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A MODULATED MOLECULAR BEAM STUDY OF 

THE MECHANISM OF THE H2-D2 EXCHANGE REACTION ON Pt( 111) AND 

Pt(332) CRYSTAL SURFACES 

by 

M. Salmer6n*, R. J. Gale and G. A. Somorjai 

~1aterials and Molecular Research Division, Lawrence Berkeley 
Laboratory, and Department of Chemistry, University of 

California, Berkeley, California 94720 

Abstract 

The interaction of hydrogen wHh platinum has been studied by the 

exchange reaction H2+o2=2HD on two crystal surfaces, a flat(lll) and a 

stepped(332) (in step notation, (S)-[6(lll)x(lll)]). The adsorption of 

hydrogen appears to be an activated process on the Pt( 111) surface, 

with a barrier height of -0.5-1.5 kcal/mole. On the Pt(332) surface, 

the adsorption of hydrogen requires no activation energy. The recombi-

nation of H and D atoms to form HD follows, on both surfaces, a parallel 

mechanism with one of the branches operative in the entire temperature 

range studied, 25-aoooc. This branch has an activation energy and 

pseudo-first-order preexponential of E1=13.0±0.4 kcal/mole and A1= 

(8±3)xl04sec-1 for the Pt(332) surface and E1=15.6±0.5 kcal/mole and 

A1=(2.7±1)xlo5sec-1 for the Pt(lll) surface. For temperatures above 

-3oooc, the second branch is observed~ but the values of the 
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and Departamento de Ffsica Fundamental, Universidad Aut6noma de Madrid, 

Canto Blanco (Madrid) Spain. 



preexponential factors and activation energies could not be uniquely 

determined for either of the two crystals. Below ~Joooc a third process 

appears in series with the first branch. The scatter in the data at low 

temperatures due to the small signal amplitude prevents accurate deter­

mination of the rate constants for this reaction step. 



1. Introduction 

Although the interaction of hydrogen with platinum has been exten­

sively studied over the past twenty years, it is not well understood on 

the atomic scale. However, it has been established that the presence of 

monatomic steps in a (111) surface enhances the adsorption and dissocia­

tion of hydrogen relative to the flat surface (1-7). Our recent study 

(6, 7) of the dependence of H2-o2 exchange on the angle of incidence of 

the reactants has shown that the region of initial impact on a stepped 

surface determines the probability of dissociative adsorption. The most 

favorable region for hydrogen adsorption was found to be associated with 

the inner corner of the step structure. 

Very little is known about the next step in the reaction process, 

i.e., the recombination of adsorbed atoms to form H2, o2 or HD and sub­

sequent desorption as molecules. The kinetics of this process can be 

studied by thermal desorption, isotopic exchange, and particularly by 

molecular beam reactive scattering. In such experiments, the reaction 

is studied far from equilibrium, a necessary condition for obtaining · 

kinetic information. 

Only the molecular beam technique allows complete definition of 

the reaction conditions. A molecular beam of the reactants impinges on 

the well characterized surface of the catalyst, which is maintained in 

ultra high vacuum conditions (UHV). The intensity of the beam (or 

equivalent reactant pressure), its velocity (or temperature) and angle 

of incidence can be specified. In conventional isotropic experiments, 

the last two parameters are not generally variable. 



-2-

Another important advantage of the molecular beam technique is the 

possibility of modulating the intensity of the beam. Such modulation 

increases the signal to noise ratio as a consequence of using phase sen­

sitive lock-in detection. Also, time (or frequency) is introduced as a 

new variable in the experiment. The response of the system to the peri­

odic pulses of reactants consists, for each harmonic of the partial 

pressure of the reaction products, of an amplitude r, and a phase lag ~, 

relative to that of the incident reactants. The response of the system 

will be determined by the relation between the modulation period T and 

the reaction time t, which depends on the temperature of the crystal. 

When T<t, the surface reaction from the previous pulse is not yet com­

pleted when the next pulse of reactants strikes the surface. The system 

can not follow the rapid changes of pressure of the reactants. Under 

such conditions, the amplitude of the.products, r, is small and the 

phase lag, ~' is large. When T>t, the surface reaction follows the 

variations of beam intensity and consequently the amplitude of the product 

signal is large and its phase lag small. In fact, it is possible to study 

the kinetics of a surface reaction by measuring the amplitude and phase 

lag of the reaction products as a function of surface temperature and 

modulation frequency. From the shape of the curves, r and tan~ vs. T 

(or 1/T, where Tis the crystal temperature), we can also determine 

whether the reaction rate is controlled by a single step (for example, 

desorption),two parallel steps with different rate con­

stants (branched reaction) or two steps connected in series, etc. The 

behavior of r and ~ vs. the experimental parameters, crystal temperature, 

modulation frequency and beam pressure, has been analyzed in detail for 

II 
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many typical surface reaction models, and hence, we shall not try to 

develop this subject here. The interested reader is directed to excel­

lent reviews on that subject (8-10). However, the shape of the Arrhenius 

plots of the amplitude and tan<j> for the pr,ocesses that are relevant to 

the present work are displayed in Fig. 1. In Fig. l(A) and (B), the 

variation of rand tan<j> for a single step process are plotted. Fig. l(C) 

and (D) show the form of the tan<j> curves for parallel and series processes, 

respectively. 

We have used the modulated beam technique to study the H2 + o2 = 2HO 

reaction on two platinum surfaces, a flat (111) and a st-epped {332) surface. 

The stepped surface consists of ·a periodic arrangement of terraces of (111) 

orientation, separated by monatomic steps a 1 so of the ( 111 ) orientation. 

This is, in step notation, the Pt (S)-[6{lll)x(lll)]. From the shape of 

the experimental r and tan<j> curves, it appears, by comparison with the 

theoretical curves shown in Fig. 1, that the reaction is branched for 

temperatures above ~Joooc, on both Pt{lll) and Pt(332) crystals. Another 

slow reaction step appears at lower temperatures, which is connected in 

series, also for both crystal surfaces. This type of detailed kinetic 

information can only be obtained by molecular beam relaxation methods, 

and i_~ not available using more conventional .techniques. 

2. Experimenta 1 

The experiments were performed in a UHV chamber equipped with low 

energy electron diffraction (LEEO) and Auger electron spectroscopy (AES}, 

which has previously been described in detail (2,!). 

