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ON THE B,-D, EXCHANGE ON STEPPED PLATINUM SURFACES

Received 26 February 1976; manuscriot received in final form 2 April 1976

The hydrogen—deuterium excinange on stepped (111) platinum surfaces was
recently investigated by Bzrnasek and Sumorjai using modulated beam relaxation
spectrometry (MBRS) [11. These authors reported that stepped surfaces were 103—
104 times more efficient in th2 exchange reaction as the (111) face without mea-
sureable step concentrations. Lu and Rve, on the other hand, reported that proba-
bilities of hydrogen adsorption ui scveral crystal planes of Pt, including one with a
high density of steps, variec by only twenty between the most active and least ac-
tive surfaces [2j. iu this work we present a reinterpretation of the rather complex
data of Bernasek and Someorjai cn the basis of a simple branched-step mechanism
which (1) represents the data of Bernasek and Somorjai more accurately than the
original mech:nism propns-~d, (2) indicates that an alternate reaction channel was
«~cessible on he surfaces cut (. oroduce steps, and (3) indicaies that the increase
it ex.hanee probability or the stepped surfaces was aporoximately twenty, in
agreesnent with the results o Lu and Rye. )

The onginzl data of Berr asek and Somorjai are presented in figs. 1--4. Their cal-
culat:d values for the observed behavior, shcwn as dashed lines on these figures,
resud ad from he folloving vranched mechunism
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Iig. 1. HD phase-lag vcisus reciprocal surface temperature at 30 He; (o) Pr-S|9¢111) x (11 1],
(f})‘Pt-SIS(l 11) X (1111}, dashed line, Bernasck and Somorjai: solid lines, this work curve (a)
Pt-S[9(111) X (111)], vurve (b) for Pt-S[S(111) X (111)).

-

Fig. 2 Relative HD amplitudes at 40 Hz, (o) PLS[OOITIY X (1LY () PISIS(IT Y X (111,
dashed line, Bernasch and Somorjai, solid lines, this work: curve (1) Pr.SE9(111) x (L1,
curve (b) Pt-S{5(111) x (111], curve (¢) is curve (b) times 1.30.

for the pseudo-first-order rate constants, respectively. The branching probability P
was taken to be 0.5 for both the Pt-S{9(111) X (111)] and the Pt-S{5(111) X
(111)] surfaces [aiso designated as Pt(997) and Pt(553), respectively]. The authors
proposed the second reaction process represented by &5, to account for the phase
reversal and the change in the slope of the amplitude at high temperatures. This
mechanism necessitated direct collision of incoming reactants with hydrogen atoms
adsorbed at steps on the surtace; though possible, such a collisional encounter
seer.s highly unlikely, particularly since the total reaction probability was estim-
ated to be 0.1 [1], and since the surface coverage by hydrogen atoms above 800 K
musi De quiie low,

In agreement with Bernasek and Somorjai, we have utilized o branched process
on a surface of heterogeneous reactivity to explain the data. However, our calcula
tion: were made assuming a simple branched mechanism with two parallel steps for
HD formation which occur subsequent to adsorption. In the model we assumed
that, subsequent to adsorption, the slowest reaction step for HD production in each
branch was the result of interaction with two different sites on the Pt surface
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Fig. 3. (a) Relative HD amptitudes and (b) HD phase-lag at 485 K versus modulation frequency
on Pt-5{3(111} X (111)]; (o) data of Bernasek and Somorjai; dashed line, analysis of B-S;

solid line, this work. (The data points in this figure were plotted taking the data at 40 Hz of
figs. 1 and 2 as Jocator points.)

those associated with the presence of steps (kg) and those on the terrace (k,). The
respective branching probabilities were P and Py =(1 - P). The results of our

analysis are shown as solid lincs ou figs. 1—4. The rate constant employed in the
calculation were

