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A new interpretation of the temperature programmed desorgli&D) spectra of hydrogen on a

Pd 110 single crystal surface is presented. The transient mean-field model developed accounts for
both adsorption on the surface and diffusion of hydrogen into the lattice of the crystal. A new
approach for modeling TPD spectra is developed, in which both the isothermal exposure as well as
the temperature ramp of the TPD experiment are modeled in a consistent way. We demonstrate that
for systems with substantial diffusion of the adsorbate into the substrate’s lattice it is not sufficient
to report exposure values. For such systems, exposure time has a far more pronounced effect than
the exposure pressure has on the TPD spectra, because diffusion is a strongly time-dependent
process. The modeling and experimental results for th@dl110 system are in good agreement

and suggest the existence of a distinct subsurface state, in addition to the surface and bulk states of
hydrogen. Low frequency factors derived from the model for the processes connecting the
subsurface with the surface and bulk state emphasize the restricted nature of the corresponding
transition states. €1996 American Institute of Physids50021-960806)02242-§

I. INTRODUCTION posed a rigorous mathematical apprd&ct for the analysis
) o _ _ of TPD spectra of systems with strong coupling between

Systems coupling kineticgeaction and transportdif-  kinetic processes on the surface and diffusive processes in
fusion) processes are classified as RD systems. Kinetic eXhe |attice of the solid. The major contribution of that work is
pressions are time-dependent only, whereas diffusion prane elimination of the assumption of well-mixed reservoirs,
cesses must be described in terms of both time and spacge finite medium formulation of the problem, and the con-
Thus, RD systems exhibit both temporal as well as spatiadistent quantitative treatment all the individual experimen-
evolution. Typical examples include the model proposed fokg) phases. The model introduced in the present study ex-
the explanation of the Belousov—ZhabotinglBZ) reaction  tends and applies a coupled RD approach to thi@110)
patterns™ and the model suggested for the rationalization ofsystem.
the patterns on leopard's sKiff. Recently, substantial In the sections to follow, after we describe this new
progress has been made in understanding RD systems Byodel, calculated desorption spectra are compared with the
applying nonlinear theofy?’~*'and making use of advances ayailable experimental data. We conclude by proposing a
in both computational speed and methotis* The main ob-  gne_dimensional potential energy diagram as well as values
jective of this contribution is to propose a simple RD modelfor the physical parameters of our model that give calculated
to account for the coupling between surface kinetic processegpp spectra in good agreement with the experimental re-
and diffusion of hydrogen in the bulk of a BA0 single  syits. Good agreement between the calculated and the experi-
crystal. Our goal is to model the TPD spectra of hydrogennental TPD spectra was achieved only when a distinct sub-
and compare the predicted spectra with the experimental regrface state was incorporated in our model. As a result, the
sults. model outlined in the next section incorporates three distinct

the surface processes dominating gas—solid interactions over

a significant pressure and temperature range. TPD spectra are
characteristic of the gas—solid system being studied and gi\jéi MATHEMATICAL MODEL AND SOLUTION

. . . ETHODOLOGY
valuable information about the processes involved. Excellent
reviews®>® give the details of a typical TPD experimental Our general RD mode!&° considered surface and bulk
protocol and describe common methods used for analyzings the only distinct domains in a single crystal. For the case
the data. Traditional methods for extracting mechanistic in-of H,/Pd110), such a simple two domain model proved to be
formation from TPD spectra are restricted by several simpliinadequat® for the accurate description of the experimental
fying assumptions. Previous models either assumed that thesults. Despite our best efforts, a model incorporating only
important reservoirgsurface and bulkwere well-mixed or surface and bulk states could not yield TPD spectra in rea-
used semi-infinite medium formulations of the mathematicakonable agreement with the available experimental data. Fur-
problem?!’ Each of these two approaches offers substantialhermore, previous workeérshad speculated from low en-
insight regarding either the TPD spectra or the adspeciesrgy electron diffraction(LEED) experiments that the
uptake mechanism, but neither of these approaches attemptsncentration of dissolved hydrogen atoms is enhanced
to connect the two problems. Only recently have we pro-within the layers just below the surface. Others have also
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X3 and X, represent the normalized surface and subsur-
face concentrations of hydrogen, witys and X, denoting
? the corresponding normalization constants, i.e., the surface
* and subsurface site density, respectively. The processes of
! adsorption R,), desorption Ry), migration from surface to
‘ subsurface andice versa(R;, and R,4), directly determine
) ] surface concentration. Similarly, the processes determining
i