For this study, a mixture of H2 and o2 was used to form a beam with 

an H2to2 ratio of ~5:1 to ~12:1, with an average intensity on the order 
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of 1013
-1o

14 molecules per cm2 second at the crystal with the chopper on. 

The gaseous reactants and products were monitored using a rotatable 

quadrupole mass spectrometer and phase sensitive lock-in detection. The 

two modes of detection, differential and integral, have been discussed 

in deta i 1 in a recent pub 1 i cation ( 7), and therefore wi 11 only be 

briefly described here. 

In the differential mode, the mass spectrometer is positioned at a 

certain scattering angle from the surface normal. The signal detected is 

composed of two contributions for a given mass number. One part is due 

to the species directly emitted from the surface at that particular angle 

(with an angular aperture of ~so). The second contribution is from the 

modulated partial pressure of the, species being analyzed, which is due to 

its finite residence time in the UHV chamber before being pumped away. 

This second contribution must be measured independently and 

subtracted from the total signal to obtain the first one, or the true 

differential signal. The phase and amplitude of the differential product 

signal is then referenced to the direct beam of reactants. We have used 

this method of detection, for example, to obtain the angular distribution 

of the emitted species H2, o2 and HD (in the plane of incidence). To 

obtain the total amount of HD emitted from the surface, the true differ-
' 

ential signal must be integrated over all angles and that 

requires knowledge of the angular distributions at all angles of emission. 

In the second method, the integral mode, only the modulated partial 

pressure of the reactants and products is measured. For the products, 

this is accomplished by positioning the mass spectrometer behind the 

crystal such that no species directly emitted from the surface can enter 



•. 

-5-

the ionizer. The modulated partial pressure of the reactants can be 

measured in two ways, which give the same result. The manipulator can 

be rotated such that the beam strikes the back of the crystal support or 

the flag can be placed in the beam line. In each case, the beam is scat­

tered from a nonreactive surface as established by monitoring the HD 

partial pressure. The phase and amplitude of the product signal is 

then referenced to that of the reactant signal. All of the results of 

phase and amplitude reported in this study have been obtained using this 

method. This method has several advantages. (i) The signal measured is 

proportional to the total amount of HD emitted (i.e., integrated over all 

emission angles). (ii) The measured signal does not contain any other 

contribution that has to be subtracted. as in the differential method, 

thus reducing errors. 

The temperature of the Pt crystals was measured with a chromel­

alumel thermocouple spot-welded to the edge of each crystal. 

The crystals, Pt(332) and Pt(lll), were examined with LEED and AES 

prior to and after each experiment. Most of the results reported here 

correspond to clean crystals as established by AES. The orientation of 

the surfaces, indicated by the LEED patterns. showed the expected 

periodicity for the stepped Pt (S)-[6(111)x(111)] and flat Pt(lll). 

Argon ion sputtering and/or heating the crystals at 600-800°C in 
10-7 to 10-6 torr of oxygen proved effective in producing surfaces free 

from impurities detectable by AES • 

The procedure for obtaining the data shown in Figs. 3-8 was to heat 

the crysta 1 up to "'1, ooooc and a 11 ow· it to coo 1 at a fixed frequency of 

modulation while monitoring the HD partial pressure. 
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3. Results 

3.1. Influence of Uncontrolled Surface Defects on the Production of HD 

That the presence of surface defects is effective in enhancing the 

reactivity of the Pt surface is dramatically illustrated in Fig. 2. This 

figure shows the production of HD as a function of the position of the 

reactant beam on the surface of a Pt crystal that has been subjected to 

three different types of mechanical polishing and chemical etching. The 

two upper curves correspond to crystals with different degrees of edge 

damage. The three crystals, however, exhibited the same LEED pattern 

across the surface. These results demonstrate another advantage of using 

molecular beams. The area of the surface free from damage can be located 

to perform the experiment and in any case allows a check of the importance 

of edge effects. 

3.2. ~2-o2 Exchange on the Stepped Pt(332} Crystal Surface 

In Figs. 3 and 4 the amplitude and the phase of the HD product signal 

are plotted as a function of the reciprocal surface temperature (r and tan' 

vs. 103/T) for the stepped platinum crystal surface at various beam modu­

lation frequencies. In these experiments, the angle of incidence of the 

mixed H2-o2 beam was a = 45° with respect to the macroscopic surface 

normal. The step orientation is such that the beam strikes perpendicular 

to the step edges, into the open side ("upstairs" directionr. as depicted 

in the insert in Figs. 3 and 4. The different runs correspond to experi-

. ments performed on different days and hence with different incident beam 

intensities and composition. The shape of the curves is identical when 

the beam strikes from the opposite ·direction ("downstairs•• direction), 

~-
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but the amplitude is almost a factor of 2 smaller, as we have previously 

reported (6, 7). There are three reaction regions distinguishable in 

Fig. 4 that correspond to temperatures above JOOOC, between 200 and l00°C 

and below lOOOC. In the high-temperature region the phase data show con­

siderable scatter due to the small phase lags which must be obtained by 

subtracting two finite phase angles corresponding to the incident o2 (or 

H2) and the reaction product HD. 

Between 300°C and 200°C there is an inflection in the phase lag 

curve. Below 200°C, the experimental points follow a straight line down 

to the lowest temperatures, where they bend up when <1> becomes larger 

than 90°. At this point tan<f> becomes very large and then changes sign. 

These points have been represented with filled circles and squares in 

Fig. 4. As can be seen in this figure, the temperature at <1> = 90° 

depends on the frequency of modulation and is lower at the low frequen­

cies. The scatter in the data is large at the lower temperatures 

because the amplitude of the signal has become very small (see Fig. 3). 

These data were obtained starting with the crystal at high temperature 

and cooling it to ~loooc. Below this temperature the cooling rate was very 

slow, controlled by the thermal conductivity of the crystal support. The 

experiments to obtain each curve took from 30 to 60 minutes. The repro-

ducibility of the results was excellent from one day to another except for 

small vertical displacements in the curves of Fig. 4 of up to 1oo. This 

is related to the difficulty of reproducing a beam of the same intensity 

and compositi~n. It should be noted that for a second-order reaction, 

the phase lag depends on the reactant pressure (9). 
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At the very high temperatures {T>8QQOC), there is a small but clearly 

reproducible decrease in the amplitude of the HD signal, accompanied by an 

increase in the phase lag. This result is just detectable in Fig. 3. This 

could be attributed to an increase in the solubility of H2 in Pt, above 

8oooc, that would result in a decrease in the concentration of H-atoms at 

the surface. The increase in the phase lag is also consistent with the 

appearance of a diffusion-controlled step in the reaction {8). We shall 

not consider this process, however, in this study. 

