HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 014704 (2009

Energetics of hydrogen coverage on group VIII transition metal surfaces
and a kinetic model for adsorption /desorption
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We determined the binding energy of hydrogen to the closest packed surface for all nine group VIII
transition metals as a function of surface coverage using quantum meckdanssty functional

theory with the generalized gradient approximatiaith periodic boundary conditions. The study
provides a systematic comparison of the most stable surfaces of the nine group VIII transition
metals, leading to results consistent with available surface science studies. We then use these to
develop a simple thermodynamic model useful in estimating the surface coverage under typical
heterogeneous catalysis conditions and compare these results to temperature programmed
desorption experiments. @005 American Institute of Physic§DOI: 10.1063/1.1814938

I. INTRODUCTION associated with our result. In Sec. 1l we report the computed
binding energies and geometries and compare with available

Many o_f the gr_oup_VIII transition metals play an impor- results from other groups. In Sec. IV we discuss our results
tant role in industrially important heterogeneous catalysts for

a broad range of hydrocarbon transformatibAsConse- in terms of three simple statistical thermodynamics treat-
quently the behavior of their surfaces has been object 0?1ents of the adsorbed hydrogen. Specific examples are pro-

-vided in the case of Ir to illustrate a comparison with surface

;?(t)er:ssir?éllcj:iys?i;nsfevitcildidezciandilstr;zlin% :gizrt:?nufj I:ia:]l%”)s%ience results. Here, we also review the experimental litera-
. . . . 9 Sure and compare to our predictions where possible.
studies to theoretical simulations. However, due to the com-
plexity of heterogeneous reactions under catalytic conditions]
there remains considerable uncertainty regarding the chem}l: COMPUTATIONAL DETAILS
cal behavior of the surface. Indeed even the nature of th@. Quantum mechanics
simplest adsprbates is not well charactenzed. In particular, a We used the generalized gradient approximafi@GA)
central role in hydrocarbon reactions and rearrangements on

surfaces is played by the behavior of hydrogen under reacqenSIty functional developed by Perdew and Wangh a

tion conditions of temperature and pressure, but it is difficultperIOdIC plane-wave basis set to describe the wave function.

to obtain either experimental or theoretical predictions forAII computatl(_)ns Were8 performed usi Y STEP (Ref. 7 via
) I : the CeRrIUS2 interface® Recpol effective core potential
these reaction conditions. Indeed even a systematic compar,

son for different metals is hampered by the wide range OEECCPH(F\Q; ii ufgdaﬁg i)lllg:]ets : darfn; agg iTr:]ngﬁ:n':gzrt:?]S
techniques and coverage conditions used by the variousASTEP Thé cutoff ener fory Ian% w:';lve ex ’z)ansion was set
groups. Reviews of hydrogen chemistry on transition metaF ' dyftorp b .
surfaces are available in the literataré at 600 eV for all systems. This value was selected according
: . ' . . to recommendations for the ECPs and is expected to provide
In this paper we report consistent computational studies - .
of hydrogen adsorption on the most stable surfaces of a onsistently good quality results. We kept the cutoff constant
or all nine systems to simplify comparison of numerical

nine group VIII transition metals. The aim of the study is to results

provide a systematic comparison of the hydrogen binding '

energy on the surfaces considered at varying levels of cov- .

erage in order to provide a consistent set of results to be usétt Surface calculations

in interpreting both catalysis experiments and surface science  All metal atoms were held fixed at the experimental bulk

studies. Although subsurface hydrogen may participate igjeometry with only the position of the adsorbed hydrogen

some surface reactions, we consider here only surface adptimized. Based on our testing and on published redits

sorption. we expect relaxation to affect binding energies by up to 2
In Sec. Il we describe the computational details and thecal/mol. We did not consider subsurface adsorption.

main approximations used with an estimate of the error bars  We carried out calculations on platinum and iridium sur-

faces for various number of layers in the slab and found

aE|ectronic mail: cecco@unimo.it reasonable convergence in the hydrogen binding energy and
PElectronic mail: wag@wag.caltech.edu equilibrium geometry starting at four layers. Specifically,
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adding a fifth layer changed the hydrogen binding energy byABLE I. Computed hydrogen binding energy to metal surfaces at different
less than 0.3 kcal/mol for Ir and 0.1 kcal/mol for Pt. Hence, surface sites. The data refer to 1 ML coverage. See text for computational