subsurface concentration are those connecting subsurface to

Z=1 surface(R,3 andR3,) and subsurface to bultR, andR,,).
1 Each one of the rate processes connecting surface, subsur-
face, and bulk is assumed to be activated as shown in the
Z=0 following expressions:
—E%
FIG. 1. Division of the P@L10 single crystal into surfacé), subsurface Ros=Fa2s ex‘( RT( 7)) X2(1=X3), )
(2), and bulk(1) layers. Arrows indicate rate processes connecting the three
layers, and coupling surface with the gas phdse _E*
21
RZl: FZl eX% RT( ’T)) XZ(l_ YZ=1)7 (4)
supported the idea of a separate subsurface state for hydro- .
gen in palladium, based on theoretical calculations totally Ri—F exp( B 12>Y 1-X 5
independent of any TPD behavitrThus, we propose and 11z RT(7) z=1l 2) ©®
test here the existence of a third, distinct domain, namely the
subsurfaceof the single crystalFig. 1). Surfaceis the first Roe F -E3 Xl 1—X 6
atomic layer of the solid, whilsubsurfaceconsists of the 2= 32 &R Ry 3(1=Xz). ®)

few atomic layers immediately beneath the surface. The rest
of the crystal, consisting of thousands of atomic layers, is Fj; and Ejj represent frequency factors and activation
defined as théulk of the solid. This is the first time that the energies of the corresponding rate proces¥gs., denotes
existence of a distinct subsurface state coupled with botthe normalized hydrogen concentration at the topmost layer
bulk and surface states, has been evaluated within the framef the bulk €=1). The corresponding normalization con-
work of the TPD behavior of the J#Pd system. stant is the site density of the bull’{). Expressiong7) and
Surface and subsurface are treated as spatially uniforrt®) give the adsorption and desorption rates, respectively,

domains of zero thickness. Fickian diffusion governs the mi-

1/2
gration of species into the bulk leading to one-dimensional p _g p(1-x.)2 i 1 7
) \ : : . a=SoP( 3) ; %
concentration gradients along the thickness dimension of the X3s/ [ 2mmKT(7)
crystal. No concentration gradients are allowed across each .
horizontal partition of the bulk. Further assumptions of this R—F. ex —Eq %2 ®)
model include:(i) the gas-phase pressure remains constant d—rd RT(r)) 373

during the exposursdiji) the temperature of the entire crystal

is uniform at any given timefiii ) physical parameters of the WhereS, is the initial sticking coefficientP is the gas-phase
system appearing in the model, such as activation energieBressurek is Boltzmann's constantn is the atomic mass of
pre-exponential factors, and all three site densities are cortydrogenFy andEg are the desorption frequency factor and
stant, independent of temperature and hydrogen concentra@ctivation energy, respectively, afiqr) is the temperature
tion; (iv) adsorption on the surface is nonactivated and disOf the crystal as a function of dimensionless tifag which
sociative, while desorption is activated and recombinativeis defined asDo/L?)xt, wheret is real time.L andZ de-

(V) surface structure remains unchanged’ since all temper&lﬂte the real and dimensionless thickness of the bulk, corre-
tures used here are well above the(Bd) surface recon- spondingly.D, and Ej; are the pre-exponential factor and

struction temperaturé~200 K).?3 activation energy of the Fickian diffusion process in the
Based on these assumptions, the model proposed for tHailk. _ _ _
interpretation of the TPD spectra of the/Ad110) system is The evolution of hydrogen concentratioiY)( into the

formulated as follows. Equationd) and (2) represent the bulk of the crystal, as a function of both time and space, is
transient mass balance for the surface and subsurface layefigscribed by Eq(9)
respectively,