3.3. ~ Exchange on the Pt(lll) Crystal Surface 

The reactive scattering data for this crystal were obtained with 

the mixed H2-o2 beam incident normal to the surface (e = oo). The cor­

responding amplitude and phase data as a function of the reciprocal 

crystal temperature are shown in Figs. 5 and 6. Most of the remarks 

made in the case of reactive scattering from the Pt{332) can be repeated 

here,. The shape of the tan<f> vs. 1/T curves is very similar to that from 

the Pt(332) crystal. The straight line region below 3oooc, however, has 

a somewhat steeper slope. Another important difference when compared 

with the stepped crystal is the slope of the amplitude curves at high 

temperatures. This result can only be explained, in our opinion, by an 

activation barrier for adsorption, which is absent on the Pt(332) crystal. 

We shall comment on this point in more detail in the discussion section. 

There is a hysteresis in the amplitude and phase lag data between 

cooling and heating cycles. An example of this effect on the phase lag 

is shown in Fig. 7 for Pt(lll). We believe that this hysteresis is asso­

ciated with the presence of unwanted adsorbates when starting from room 
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temperature. The impurities that were adsorbed during the long exposure 

time at low temperature are progressively desorbed with the increasing 

temperature. The product amplitude. for example. does. not reach (in 

many cases) its full value (i.e •• the value found in the cooling cycle) 

until the temperature reaches 6000C. Above this temperature the hysteresis 

disappears completely. For this reason. we believe that the data obtained 

during the cooling cycle are more reliable and we have used them exclusively 

in the discussion of the reaction. Another observation that supports this 

idea is the reproducibility of the results. which is very good for the 

cooling cycles. but only fair for the heating ones. 

3.4. Tl~e Effect of' Silicon Segregation on the Reactivity of the Pt(lll) 
Crystal 

For some of the Pt(lll) crystals used, segregation of silicon to 

the surface was observed during the cooling of the crystal from ~l,000°C 

to room temperature. The exchange reaction exhibits a decrease in the 

amplitude of the HD signal, as shown in Fig. 8, without, however, any 

dramatic change in the phase lag. We interpret this result as due to 

the presence of silicon on the surface that blocks a fraction of the 

adsorption sites but does not participate in the reaction in any other 

way. 

3.5. Angular Uistribution of HD from the Stepped Pt(332) Surface 

In Fig. 9, the· angular distribution of the reaction product HD 

from the Pt(332) crystal, measured in the plane defined by the reactant 

beam and the macroscopic surface normal, is presented, for two azimuthal 
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angles. As shown in the insert in Fig. 9, for ~ = goo, the beam impinges 

perpendicular to the open side of the step edges. For ~ = oo, the projec­

tion of the incident beam on the surface is parallel to the step edges. 

In both cases, the angle of incidence is e = 450, relative to the macro­

scopic surface normal. The observed distribution for both azimuthal 

angles is closer to a cos2n dependence than to cosn, as indicated by the 

~. solid and dotted lines, respectively, in Fig. 9. 

3.6. Uependence of the Reaction Probability on the Angle of Incidence on 
the Stepped Pt(332) Surface 

In a preceding study (6, 7), we have shown that the production of 

HU depends markedly on the angle of incidence of the reactants on a 

stepped platinum surface. The reactivity was found to be highest when 

the beam strikes the open side of the step edges. In that study the 

temperature of the crystal was fixed at 800°C. The question arises as 

to whether this angular effect is also present at lower temperatures~ 

Therefore, we have performed a series of experiments for crystal tem­

peratures down to 2oooc. As can be seen in Fig. 10, the angular depen­

dence of the reaction probability is still clearly visible. For lower 

crystal temperatures, the production of HD showed a continuous decrease 

with time, probably due to surface contamination from the ambient. The 

production of HD as a function of the angle of incidence of the reac­

tants is shown in Fig. 11 for a crystal temperature of l00°C. Although 

a decrease in the amplitude with time is clearly apparent in Fig. 11, 

it seems that the anisotropy observed at higher temperatures tends to 

disappear. This important result needs more careful investigation, 

however. 
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4. Discussion 

In the following discussion we shall assume that the reaction 

H2+o2=2HU is second order. This means that the reaction involves the 

facile breaking of H-H bonds at the surface, followed by the recombina­

tion of the adsorbed H and D atoms to form HD as the rate-limiting step. 

This assumption is based on previous observations by other authors (3-5, 

11, 12) as well as on the fact that the measured phase lag depends on 

the pressure of the reactant beam. Although we have not made a systematic 

study of this dependence, it.has been observed when comparing the tanQ> 

data from different experiments. The curves obtained at different beam 

pressures and composition require a vertical displacement,to coincide, of 

the order of ~ ±5° in the phase angle for our range of variation in beam 

pressure and composition. 

The fact that the shape of the tanQ>,curves is' similar for the two 

platinum crystals with different surface structure is a clear indication 

of the similarity of the reaction mechanism operating for both the flat 

and the stepped crystals. This similarity is particularly striking in 

the following features. (i) The appearance of a bump at 103/T!::l.9, which 

separates a straight line region at low temperatures and a steeper region 

at higher temperatures. (ii) The fact that although the slope of these 

low-temperature regions is different for the two crystals, the curves 

bend up and tanlj> eventually becomes negative (Q>>9QO), for both surfaces. 

This bending is more apparent at high modulation frequencies, where the 

straight line region almost completely distorted. In view of the shapes 

of the tanlj> curves shown in Fig. 1, we conclude that, in both crystals, 

the recombination mechanism consists of two reaction steps acting in 
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parallel at high temperatures (T>JQQOC), and a series reaction at the 

lowest temperatures. In order to work out a simple model for the H2-o2 
exchange kinetics the following simplifying assumptions will be made. 