we adopted a four-layer slab for all metallic surfaces. For theOI etails.
vacuum between slabs we used an interlayer distance equiva- De Height
lent to six layers at the bulk geometrffive layers of  Surface Site (kcal/mol) A)
vacuum). Hydrogen was allowed to adsorb only on one side cap 65.3 0981
of the slab. Fe-bee bridgel 60.7 0.968
For the surface unit cell6lSUC) we used both X1 and (110 bridge2 61.3 1.192
V3% 3R(30°). The convergence of the total energy and top 48.1 1577
the binding energy with the number koints was tested in fec 67.1 0.972
the case of P111) with 1X1 SUC. We found that a 2212  Fe-fcc hcp 66.5 0.961
Monkhorst—Pack grid in the plane of the surface yields en{11D top 46.4 1573
ergies within 0.016 e\(0.38 kcal/mo) of the value obtained bridge 61.3 1124
with the 20<20 grid. Hence we used the ¥22 Monkhorst— fec 61.8 1.090
Pack grids on %1 SUC. Accordingly, for the V3  Ru-hcp hcp 61.7 1.079
X /3 R(30°) SUC we used theX77 grids. Onek point was (00D top 49.7 1.652
used for the direction normal to the surface. bridge 58.0 1.233
Spin polarization of the wave function was not allowed. fce 62.2 1.081
We tested the magnitude of this approximation by computlngPS hcp hcp 61.3 1.077
the fcc H binding energy on Kill) at monolayer(ML) (000 top 60.1 1.638
coverage both with and without spin polarization. Due to bridge 609 1223
software restrictions, to perform this task we used ultrasoft fee 61.3 1.009
potential$* with core correction on the metals and an energyCO hep hep 60.3 0.990
cutoff of 340 eV. The computed values are 67.8 and 66.3°°Y b:i%pe 256% 11515319
kcal/mol with and without spin polarization, respectively. ¢ ' '
The effect of spin polarization is thus of 1.6 kcal/mol, which fec 61.6 0.999
is smaller than the error bar associated with the choice of th&°°¢ hcp €09 0.997
ECP(vide infra). 119 bt.OP 45.2 1.560
ridge 56.9 1.138
C. Kinetics simulations Rh-fec fﬁgp 5587'.77 11'%1221
Adsorption and desorption kinetics simulations were(119 top 49.6 1.616
performed by numerical integration of the Ed86), (39), bridge 558 1184
and(39). All simulated kinetics proved independent from the fee 60.4 1.040
numerical integration technique used provided that suffilr-fcc hcp 59.2 1.0385
ciently small time steps were used. The results reported werg!? top 61.8 1.587
obtained with standard fourth-order Runge-Kutta equations bridge °9-6 L1
using variable time steps. The initial time step was set fee 60.9 0.955
at 0.01 s. The software used to do these simulations is avalN"flC)C *t‘gg ig-i 2-32;
able in the supplementary material. bridge i 109
fco 59.3 0.918
lll. RESULTS Pd-fcc hcp 57.4 0.891
In order to understand hydrogen binding to closest11) top 45.7 1.594
packed surfaces, it is essential to establish the binding geom- bridge 54.1 1.088
etry and to estimate the barrier for surface diffusion. To study foc 58.7 0.957
this we used the X1 SUC to compute hydrogen binding Pt-fcc hcp 56.9 0.953
energy(BE) at different surface sites for ML coverages. We (11 top 8.5 1.580
bridge 57.4 1.105

then selected the most stable sites to investigate how the BE
depends on coverage.

The computed hydrogen BE and equilibrium distance
from the surface for the high symmetry positions on the clos-
est packed surfaces considered are reported in Table I. In tlworrections due to the vibrational motion of the adsorbed
case of Fe and Co, we considered both the phases found attoms. We expect this correction to be approximately the
room temperature and pressufiEc and hcp, respectively same for fcc and hep sites on the same metal and somewhat
and the two closest packed phases stable under more draskicger for top sites. For all closest packéddc and hcp met-
conditions(fcc). To compute the BE, we assumed the energyals, we calculate that adsorption at the fcc site is favored with
of gas phase hydrogen to be the exact value for the Hamilrespect to the hcp site and, except for Ru, the difference is
tonian used, i.e.;-0.5 hartreg—13.605 70 eV. The BE re-  about 1-2 kcal/mol, indicating that fcc is the preferred site at
ported in Table | do not include zero point enerZPE) ML coverage. For Ru the difference between fcc and hcp is
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TABLE Il. Hydrogen binding energy and vibrational frequency on metal surfaces at different surface covBErageicates the electronic binding energy
in kcal/mol [no corrections from zero point vibrational ener@BPE)]. The frequencyr refers to the symmetric stretching normal to the surface and is
expressed in ciit. D, is the ZPE corrected value in kcal/mol obtained frBmand v. Values in parentheses are estimates obtained as described in the text.