ix , aY —E5 | 2%Y ©

s [L —=exp 5=/ 552

ar (D_o {R23—Raxt Ry— Ry}, «y T RT(7)) dZ

dx L2 X which is valid for all7>0 and 0<Z< 1, whereas the bound-
-2 (_) [ Ryo— Ry + ﬁ}(Raz— Rza)}- (2) ary conditions for its solution are: zero flux at the bottom of
dr  \Do Xas the bulk Z=0), and
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((?Y) L ( 23) TABLE I.| Plarar(?ete(; value_s fo:‘(ttahlgf nzu]))del, giving the]c beﬁt ;gr(ce(em(e))nt be-
— = —|R»+—R tween calculated and experime . 21) TPD spectra for the HPd(11
az 7=1 Do qu_EE/RT( 7))\ Ys [Rzr 12l system. Values for the parameteE] , Fy, Ef, Dy, X35 andS, were
(10) taken from the literaturéRef. 24. Results of the calculations are shown in
Figs. 2, 3, 4, and 6.
representing flux continuity at the subsurface-bulk interface. Ej = 24kcal/mol Fq=8x10"2 cmP/atom/s
A linear temperature ramp, with a constant heating rate E3,= 5 kcal/mol Fz=15x10' s
B, is formulated as follows: Ei,= 8 keal/mol Fi=15x10° s
E3,= 5 kcal/mol Fy=1.5x10 st
Ej,= 8 kcal/mol Fp=1.5x10%s?!
dT /L2 E% = 5 kcal/mol D,=2.83x 1073 cns
—_—= ( —) B. (11 Y= 9.4x 10'° sites/cnd Xos=4.7X 10" sites/crd
d7 Do Xas=9.4% 10* sites/cn S,=0.7
L=0.1 cm B=2.83 K/s
m=3.32x10"?* g/atom P(desorption=1x10"1° Torr

Equations(1), (2), (9), and(11) are simultaneously inte-
grated for each individual step in the adsorption—desorption
experiment. The simulation of the isothermal exposure be-
gins with an identically zero concentration profi_le for the IIl. RESULTS AND DISCUSSION
bulk, subsurface, and surface layers. The adsorption tempera-
ture, exposure pressure, and time are specified according to The primary goal of this work is to elucidate a one-
the experimental protocol used. The concentration profileimensional potential energy diagram, a set of frequency fac-
calculated at the end of the isothermal exposure simulation itors, and site densities of the three reservoirs involved, that
used as the initial concentration profile for the simulation ofwould yield calculated TPD spectra as close as possible to
the temperature ramp stage of the TPD experiment. This pathe available experimental da&thA secondary goal is the
ticular point in our consistent methodology provides the con-demonstration of several important new concepts which are
nection between the uptake and desorption stage of the TP&ssential for the correct interpretation of TPD spectra in RD
experiment. systems, and emphasize the distinction between typical

The complete history of the TPD experiment, including Langmuirian and RD systems.
adsorption, desorption, and any intermediate annealing peri- All the results presented here were derived using values
ods, can be followed with the consistent methodology abovefor the model’'s parameters as given in Table I. Values for the
There arewo primary principlesin this approach(i) A con-  parametersgy , Fq, ES, Dg, X35, andS; were compiled
sistent treatment of all the experimental stages of the TP@rom the literaturé* The specific value of the heating rate
experiment, so thaall the processesire always accounted (8) was selected so that the nonexponential part of the fre-
for. Only the relative importance of the processes changeguency factor for the diffusion in the bullky,, is canceled
between the experimental stagé€s) The final conditions out. The rest of the parameter values in Table | represent the
(concentration profilecalculated at the end of each experi- set of values that gave simulated TPD spectra closest to the
mental stage are used as the initial conditiG@@centration experimental spectra. Two comments are appropriate here:
profile) for the simulation of the stage following immediately (1) The site density of the bulkY) is such that for the
in the experimental protocol. Therefore, both the adsorptiomormal density of pure P#:2°it would provide one absorp-
and permeation(isothermal exposujeand the desorption tion site per 10 palladium atoms. Therefore, our calculations
(TPD) experiments are modeled in a uniform and consistenére performed at the dilute limit of the hydrogen—palladium
way. Previous work had focused on modeling either permesystem, even when the normalized concentration is ap-
ation or TP3’ alone. To the best of our knowledge no one proaching the saturation limit of the bulkv&1). Under
has attempted to link the analysis and interpretation of botlsuch conditions, it is physically correct to use a frequency
experimental stages. The major advantage of this new agactor (D,) independent of concentratiof2) The frequency
proach is the elimination of any arbitrary decisions or inac-factors of the four rate processes connecting subsurface with
curate approximations regarding the concentration profilesurface and bulk are all of the order of magnitude ot 40,
achieved at the end of the isothermal exposure stage. Thehich is relatively low with respect to the typical value of
finite-mediumformulation of the problem, introduced with 10'*s™1. Despite persistent efforts, we were unable to derive
the present model, is an additional advantage of this neWPD spectra similar to the experimental results by using pre-
methodology. exponential factors greater than'38* or between 16s™?