(i) We assume that the diffusion of molecularly adsorbed H2 and o2 on 

the surface may be neglected. In the case of the Pt(332) crystal, this 

assumption is based on the angular dependence displayed in Fig. 10 and 

on studies described in references 6 and 7. Since the reactivity appears 

to.be highest when the mixed H2-o2 beam strikes the open side of the 

step edges, at least for surface temperatures above 2oooc, we can con-

elude that the molecular diffusion length is not larger than the terrace 

width~ 15ft. (ii) Isotope effects in the process of adsorption and dis­

sociation of H2 and o2 and in the diffusion and recombination of H and 0 

atoms are ignored. Although this may not be appropriate it will not 

change greatly the magnitude of the preexponential factors. In any case, 

the uncertainty in the absolute beam intensity would contribute even 

larger errors in the measured preexponential factors. (iii) The amount 

of H2, HD, and o2 formed by recombination of H and 0 atoms in the surface 

with concentrations nH and n0, is proportional to n~, 2nHn0, and n6, re­

spectively. In the absence of isotope effects, the relative amounts of 

H and 0 on the surface, nH/n
0

, is equal to the corresponding ratio in the 

beam, H2to
2

• Thus, we can write, in steady-state conditions (at zero 

modulation frequency, f), the rate of HO desorption as 

(1) 

or 

R r ~ 2a = HO • ( 1 +R0 /RH ) 
RD 2 2 

2 

(2) 
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I 
where cr is the sticking cpefficient for dissociative adsorption and RH 

2 
the number of molecules (H2 or o2) from the beam striking the and Ru 

2 
crystal, per unit area and unit time. This result means that for an 

H2/o2 ratio much greater than 1, any o2 molecule that is adsorbed dis­

sociatively must give rise to two HD molecules. Under these conditions, 

the ratio RH0/R0 should be equil to twice the sticking coefficient for 
2 

dissociative adsorption 2cr. This value of r is the high-temperature 

value of the relative amplitude of the HO signal for all of the models 

discussed in the following sections. Under our experimental conditions, 

tne factor l+R0 /RH has a value between 1.1 and 1.2. (iv) On the basis 
2 2 

of the above considerations, in the discussion of the reaction models for 

the H2-o2 exchange will be treated as an H recombination process and we 

shall omit any distinction between H and D. 

4~1. Reaction Models 

In order to extract the kinetic parameters from our experimental 

data, the theoretical reaction model that best fits the data must be 

found. It is, of course, of prime interest to find the simplest model 

that is physically reasonable. We have found that a single step second­

otder reaction, even with a coverage dependent adsorption probability, 

activation energy or preexponential factor, does not explain our experi­

mental results. A branched mechanism, including a series process at low 

temperatures, yields the best fit to our data. The model calculations 

are described in detail below. 



-14-

(a) Second-order reaction. Although the shape of the tan~ curves 

does not seem to correspond to that of a simple recombination reaction 

(compare Figs. 4 and 6 with Fig. lB), there appear to be conditions that 

may cause significant deviations of the Arrhenius plot of tan~ from a 

straight line. In a detailed analysis of the exact and approximate solu­

tions of the mass balance equations for nonlinear surface reactions, 

Olander et al. {10) point out that bumps or maxima in the~ (or tan~) vs. 

1/T curves could appear due to the dependence of cr (the sticking coeffi­

cient) or k (the rate constant), on surface coverage. The mass balance 

equation for the concentration of surface atoms, n, when there is only 

one recombination step is: 

~~ = 2cr • g(e) • I(t) - 2kn2 {3) 

where we have explicitly separated the coverage dependent occupation 

factor g(a), from the bare surface sticking coefficient cr. I(t) is the 

number of molecules colliding with the surface per unit area and unit 

time at time t. The rate constant k is written in the usual Arrhenius 

form A
0 

• exp(-E/RT), where A
0 

is the preexponential factor and E the 

activation energy. 

We have solved the above equations for g(e) = (1-e) 2 by using the 

approximate method of Olander et al. (10). The periodic function I(t) 

is approximated by: 

(4) 

where w = 2~f, f = frequency of modulation, 1
0 

is the de term of the 

Fourier expansion of I(t) plus any background contribution. The 
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coverage dependent term g(e) is approximated by: 

g(e) = g(e}+~~ _ • (e-e) 
e=e 

(5) 

where 

is the mean coverage during one cycle. 

If we first assume k to be independent of e, Eq. (3) can be solved 

exactly for a square wave gating function. After obtaining a, the Eqs. 

(4) and (5) are used to solve Eq. (3) and then compute the first harmonic 

of the desorption rate k.n2• The result for tan~ does not show any bump 

or any other feature comparable to that observed experimentally. 

The next step was to introduce a coverage dependent activation energy 

and preexponential. These calculations were performed separately in two 

steps. First we have assumed a coverage dependent activation energy to­

gether with a coverage dependent sticking coefficient through g(e)=(l-e) 2: 

The dependence of E on e was introduced empirically 

as E=E
0

-B • e2• This expression may represent approximately the results 

of Christmann et al. (4), who effectively found that the binding energy of 

H on Pt(lll) decreases with coverage when e~o.s. In another case, we have 

used a rapidly decreasing function, E(e)=E
0 

• exp(-9/9
0

) •. In both cases, 

by appropriately choosing values of the parameters B and e
0

, the qualita­

tive behavior of the calculated tan~ vs. 1/T curves was similar to the 

experimental results. However, the calculated values of tan~ were at 

least two orders of magnitude greater than the experimental values at low 

temperatures. This difference was not very sensitive to the analytical 
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form of E(e}. The reason for this discrepancy is that these models imply 

that at the transition temperature (between 300° and 2oooc in our case), 

the coverage becomes very large (i.e., near unity). Under these conditions 

the calculated phase lag approaches goo. Therefore, our experimental re­

sults can not be explained by this type of model. Although this does not 

mean that the rate constant k cannot depend on e, that dependence is not 

responsible for the observed shape of the r and tan~ vs. 1/T curves. The 

effect of a coverage dependent preexponential in the rate constant expan­

sion, i.e., k = A(e) • exp(-E/RT} has also been examined. However, this 

type of model does not fit our experimental data either. 

We are led then to conclude that a simple reaction step, even with 

coverage dependent sticking coefficient and rate constant, is not suffi­

cient to explain our experimental data. In the following sections, we 

shall analyze the parallel and series reaction mechanisms suggested by 

the forms of the model curves of Fig. 1 to fit our data. 