-5 —
k.=8Xx 104 exp( >-2 l;;;}/m()le)sec" , k,=3X 102 exp( 2.7 k;a;,/gm()]e)sec“'
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Iig. 4. (a) Relative HD amplitude and (b) HD phasc-tag at 1000 K versus modulation frequency
on Pt-S[9(1* 1) X (111)]; (©) data of Bernasck and Somosjai; dashed line, analysis of B--S: solid
line, this work. (The data points in this figurc were plctted taking the data at 40 Hz of figs. 1
and 2 as locator points.)

respectively. For the Pt-S[9(111) X (111)] surface P, was taken to be 0.28 (see
curve a of fig. 1). This mechanism reproduced all of the exover ...ental results quite
well, including (1) the low apparent activatior cneigy of 0.0 kcal/gmole above 600
K, (2) the phase reversal at high temperatures, and (3) the frequencv dependence
of ihe phase and ampliiude. In addition, exceliznt agreement was obtamed with tie
phase—temperature and amplitude temperature behavior observed at 160 Hz }3].

It is important to note that the difference in the frequency dependence ol the
phase and amplitude at the two different temperatures and, indeed. the phase
reversal at temperatures above 600 K were conseqiiences of the complex behavior
of branched processes that arise in MBRS. In order io distinguish between a branch-

ed process and a simple first-order process, the ratio of rate constants k /k must be
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five or greater [4]. According to our mechanism, at 485 K the ratio was roughly
two, whereas at 1000 K the ratio increased to 7.6. Thus at 485 K the reaction ex-
hibited apparent simule first-order behavior, whereas at 1000 K the sluggish re-
sponse of the phase and amplitude wi h changing frequency characteristic of
branched processes appeared. Further, no change in mechanism occurred at 600 K;
the observed behavi r was the result of the admixed temperature-dependence of the
t'vo rate conswants.

Our mechanism precicted the trend in experimental results on the Pt-S[5(111) X
(111)] surface if the branching probabiliiy , P, was increased to 0.43 to account for
higher step densitics. It is impcertant to note that the total reaction probability was
not changed, a higher fraction of the exciange reaction took place on the steps as
the step density was increased. Since zn increase in P, was associated with higher
step density, it se:ms reasonable to assdciate the rate constant k, wirh surface
atoms of lower coordination number on he stepped surfaces. Further as shown in
fig. 2, if the ampl tude calculated for tte reactior. on the Pt-S[5(:11) X (111)]
surface was muitiy lied by 1.30 the exper mental data was fit quite vwell. Thus, the
total reaction pror-abilities on these two surfaces differed by no more than 20%.
It chould be noted that the temperature -iependence of the phase-lay; was also rep-
resented well by ihe simple branched mechanism with a step-deasity-sensitive
branching probability.

The reinterpretation of the mechanisry of the exchange reactior alio sugg:sts
that the actual excuiange probability on s epped surfaces may not diife- as grestly
from “non-steppec” surfaces as presently believed. AC amplitudes at 400 Hz «t a
surface temperatiuie of 1000 K were utilized to calrulate 2xchange probabilities of
i 7 107" for nou-stepped Pt(111). 4.9 X 104 ¢5. 2tS19(111) X (111)], and
9.2 X 10~* for the Pt-S[S(111) X (111)] surface [1]. 4t 400 Hz and 1200 K, how-
ever, the values °f cofk and w/k, were 4.3 and 32.0, rzspectively. A .y amplitude
response due te reaction on the terraces was thus strongly demodulzted, see eq.
{1). Evidence fc: the selective demodulatinn of the reaction on the smooth (111)
plane was indee: observed when the modulation frequency was reduced to 40 Hz,
aud the reacta:’ pressure was increased ten-fold; under these conditicns the reac-
tion provability fo: the smooth Pt(111) surface increased by a facte: of 30 while
that fo- the st ped surfaces inzreased by about six. These reported reaction proba-
titities must therefore be viewed zs apparent values; the true valuas muast be obtain-
2d in the lmit of w/k approaching zero