Our model involves the simultaneous solution ofand 13° s™1. Similar low values of frequency factors have
coupled partial and ordinary differential equatidf®E and  been reported elsewhef®and are generally observed for
ODES. Analytical closed-form solutions to the equations of processes with substantially restricted transition states which
the model above are not feasible, and therefore the model h&mve characteristically small activation entropiéhis re-
to be analyzed numerically. A second-order accurate finitesult strongly suggests that jumping between subsurface and
differences scheme with automatically adjustable time stegurface or subsurface and bulk is a process characterized by
has been designed and implemented for the solution of tha restricted transition state. Abnormally low frequency fac-
equationgfor details, see Refs. 18—p0 tors have been reported for nonadiabatic reactions; for ex-
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. FIG. 3. Normalized bulk concentration profiles at the end of the two expo-
FIG. 2. Asymmetry of exposure time and pressure as demonstrated by the . .
. - ) - - L sures used for the results of Fig. 2. Node 1 corresponds to the isolated end
different TPD spectra following two nominally identical but historically

different exposures. Adsorption temperature is 293 K. ic;:‘térr\fzccerystal Z=0), while node 11 corresponds to the bulk—subsurface

ample, thecis-transisomerization of ethylenic derivativé8. RD systems the symmetry between exposure pressure and
Recent work has clearly shown the strong effects of nonatime is broken. A direct consequence of this fact is that for
diabaticity on the hydrogen diffusion in metals, and specifi-the correct interpretation of TPD spectra of RD systems, one
cally in palladium?’ Therefore, low pre-exponential factors needs to take into account not only the nominal exposure
could be attributed to the strong nonadiabatic character of thealue but also the particular exposure pressure and exposure
processes connecting subsurface with surface and bulk. It ime used®%°
interesting to notice that pre-exponential factors as low as The difference between the two spectra shown in Fig. 2
10° s7* have also been reported for muons in €&imilar  reflects the substantial difference in the amount of hydrogen
theoretical speculations for low frequency factors characterabsorbed into the subsurface and bulk of the crystal during
izing proton transfer processes strongly related with tunnelthe two distinct exposure schedules. The areas under the two
ing effects have also appeared in the literafdr@verall, a  desorption spectra suggest that the long-time 500 L exposure
frequency factor as low as 4G ™! is consistent with the has resulted in much more hydrogen absorbed in the crystal,
current state of theory regarding diffusion of hydrogen inin comparison with the corresponding amount at the end of
metals. the short-time 500 L exposure. The first desorption peak of
All the isothermal exposures were simulated for roomthe two spectra, attributed to the desorption of surface
temperaturg(293 K), so that we can directly compare our chemisorbed hydrogen, does not change significantly be-
results with the available experimental data. Moreover, it igween the two exposure schedules. Therefore, the amount of
well known that hydrogen diffuses readily into the bulk of hydrogen diffusing in the subsurface and bulk of the crystal
the Pd110) single crystal at this temperature, offering the depends strongly on the exposure schedule. In support of this
opportunity to study the effect of coupling diffusion to sur- argument, Fig. 3 shows the normalized concentration profiles
face kinetics. of the bulk at the end of the isothermal exposure schedules
First, the importance of modeling the exact history of aresulting in the TPD spectra of Fig. 2. The short-time 500 L
TPD experiment is demonstrated. More specifically, Fig. 2exposure leaves the bottom-half of the crystal almost void of
shows the desorption spectra as calculated from our modehydrogen. On the other hand, the long-time 500 L exposure
for two different exposure schedules. One spectrum correallows more time(5000 g for hydrogen to diffuse into the
sponds to the desorption of 500 L exposure achieved bwhole crystal, even though the gas phase hydrogen pressure
exposing the crystal to I8 Torr for 5000 s(long-time ex- is one order of magnitude less than its value in the short-time
posurg. The other spectrum corresponds to the desorption ofxposure. Figure 3 shows that the top layers of the bulk
500 L exposure achieved by exposing the crystal t6°10 approached saturation, and the bottom layers reached more
Torr for 500 s(short-time exposuje Even though the nomi- than 30% of their saturation capacity by the end of the long-
nal value of the two exposures is the saf®0 L), the time exposure. Furthermore, calculation of almost identical
resulting TPD spectra show substantial differences. RecallPD spectra of the HPd110 system for two exposure
that for typical Langmuir systems exposure pressure andchedules with identical exposure time but exposure pres-
time play a symmetric role, and any possible combination ofures different by an order of magnitude, proves that expo-
exposure pressure and time resulting in the same nominalure time, and not exposure pressure, is the dominant vari-
exposure gives identical desorption spectra. However, foable (Fig. 4).
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tween the exposure and temperature ramp can be of particu-
lar importance, since the adsorbates and absorbed species
would have the time to redistribute into and on the crystal.
DESORPTION OF 500L =1D-6Torr X 500s Nevertheless, comparison between the experimental and the
DESQRPTION OF 30 =1p-TTor X 5005 calculated desorption spectra for the 600 L expogunarked
points and continuous line in Fig. 5, respectiyelydicates

61 that our calculations capture the main features of the experi-
mental results.