(b) Parallel reaction models. We have studied two models (I and II) 

involving parallel reaction steps. These are depicted schematically by 

the following schemes: 

I. 
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In model I, two independent recombination processes may occur simul­

taneously at sites 1 and 2, with different rate constants k1 and k2• In 

each branch, the rate-limiting step is a second-order recombination. The 

parameter p is the branching ratio. 

In model II, the rate-limiting step in branch 2 is the trans-

fer of atoms to sites 1. It is, then, a first-order step. In this model, 

we have neglected the reverse transfer, i.e., from sites 1 to 2. This 

approximation is justified since at low temperatures (T<200-300°C), the 

sites 2 are completely covered (a result confirmed a posteriori), and at 

high temperatures the coverage of sites 1 is too small for any signifi­

cant transfer of adsorbates to 2 (as compared with the contribution from 

the direct beam to the occupancy of sites 2). 

If the values of the activation energies and preexponentials are 

sufficiently different in each branch, there will be temperature regions 

where only one branch will be active (low-temperature branch), or both 

branches will be active (low- and high-temperature branches). This is 

the case in our experiments and the bump at l0 3!T~l.9 separates, in both 

models, the high- and low-temperature regions. By using the approxima­

tion (4), and taking a to be the de term in the Fourier expansion of e, 

we obtain the following expression for the amplitude, r, and phase lag, ~: 

t1ode 1 I 

r • exp(-i~) = r1 • exp(-i~ 1 ) + r2 • exp(-i~2 ) 

where 

= 2cr( 1-p) 
rl 

.; l+tan2~1 

(6) 

(7) 
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and 

2ap(l-8 ) 
0 

2 

where I is the average number of molecules (beam plus background) 
0 

striking the surface per unit area per unit time. e is the mean 
0 

coverage of type 2 sites and N
2 

the number of sites 2 per unit area. 

Model II 

r . exp(-'i¢) 

where 

and 

tan¢
1 

tan¢2 

2a (1-p) 

I 2 
l+tan ¢

1 

w 

w 

k 2+(4api
0

(l-8
0

)) 

N2 

( l-8 ) 2 
0 

A common feature of both models is their low-temperature branch. 

(8) 

(9) 

no) 

(ll) 

(12) 

(13) 

At low temperatures when branch 2 is no longer active (k2 ~o), both models 

give: 
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tan~ ~ w • exp(E1/2RT) 
4 /cr(l-p)A~I 0 

Trf - 2A • exp(E1/2RT) 
l 

( 14) 

where we have written explicitly the rate constant k1 as A~ • exp(-E1/RT). · 

At low temperatures, the Arrhenius plot of tan~ will be a straight line 

whose slope gives directly E1/2R and whose intercept at the origin gives 

A1 = lcr(l-p)A~Io' giving us A~, the preexponential factor, provided the 

other parameters are known. 

In the high-temperature limit, both models also give the same result 

for the amplitude: r = 2cr, since in both cases $1 and ~2 become zero. 

(c) Series reaction. As we have shown, the experimental phase lag 

for low temperatures and high frequencies becomes larger than 90°, such 

that tan~ becomes negative (see Figs. 4 and 6). This fact is an indica-

tion of the existence of another step at these low temperatures acting in 

series with branch 1 of the preceding models. Schematically this is 

depicted 

(1 kl k3 
H 2~2H(ads.l )-H2(ads.3)-H2(gas) 

or other similar processes. The phase lag in this model is: 

_tan~1 = ~i tan~ = ~ 
3 k3 

where kl = 41 cr{l-p)I
0
k1 for a second-order step. 

( 15) 

We shall now discuss the application of these models to our data for 

each crystal separately. 
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4.2. The Stepped Pt(332) Crystal Surface 

The values of the pseudo-first-order preexponential factor A1 and 

activation energy E1 corresponding to the low-temperature branch, have 

been measured directly from the curves of Fig. 4, for l03/T>l.9. The 

average of the values obtained from various runs are: E1 = 13.0 ±0.4 

kcal/mole and A1 = (8 ± 3) x 104 sec-1• 

For the estimated beam intensity of 1
0 

~ 1o13-1o14 molecules per cm2 

second, we obtain an estimate of A~ of l0-3cm2tsec. This value is in 

good agreement with what should be expected for a second-order surface 

reaction. According to the transition state theory the preexponential 

factor is given by: (KT/h) • Q*/Q~, where Q* is the partition function 

for the transition state, an H-H molecule, and QH the partition func­

tion for an adsorbed H-atom. Taking Q* = qi • qR, qT and qR being the 

translational and rotational partition functions respectively, and QH = 
qi, we obtain an order of magnitude estimate for A~ of lo-3cm2tsec. (13). 

The value of a is also obtained directly from the experimental data 

at the highest temperatures: 2a = .6 to .7, i.e., a~ .33 ± •. 03 at 45° 

angle of incidence with the reactant beam striking the open side of the 

step edges. 

The procedure to obtain the remaining constants, p, A~ and 

E2(k2 =A~·. exp(-E2/RT)), was through least squares fitting Eqs. (6) -

(13) to the experimental data at 50 Hz. This fitting procedure was per­

formed for the two models of parallel reactions described above. Unfor­

tunately, the scattering of the tan~ data in the high-temperature region 

is such that the values of A~ and E2 cannot be determined uniquely. We 
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have found that pairs of values related through 4 .lo~ ~opA~I0 ) = E2 (in 

kcal/mole and sec-1) give fits of approximately the same quality. In fact, 

"good" values of E2 range from 20, to 50 kc~l/mole. The same is true for 

model II, where the pairs of A~ and E2 values are related through 2 .log(A~) = 
E2• Since a second-order step implies a preexponential A~= 10-3 to 10-1, 

the value of E2 (in model I) should be of the order of 20 to 30 kcal/mole. 

In modelrr, since the rate-limiting step is first order, A~ must be of the 

order of 1011 to 1o13 sec-1 and the corresponding values of E2 must again 

be between 20 and 30 kcal/mole. In _both models, the 11 best11 branching 

ratio, p, is ~1/4. With the values of A1 and E1 measured for the low­

temperature branch and the values A~= 1012 sec-1, E2 = 25 kcal/mole 

(model II), we obtain the continuous curves shown in Figs. 3 and 4, com-

puted with Eqs. {9) - (13). The curves obtained with model I are very 

similar as can be seen in the broken curve of Fig. 4 around 103/T = 1.8. 

