ascribed to reactions occurrlng on vessel walls or 1n the presence of a

e-,heterogeneous catalyst. As mentloned previously, the work of Menzel19

L

_;and Suhl20 has - also dealt with the 31gnificance of the low pre—exponentlal_'-
1n surfacevchehlcalwteactthns‘ - o | | | |
.' Tabie iV.
E Reactioh: t=;: '”'A<sec-1) 'Ea(kcalzmole)e o :-'Ref.
" c12+ Ge o " gx10® S 22.6 32 -
| c12+ Sl : i ) 3x107 33__;':;,__‘. | 32
02+Graphite Casa’ a0 m
F"{bé‘;fﬂ(leﬁﬂi;) L, - 23105 .‘h‘it :;is T T? ) thisrwork’
| :'"Dé g j’(ﬁighfr;f o ix10> 0.6 this work =
Hcof'&eéomposi{ib}x.‘ k0?0 1000 S 33
Hc06u qeéouiposit'ioh ; 6.2x10% - 30.6 33
Ni(CO)4 deeompositioh | 3XI09 ' : h'19;1 - _ - 33 |
1,2 diehloreethene ) o 2><102 | e16.0'  - 33
isomerization ' ' L
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- CONCLUSION

The purpose of the present study-has been to'inuestigate the prinary .

" reaction steps involved in hydrogen dissociation on platinum by a molecular

beam study of hydrogen-deuterium exchange. The reaction appears to

follow a two—branch mechanism on. surfaces containing step sites active for

'Hz dissoclation. ' One branch dominant at low temperatures, results from -

‘the reaction of H atoms that are stored on the surface in sufficiently

large concentration w1th.molecular Dg arriving at the step sites by

‘ dlffusion from weakly bound precursor states on the (111) terraces. rThe
. second branch appears‘to be fed by.direct ‘reaction of adsorbed H atoms
ﬂ‘with arrivinész molecules in.the vicinity'of the stebsvfrom the incident
.gas beam.v 'Entension:of'the model to temperatures below 300°K predicts
~ a return to the low activation energy Eley-Rideal branch;as the dominant .

nechanismAfor‘the Ho-Dy exchange...

ACKNOWLEDGMENT ;

 This work was'performed'under the auspices of the U.S. Atomic Energy

Commission and the National Science Foundation. Steven L. Bernasek

- acknowledées graduate fellouship supportﬁthrough the National Science

Foundation. ,We’wish‘to thank Dr. W.‘J; Siekhaus for many helpful
discussions concerning this work, and‘the.helpful comments of‘

Professor G. Ertl.



B Vac. Sei. Technol 9, 1429 (1972)

"R H Jones, D R. Olander, and v. R. Kruger, J Appl Phys., 5g9

~30~-

- REFERENCES

’VF J. Kuijers, R P Dessing, .and W. M. H. Sachtler, J. Catal.,-33
-»316 (1974) | | |

- G. w Koeppl J. Chem Phys.j 59 3425 (1973)

L A West, E I Kozak and G A. SomorJai, J Vac. Sc1. Technol

',8 430 (1971)

._S L Bernasek Ph.D dissertation, University of California, o

Berkeley (1975)

" R.H. Jones, D. R. Olander, w. J. Siekhaus, and J. A Schwarz,'

'”,2769 (1970)

D. R Olander and R. H. Jones, Entropie 30 42 (1969)

3. A Schwarz and R. J. Madix, J. Catal., 12 140 (1968)

D;'R._Olander, in The Structure and Chemistry of Solid Surfaces,

_G, A.ﬂSomorjai, ed;, John Wiley and Soms, Inc.,_New York, 45-1

e @968).

10.

11,

12.

13.

S L. Bernasek and G A. SomorJai "Molecular Beam Scattering from

'Solid Surfaces," in Progress in Surface Science, Vol 5 Part 4 (1974)
.R H Jones, Ph D. dissertation, University of California,

' Berkeley (1971)

B. Lang, R W Joyner, and G. A. Somorjai, Surf Sci. 30 440 (1972)

W. Shockley, et al., eds R Imperfections in Nearly Perfect Crystals,

' J.vWileyrand Sonis, Inc., NerYork, 1950.



o

14.

15. .
’ 16.

17.
18.
19.

20. .

21.

22,

23.

24,

25.

26.

- 27.
28,
29,

30,

31.

32,

33.

‘of Standards, 21, Washlngton, D.C. (1970)

-31-

L. A. West and G..A. Somorjai, J. Chem. Phys.. 54, 2864 (1971).

R. L.'Palmer, H,‘Saltsburg, and J. N.'Smitng;gr., J. Chem. Phys. 50,

.-

4661 (1969).

D. R. Olander, R. H. Jones, and W. J. Siekhaus,vJ. Appl. Phys.

41, 4388 (1970)

H. Conrad G. Ertl, and E E. Latta, Surf. Sc1 41, 435 (1974)

R. Lewis and R. Gomer Surf Sci., 17, 333 (1969)

W. Jelend and D. Menzel, Surf. Sci., 42 485 (1974)

D. Menzel, private communication

G. C Bond Cataly51s by Metals, Academic Press, London, 1962 P- 240;

E. K R1dea1 Proc. Cambridge Phys. Soc., 35 130 (1939).

R. J. Breakspeare, D. D. Eley, and P. R. Norton, J. Catal. 27, 215

(1972)

D. L. Smith and R P. Merrill J. Chem Phys., 53, 3588 (1970)

3. . smith, Jr. and R..L. Palmer, J. Chen. Phys. 56, 13 (1972).