Previous experimental work beyond TPDhas sug-
gested evidence of a distinct subsurface hydrogen state in
palladium with electronic and vibrational properties different
2 from the properties of the surface and bulk states. A distinct
subsurface state has also been suggested by recent theoretical
work for the H/Pd100,* H/Pd111)2"®30 and
H,/Pd 110 systems. Thesab initio type of calculations
for the Pq100 and Pd110 surfaces focused on the relative
stability (“well-depths”) of the different adsorption sites,
FIG. 4. Desorption spectra following two different exposures. AdsorptionWIth ho particular emphasis on the related transition states
temperature is 293 K. Exposure time is identical, but exposure pressure &asurface/SUbsurface and SUbsurface/bunsalahUb and
changing by one order of magnitude. The effect of exposure pressure is n@-workers® focused on resolving thg2x1) H-covered
substantial. Pd110 surface structure, while Tomanek al® analyzed

the same surface but for coverages less than 1, where the
effect of the subsurface state is not expected to be very im-

Comparison between the experimental &atand the portant. Hence, it is only with results for the ®d21) surface
corresponding results of our mod@lig. 5) indicates a good  that we can compare our activation energy barriers. The fact
agreement, at least qualitatively. The first peak is due to thehat the original experimental watkrefers to the observed
desorption of the surface chemisorbed hydrogen, while theimilarities between the broad peak position fofPd) and
second broad peak represents the desorption of hydrogen thaé(ll]) surfaces for the 600 L exposure, makes this com-
initially diffused into the subsurface and bulk of the crystal. parison more meaningfuL Paul and Sa%?[é@und that the
The original experimental wofk does not report on the ex- parrier for the surface—subsurface transition is about 7.6
act exposure pressure and time used. Therefore, for the sakeal/mol (=0.33 eV}, which is in good agreement with our
of comparison, we arbitrarily chose a hydrogen exposurgesults(E%, = 5 kcal/mol andE3, = 8 kcal/mo), given the
pressure of 10" Torr to perform our calculations. Since fact that these values refer to different surfaces. Doll and
there is an infinite number of possible pressure—time Combico-worker§7(b) suggest that the rigid-|attice or nonadiabatic
nations that would yield any specific nominal exposure, it isparrier for the same transition in Bd.) is 4.2 kcal/mol
conceivable that our choice of values might not be the best=0.181 eV. This particular nonadiabatic character of the
for obtaining the closest agreement between calculated angjrface—subsurface transition has been suggested based on
experimental data. Moreover, possible annealing periods behe unusually low pre-exponents mentioned abpsaicu-

lated in this work, and in Ref. 2i6)]. Considering the accu-

racy of bothab initio work and our work, we conclude that

the results presented here are in reasonable agreement with
s0x10? 1 ! 1 1 1 | 1 1 the ab initio results available for the #Pd111) system.

NET DESORPTION RATE @#/CM/CM/SEC) «0°

0 T T T T T T
250 350 450 550 650 750 850 950 1050

TEMPERATURE (K)

7 - IV. SUMMARY AND CONCLUSIONS
B The consistent approach introduced here involves mod-
eling both isothermal adsorption and dissolution as well as
B temperature programmed desorption by using mean-field
methods. Thus, the entire TPD experiment can be accurately
= simulated. Direct comparison between the experimental and
00 w0 0 60 70 oo oo 100 modeling results has improved the current characterization of
TEMPERATURE (K) activation energies and frequency factors controlling the rate
processes involved. Modeling experimental TPD spectra in
FIG. 5. Modeling results for the #Pd110) system. Exposure set at 293 K, conjunction with information provided by more microscopic
with model parameter values as given in Table | and exposure pressure ghethods such as spectroscopy and scattering experiments

1077 Torr. Experimental TPD dat&eproduced with permission from Ref. ; ;
21) are also shown as discrete poit@90 L). The original experimental data can improve the understanding of the/Pil system.

have been scaled so that the maxima of the low temperature peak of the N particular, we have shown that for the'led_Sys'tem
experimental and calculated 600 L spectra coincide with each other. where surface processes are coupled to diffusion into the

40 =

20 —

DESORPTION RATE (#/CM/CM/SEC)
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