This curve has been computed with Eqs. (6) - (8), with A~= 10-l cm2/sec 

and E2 = 25 kcal/mole, for f = 50 Hz. 

As can be seen from Figs. 3 and 4, the predictions of both models fit 

the experimental data reasonably well. The experimental 

curves depart from the straight line, below 300°C, because of the appear­

ance of a series step, connected with the low-temperature branch, which 
has not been taken into account up to now. This effect is more pronounced 

at the lowest temperatures and for high frequencies. In a next step, the 

contribution of such a series step was included by fitting the values pre­

dicted by Eq. (15) to our experimental data. By comparing the tempera­

tures at which the experimental phase lag, ~. becomes 90° (tan~ = ~> with 

those predi.cted theoretically, the preexponential and activation energy 

I 
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for the series step can be estimated as: A~= 104 
± 1 sec-1, and E3 = 

2 ± 1 kcal/mole. We do not know what the series step can be, although 

the order of magnitude of the preexponential could correspond to that of 

a pseudo-first-order one, like that corresponding to branch 1 (the low­

temperature branch in the parallel models). It is difficult, hoWever, 

to rationalize how the two second-order processes could be connected in 

series. With the values indicated above for A3 and E3, the curves plotted 

as broken lines in Fig. 4 were calculated. 

For the amplitude curves, the two parallel models I and II predict 

a very similar behaviour, and only the values of r computed for model II 

are shown as solid lines in Fig. 3. For the lowest frequencies, there is 

a disagreement with the predicted values at low temperatures. The inclu­

sion of the series step does not improve the situation appreciably. The 

strong decrease in the amplitude at the lowest temperatures observed ex­

preimentally may be due to contamination of the surface since the cooling 

rate there was very slow. The contaminant was probably CO, the main com­

ponent in the ambient. Although the Auger spectrum of the Pt surface at 

the end of the experiment showed only a very small carbon peak (with a 

ratio c272/Pt237 of~ 1/6), it is likely that most of the adsorbed CO may 

have been desorbed by the incident electron beam by the time the carbon 

peak was recorded (e-beam energy= 2 KeV, intensity= 20 ~). 

4.3. The Pt(lll) Crystal Surface 

Most of the comments made in the discussion of the data for the 

stepped crystal can be repeated here. The pseudo-first-order preexponential 

A1 and the activation energy E1 measured directly from the experimental 
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plots, corresponding to the low-temperature branch, are, in this case: 

A1 = (2.7 ± 1) x 105 sec-1, and E1 = 15.6 ± 0.5 kcal/mole. By the same 

arguments used in the case of the Pt(332) crystal, the value of the pre­

exponential factor is what should be expected for a second-order process, 

since for the same beam intensity we deduce A~ :::: 10-2 cm2/sec. The value 

of A1 (and hence of A~) is somewhat larger for Pt(lll) than for Pt(332), 

and the activation energy also is larger by approximately 2.5 kcal/mole 

for the flat crystal. However, the measured value of E1 contains a con­

tribution due to the activation barrier for dissociative adsorption which, 

we believe, is present for the flat (111) crystal. The major difference 

when compared with the stepped crystal appears in the high-temperature 

region of the r vs. 1/T data. In this region, the phase lag contributed 

by both the high- and low-temperature branches is small, such that r:::: 2a. 

In the case of the Pt(332) crystal, there is a flat region as a consequence 

of the constant value of a. This, in turn, is a consequence of the non-

activated dissociative adsorption of H2• The inclined straight line 

observed for the Pt(lll) surface means that a can be written as: 

a = a
0 

• exp(-0/RT) (16) 

as expected in the case of an activated adsorption. The values of D and 

a
0 

can be measured directly from the slope and intercept at the origin in 

the high-temperature region of the ln r vs. 1n curves. The measured values 

are: D = 1.5 kcal/mole and a
0 

= 0.28. From Eqs. (14) and (l6) we see that 

the measured slope in the tan~ data gives E1 = Ei + D. We then deduce that 

the activation energy for H-H recombination in the absence of the mentioned 
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barrier for dissociative adsorption, 0, would be of approximately E1 ~ 14 

k~al/mole, a value which is only slightly larger than that corresponding 

to the stepped crystal {13 kcal/mole). 

The calculated curves shown in Figs. 5 and 6 have been computed by 

the same procedure as for the Pt{332) crystal. The same uncertainty is 

present for the values of A2 and E2 {high-temperature branch) as that 

described for the stepped surface. The values used in the calculations 

are {for model II only): A~ = 1012 sec-1 and E2 = 27 kcal/mole. Here 

also the best fit is for p ~ 1/4. 

4.4. The Activated Adsorption of H2 on Pt{lll) 

The results of studies in this laboratory that have been previously 

reported {6,~7) must be included in the discussion of the activation 

energy barrier for adsorption of hydrogen on the Pt{lll) surface, deduced 

from the dependence of the sticking coefficient on crystal temperature, 

D = 1.5 k::al/mole. In our previous study of the production of HD as a 

function of the angle of incidence of the reactant beam {6, 7), the re­

action probability was found to be highest at normal incidence. Shown in 

Fig. 12 are the previously published data as well as our new measurements. 

Another result of our previous work is that the dependence of the H2-o2 
reaction probability on the temperature of the reactant beam put an 

upper limit of 0.5 kcal/mole on the activation energy barrier for 

adsorption. 

The fraction of reactant molecules that have a component of velocity 

perpendicular to the surface large enough to overcome the barrier, D, can 

be calculated. For our Maxwelli~n beam, this fraction is exp(-D/RTcos2a)) 

• 
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(17) 

where e is the angle of incidence of the molecular beam. The angle of · 

incidence dependence predicted by Eq. (17) for various values of the 
( 

parameter, D, are shown as continuous lines in Fig. 12. The values of D 

that best fit the experimental data are all below 0.5 kcal/mole, in agree­

ment with the upper limit for D deduced from the beam temperature depen­

dence of the amplitude of the HD product. 

There appears, then, to be a conflict between the values of D 

deduced from the crystal temperature experiments, 1.5 kcal/mole and the 

beam angle of incidence and beam temperature experiments, D ~0.5 kcal/mole. 