We estimated "~ ratio of reaction probabilities on the stepped surface and the
$alula s tW(111) surfuce to be 18 using our mechanism and rate constants and the
ac amplitudes measured by Bernasek and Somorjai at 40 Hz. Correcting the 400
Hz amplitude values (o 40 Hz zave apparent amplitudes of 3 X 10~5 :nd 3 X 10 3,
respectively. as ciscussed above. Tnus, the rat.o of amplitudes for stepped [Pt{397)]
and unstepped [Pt(111)] surfaces was 100, The relative toral reacticr, probahility
on the two surfaces was estimated as follows.
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The ac amplitude, A, for the reaction product is given by [4,6]
A = Solo/V1 + (w/fk)?, (1)

where §, denotes the reaction probability, 7, denotes the incident reactant flux,
and w is the modulation frequency. If the surface rvaction can be considered
second order [2], in linearized form

k=2VSloks » 2

where k, is the true second order rate constant [5,6]. Taking the apparent rate
constants calculated for the branched mechanism on the stepped surface, Pt(997),
A(g97) = 0.40 S(gg7) Iy. For the non-stepped, Pt(111), surface

~Samplo
V{1 + [w/2\[9(111)10"2,(111)]2}

Agqin= (3)

If k3 (111) is identified with reaction on the (111) terraces alone, k;y31)= k3.
Since (w/k)2 >> 1, eq. (3) simplifies to

S I 2V 1ok
_Carnto (L1107 2.0
A(ll])__'_“"'_"'_‘ (R (4)

(%)

The effective rate constant k, was evaluat d on the stepped (997) surface, and was
therefore related to k5, by the expressicn

ko= 2VS997dok: - )

Note that S99 must be employed in the evaluation for k. It is ¢csily seen that

3R
A S
2997 _ 940 9_(_<997> (6)

A ky 5(1:‘.))

since the amplitudes are compared at identical reactanc fluxes. The ratio of the
total reaction probabilitias S(9‘>7)/S(| 11)> at 1000 K on these surfaces was calculated
to be 18. The differences in mitial sticking probability of H, on Pt(110). (211),
{100) and (111) observed by Lu and Rye varied by a factor of 70, Since the experi-
ments of Somorjai and Berna.ek were performed under condi ions in which they
cffectively compared the sticking probability of Dy on the varicus surfaces (when
demodulation factors are accounted for), these are the appropriate results of Lu
and Rye to which to compare their results. The above analys s indicates that the
dependence of the probability of dissociative adsorption of Lydrogen on surface
crystallography measured by Lu and Rye and Bernasek and Somorjai is in close
agreement.

It should be toted that the above mechanistic analysis does not by itself deter-
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mine 1he reaction order nor specify the sites at which exchange takes vlace. Sub-
sequer ¢t adsorption the faster process in the parallel mechanism, kg, is associated
with a higher activation energy and a higher preexponential factor than that of the
slower branch, &;; the relative rates are thus largely governed by entropy effects in
the trens:tion state, In keeping with the assumed second-order kinetics, it does
seem reasonable to associate the branch having higher activation energy and pre-
expenential factor with a two-center reaction invoiving at least one atom bound
more strengly at platinum surface atoms of lower coordination number such as
those bound at step positions rather than on a perfect (111) plane. It is also im-
portant to note that the actual activaticn energies for the second-order rate con-
stants, caiculatec to be k¢ and k,, were calculated to be 10.4 kcal/gmole ané 5.4
kcal/gmole, respectively, see eq. (2).

In conclusion, our calculations show that H,—D, exchange on stepped platiiium
surfaces may proceed via a simple parallel reaction with a branching probability
deperont on step density. Further, though the final definitive experiments on the
effects of steps on reaction probability may remain to be done, this analysis offers
a testable alternative to inat previously proposed, whercin the crystallographic ef-
fecis on the sticking probability of H, on platinum and the effects of steps on the
H,—D, exchange probability appcar to be of the same magnitude.
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