. T. L. Bradley and R. E. Stlckney, ‘Surf. Sci., 38, 313 (1973).

H. U. D. Wiesendanger, J. Catal. 2, 538 (1963).

W. H. Weinberg and R. “P. Merrill, Surf. Sci., §§, 493 (1972).
P. R. Norton and P J. Richards, Surf. Sci.. 41, 293 (1974).
| KJ.E,'Lu and R. R Rye, to be published. ' | '

- D. R. Olander W. J. Siekhaus, R. Jones, and J. A Schwarz, J Chem.

Phys. 57, 408 (1972)

R. J. Madix and J. A. Schwarz, Surf. Sci.. 24, 264 (1971).

'S. W. Benson and H. E. 0'Neal, Kinetic Data‘on Gas Phase Unimolecular

Reactions National Standard Reference Data Series National Bureau’

-



-32-

~34."D.M, Young:and A.D,'Crowell,-Physicai Adso:ption'of Gases,

”Butterworths,”London;'l962.



)

v‘)

-33-

TABLE T

' SPECULAR INTENSITIES AND FWHM FOR He SCATTERING =

Ty = 800°K, ~  Tg = 300°K

Surface ) - Specular Intensity (%)

Cpeuiy) 10.9

Pt-kS)Qig(lli);(lll)] : 1.85

CPt-(S)-[5(111)*(111)] " 0.9

6
15

25

© FuEM (deg)
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‘TABLE II

SPECULAR INTENSITIES AND FWHM FOR Hp, Dy SCATTERING

Tg = 1000°K, Ty = 300°K

 Surface -~ Int.(3) FWHM(deg.) Int.(%) = FWHM(deg.)

Cpeany T 168 18 o0.83 0 an
Pt-(S)-[9(111)x(111)] 0.65 - 48 0.58 43

Pe-()-[5(1LxQ11] 0.33 61 0.23 . 63
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TABLE III

REACTION PROBABILITIES FOR HD PRQPUCTION

8

| To 10007, Ty = 300%, £ =400 bz, By, = 84077, By, = ©0°

Surface

Probability Amplitude +Int.. Reaction Prob.

PE(1l) - <1x107® C<1x10™
- Pt=(S)-[9(111)x(111)] - .4.9x10 . - ..o oo 1.6X10 T
Pt-(S)-[5(111)x(111)] ~9.,2x10 - S . 9.9x10 e

* ‘HD signal integrated over total cosine distribution divided by incident

D, signal.
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- FIGURE CAPTIONS

Schematic diagram of uitra—high vacuum molecular beam scatteringp'h,

apparatus. -

Schematic diagram of signal processingfeiectronics" The first h

"Fourier component of the scattered signal is given by the'ﬂm r'{;l

signal amplltude S and the phase Shlft ¢

. studied in this work. . (a) Pt(lll), (b) Pt(997) or Pt ()- [9(111)><(111)], |

(c) Pt(553) or Pt(S) [5(111)x(111)]

. Auger spectrum of the clean platlnum surfaces.:
| - Angular dlstributlon of hydrogen, deuterlum, and hydrogen'~'-"

fﬂdeuterlde'for the three surfaces.v-(a) -Pt(lll), (b) Pt(S) [9(111)x(lll)],1

() Pt(S) [5(111)X(111)]

L (°°Ts"1000°1\ on Pt(S)- [9(111)x(111)], onTs 1250°1< on‘

10.

-HD amplltude gs l/T for both stepped surfaces.' £

_Production of HD versus Hy pressure at surface for flxed DZ
vpressure of 2x10 -7 torr.l
- Productlon of HD versus D2 pressure at surface for flxed H2 iiz"u"-

_ pressure of 6x10 -7 torr.

Phase and amplltude of HD 51gnal versus 1nc1dent beam temperature

Pt(S) [5(lll)x(111)]

40 hz.

_ Broken line from eqn. (4).
'HD phase shift ys. 1/T_ for both stepped surfaces. f = 40 hz.

Broken line from eqn. (4).
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Figure Captions, contd.

Fig. 11.

Phase of HD 51gnal versus modulation frequency for

' - (a) Tg = 1000°K and (b) TS 485°K. Broken line from eqn. (4).

Fig. 12,

Fig. 13.

‘Amplitude of HD signal versus modulation frequency for
5(a5.Tb 1000 K and (b) Tg = 485°K.> Broken line from eqn.:(4).'
};Amplltude vs. 1/T calculated from eqn. 4) .over’ temperature :

" range 50—1300°
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1500 l/sec.

Diffusion Pump

Rootes -
Blower —» to Mechanical Pump
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Diffusion Pump

view Port
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Fig. 1

View Port A
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p (bkg) = 1x107 torr
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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