It is not clear, however, if these two types of experiments should give 

exactly the same result. The incident H2 molecules can be divi~ed into 

two classes, the molecules that have enough kinetic energy to overcome 

the barrier D and those that do not. The molecules in the first class 

will be able to dissociate directly upon impact. Those of the second 

class may still adsorb in a precursor state and later, by adsorbing 

energy from the solid, may dissociate. In order to compute the contribu­

tion of these two types of molecules to the total sticking .coefficient, 

the steric factors for the energetic molecules, the condensation coeffi­

cient into the precursor state,and its dependence on a~gle of incidence 

must be known. 

4.5. The Adsorption of H2 on Pt(332) 

In the case of the Pt(332) ,.:crystal, the beam temperature experiments 

reported in.reference 7 also put an upp~r limit of0.5 kcal/mole for any 

barrier for dissociation, for, an.r_ of the incident beam directions. The 
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high-temperature region of the r vs. 1/T data {see Fig. 3) indicates that ( 

there is no activation barrier for dissociation, in agreement with the 

beam-temperature experiment. 

There is one important consequence of these results. The terrace 

region, of 6 atoms width and (111) orientation, does not behave like the 

infinite (111) plane. The adsorption is activated on the {111) surface 

but not on the terraces of the stepped crystal. This important result 

indicates that the presence of steps not only introduces new types of 

sites on the surface (those associated with the step edges), but also modi­

fies the H-H bond breaking properties of the (111) sites on the terraces. 

4.6. Angular Distribution of HD from the Stepped Pt(33~) Crystal Surface 

The angular distributions shown in Fig. 9, for both azimuthal angles, 

appear to be closer to a cos2n than to a cosn function. Since a 

thermally accomodated gas should desorb from a surface in a cosine distri­

bution, and there is no activation energy for adsorption in this stepped 

crystal, the observed distributions may indicate that the HD product de­

sorbs at higher temperature than that of the Pt substrate {14). That, in 
turn, may be interpreted as a result of an exothermic reaction, followed 

by a very short residence time in the molecular state, such that the HD 

molecule has no time to become thermalized with the substrate. This re­

sult could be checked by measuring the velocity distribution of the emitted 

HD molecules. This type of experiment has been performed for HD mole­

cules_desorbing with a cos3•5e angular distribution from_~ 50% sulfur 

covered nickel surface {15). In this experiment, it was shown that the 

desorbed molecules have a velocity distribution which corresponds to a 

temperature higher than that of the Ni substrate. 
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4.7. Comparison with the Results of Other Authors 

This study of the H2-o2 exchange reaction represents a major effort 

to clarify and extend the earlier work in our laboratory on the Pt(lll) 

and the stepped Pt(997) and Pt(553) surfaces (1, 2). The use of the 

integral mode of detection and lower.modulation frequencies has improved 

the overall quality of the experimental data. More detailed structure 

in the tan<j> vs. 1/T curves below 'V8QQOC has been observed due to the in-. 

creased number of data points obtained. In the previous investigation 

(2), the phase lag vs 1/T curves showed a minimum near l03/T'Vl.3. At 

higher temperatures the phase lag increased again up to the highest tem­

perature investigated. We have also observed such a phase reversal, but 

at somewhat higher temperatures. However, since the phase lags approach 

zero at the ~inimum, our results show considerable scatter above ·'Vl03/T ::: 

1.3. The phase reversal observed in the earlier study was attributed to 

a branch mechanism (2, 16). An alternative explanation may be that at 

these high surface temperatures, dissolution of hydrogen into the bulk 

may increase the residence time at the crystal, resulting in an increase. 

in the phase lag of the product HD. We have also observed ·a decrease in 

the apparent reaction probability a~companying the increasing phase lag, 

which could be attributed to a decrease in the surface concentration of 

H and D atoms due to bulk diffusion. 

Christmann et al. {4, 5), in their study of the H2-o2 exchange reac~­

tion on the Pt{lll) and stepped Pt(997) surfaces, have found an activation 

energy of 2.5 kcal/mole below 300°C for both crystals. These results were 

obtained by thermal desorption, a zero modulation frequency technique, and 

therefore should be compared to the prediction of our models at f = O, 
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i.e., the slope of an Arrhenius plot of the sticking coefficient. For the 

Pt(lll) surface, we find an activation energy of 1.5 kcal/mole, which is 

somewhat smaller than that measured by Christmann et al. {4, 5), but 

larger than that reported by Lu and Rye3, 1.2 kcal/mole. On the stepped 

Pt{332), no activation energy for dissociative adsorption was observed. 

It is not clear, however, that the results for the Pt(332) crystal should 

be similar to those obtained for the Pt{997) surface, since for the stepped 

crystal used in our study, the density of steps is almost a factor of two 

larger. One question that remains open is what the width of the terrace 

region should be for the appearance of activated adsorption, as for the 

infinite {111) plane. 

Our results for activated adsorption of hydrogen on Pt{lll) appear to 
. 

be in good agreement with those reported by Smith et al. {17), an activa-

tion barrier of ~1.8 kcal/mole for the adsorption of o2 on Pt{lll). 

The existence of two or more types of sites for hydrogen adsorption 

on many platinum single crystal surfaces have been observed by thermal de­

sorption {4, 5, 11 and 12). For Pt{lll) the investigations of various 

authors indicate that one {3, 18), two (4, 12) or three {11) sites are 

present on the surface. Two studies have compared hydrogen adsorption on 

the flat {111) to stepped (111) surfaces {Pt{S)-(9{111)x{111)]5 and 

Pt{S)-[6{lll)x{lll)]12 ). In both cases, the two adsorption sites that 

were found on the flat {111) surfaces were also observed on the stepped 

(111) surface, as well as a third higher energy site. Our results indicate, 

on both the flat {111) and stepped {111) surface, that at least two sites 
are present which control the recombination reaction simultaneously at 

high temperatures. 
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5. Conclusions 

(1) The adsorption and dissociation of H2 on Pt(lll) is an activated 

process. Two different values have been obtained for the height of the 

barrier depending on the type of experiment: 1.5 kcal/mole from the depen­

dence of the reaction probability for H2-o2 exchange on the crystal temper­

ature, and ~0.5 kcal/mole from the production of HD as a function of the 

temperature (velocity) and angle of incidence of the reactant beam. 

(2) The adsorption and dissociation of H2 on the stepped Pt(332) 

crystal requires no activation energy. The adsorbed molecules have a 

diffusion length of less than 6 atomic distances on the terraces, at least 

for crystal temperatures in the range 200-SOOOC. 

(3) After dissociative adsorption, the recombination and desorption 

of H2, HD and o2 follows a similar mechanism in both the flat and the 

stepped crystals. The reaction channel that is operative in the whole 

temperature range studied, 25-aoooc, and accounts for the formation of 

about 75% of the HD products, has an activation energy and a pseudo-first-, 
. 4 

order preexponential factor of E1 = 13.0 ±0.4 kcal/mole and A1 =(8 ± 3)x 10 

sec-1 for the stepped Pt(332) crystal and E1 = 15.6 ±0.5 kcal/mole and A1 = 

(2.7±1) x 105 sec-1 for the Pt(lll) crystal. Although the kinetic param-

eters could not be accurately determined, two other reaction channels were 

identified, one acting in parallel wit~ the first channel in the temperature 

range 300-80ooc, and another in series with the first channel from 25-300°C. 

(4) The sites of the (111) terraces of the stepped Pt(332) crystal do 

not behave like those of the infinite (111) plane in that the dissociation 

of H2 is not activated on the (111) terraces of the stepped surface. 
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Figure Captions 
Fig. 1. Arrhenius plots of the experimental parameters, the amplitude, 

r, and the tangent of the phase lag, ~. predicted by several 

reaction models. The form of the amplitude , r, vs. 1/T curves 

is similar for the three general mechanisms treated, so is shown 

only in (A) for a single step reaction (first or second order). 

The variation in the tangent of the phase lag, ~- as a function 

of 1/T is strikingly different for these mechanisms, as shown in 

{B) for a single step reaction (first or second order), (C) for 

a branched mechanism, with two reaction paths operating in par­

allel, and (D) for two reaction channels acting in series. 

Fig. 2. HD production on a Pt(332) crystal at 8QQOC, as a function of 

the position of the mixed H2-o2 beam on the surface, incident 

at the macroscopic surface normal. The three curves A, Band 

C are for different mechanical polishing and chemical etching 

treatments prior to mounting the crystal. In particular, curve 

A demonstrates the effect of spot-weld damage on the edges of 

the crystal. 

Fig. 3. Arrhenius plots of the amplitude of the HD product at several 

beam modulation frequencies on the Pt(332) surface. As depicted 

in the insert, the angle of incidence of the mixed H2-o2 beam is 

e = 450, measured from the macroscopic surface normal. The reac­

tant beam impinges perpendicular to the step edges into the open 

side. Shown as continuous lines are the calculated curves for 

reaction model II. 
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Fig. 4. Arrhenius plots of the absolute value of the tangent of the 

phase lag, ~. for the HD product on the Pt(332) surface at 

several beam modulation frequencies. As depicted in the insert, 

the angle of incidence of the mixed H2-o2 beam is e = 450, mea­

sured from the macroscopic surface normal. The reactant beam 

impinges perpendicular to the ·step edges into the open side. 

The filled circles and squares correspond to negative values of 

tan~(~>900). The continuous curves have been computed using 

reaction model II. The dashed curve(---) around 103/T=l.B 

and f = 50 Hz is the prediction of reaction model I. The 

dashed and dotted curves (-·-·-) were calculated for a series 

process. 

Fig. 5. Arrhenius plots of the amplitude of the HD product on the Pt(lll) 

surface at several beam modulation frequencies. The mixed H2-o2 
beam impinges normal to the surface. Shown as continuous lines 

are the predictions of reaction model II. 

Fig. 6. Arrhenius plots of the absolute value of the tangent of the 

phase lag, ~. for the HD product on the Pt(lll) surface at 

several beam modulation frequencies. The mixed H2-o2 beam im­

pinges normal to the surface. The filled triangles and circles 

correspond to negative values of tan~(~>90o). Shown as continu­

ous curves are the predictions of reaction model II. 

Fig. 7. An example of the hysteresis observed in the phase lag, ~. vs. 

1/T curves, shown for the Pt(lll) surface. The mixed H2-o2 beam 

is incident normal to the surface with a modulation frequency of 

50Hz. In general, the phase lag, ~. is larger for the heating 

cycles than for the cooling ones. This effect was present on both 

the flat {111) and the stepped (332) surfaces. 
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Fig. 8. The effect of silicon segregation to the Pt{lll) surface on the 

amplitude of the HO product, for several beam modulation fre­

quencies. The mixed H2-o2 beam is incident normal to the sur­

face. Shown as a dashed line is the HD amplitude when no 

silicon is present on the. surface, as in Figure 5. 

Fig. 9. Angular distribution of the HD product from the Pt{332) surface, 

measured in the plane defined by the macroscopic surface normal 

and the incident reactant beam, for two azimuthal angles, t. 

As depicted in the insert, when ~ = 90°, the mixed H2-o2 beam 

impinges perpendicular to the step edges, into the open side 

{plotted as filled circles). For t = oo, the projection of the 

incident beam on the surface is parallel to the step edges 

(plotted as open circles). In both cases, the angle of inci­

dence of the reactant beam is e = 450, relative to the macro­

scopic surface normal. The dashed lines correspond to a cosine 

dependence on the scattering angle, n, and the solid lines to a 

cosine squared dependence. 

Fig. 10. HD production as a function of the angle of incidence, e, of 

the mixed H2-o2 beam on the Pt(332) surface for several crystal 

temperatures at 1.8Hz. The beam impinges perpendicular to the 

step edges, into the open side for positive angles of incidence, 

as depicted in the insert. 
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Fig. 11. HD production as a function of the angle of incidence, e, of the 

mixed H2-o2 beam on the Pt(332) surface at loooc and 1.8Hz. As 

depicted in the insert, the reactant beam impinges perpendicular 

to the step edges. The arrows in the dashed line~ indicate the 

order, in time, in which the measurements were made. A steady 

decrease in the HD signal is observed, probably due to adsorption 

of background gases on the surface. 

Fig. 12. Variation of the HD amplitude as a function of the angle of 

incidence, e, of the mixed H2-o2 beam on the Pt(lll) surface at 

8000C and 10Hz. The continuous curves are the predicted behavior 

for various values of the activation barrier for adsorption, D, 

in kcal/mole. 
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