Coverage  Metal Site De v Dg Metal Site De v Dy Metal Site De v Dy

1/3 ML 68.1 1069 64.6 62.4 1235 60.6 62.0 1168 60.3
2/3 ML Fe cap 65.1 (110) (63.5 Co fcc 60.7 (1276 (58.9  Ni fcc 60.6 (1225 (58.9
1ML bcc 64.7 1133 63.1 hcp 60.3 1317 58.4 fcc 60.1 1282 58.3
4/3 ML cap, cap 401 - (38.5 fcc, hcp  35.3 (33.9 fcc, hcp  36.3 (34.5
1/3 ML 67.8 1237 66.0 62.5 1184 60.8

2/3 ML Fe fcc 66.8 (1216 (65.1) Co fcc 61.3 (1252 (59.5

1ML fcc 66.6 1196 64.9 fcc 60.7 1320 58.8

4/3 ML fcc, hep 399 - (38.2 fcc, hep  36.0 (34.9

1/3 ML 62.6 1154 61.0

2/3 ML hcp 61.3 (1202 (59.9

1 ML 60.7 1251 58.9

1/3 ML Ru 63.4 1119 61.8 59.5 1151 57.9 60.2 1146 58.6
2/3 ML hcp fcc 61.7 (1127 (60.) Rh fec 589 (1229 (57.) Pd fec 59.4 (1090 (57.8

1 ML 60.5 1135 58.9 fcc 58.5 1308 56.6 fcc 57.5 1035 56.0
4/3 ML fcc, hcp  36.2 (34.9 fcc,hcep  37.6 (35.7 fcc, hcp 347 (33.2
1/3 ML 63.0 2345 59.7

2/3 ML top 62.4 (2339 (59.)

1ML 62.0 2333 58.7

1/3 ML 64.9 1177 63.2 Ir 61.5 1244 59.7 59.9 1155 58.3
2/3 ML Os fcc 62.7 (1183 (61.0 fcc fcc 60.8 (1267 (59.0 Pt fcc 59.3 (11649 (57.9

1 ML hcp 61.4 1189 59.7 60.1 1290 58.3 fcc 58.4 1173 56.7
4/3 ML top, fcc  53.1 (46.6 top, fcc  56.2 (54.4 top, fcc  49.2 (45.9

only 0.1 kcal/mol so that ZPE corrections would be needecdtrages near 1/2 ML at low temperature, probably due to an
to determine which of the two sites is more stable. Except fooverall minimization of adsorbates interaction, we found that
third row metals, the top position is considerably less favorfor the coverages of 1/3 and 2/3 ML the most stable adsorp-
able than either fcc or hep. For Ir, we find that the top posi-tion geometry comprises pure fcc sites. A more detailed de-
tion is 1.4 kcal/mol more stable than fcc. We expect the ZPEscription of the hydrogen behavior at various coverages and
correction to be larger for top adsorption positions than foron specific metals is beyond the scope of this article. We
either fcc or hcp so we considered both adsorption geomrefer the interested reader to the literature regarding specific
etries for further investigations on the larger SUC. metal surfaced® The computed BEs are reported in Table II.
Our conclusion is that fcc geometry is favored on all We find that for all systems there is a gradual decrease in the
metals with the possible exceptions of Ru, where hcp iBE going from 1/3 ML to 1 ML by an average of 2.0 kcal/
equally favored, and Ir, where top may be equally favored. mol out of 61.6 or 3.2%. The largest chandes3 kcal/mo)
Based on experimental results for several metals and owere for Os, Pd, and Ru. The smallest change4 kcal/
previous calculations, we expect the barrier for surface difmol) were for Ir on-top, Rh, and Fe fcc.
fusion of hydrogen to be relatively small. To verify this as- To investigate coverage past 1 ML, we studied all plau-
sumption, we computed the energy for the bridge positiorsible adsorption configurations corresponding to 4/3 ML for
between fcc and hcp sites on all the closest packed surfacése third row metals. We report in Table Il the most stable
considered. In the case of Fe-bdd 0 there are two distinct configuration. For first and second row elements we only
bridge positions between equivalent cap sites. Although theonsidered adsorption in the cap positighsviL fcc and 1/3
bridge position is not the exact transition state and despit®L hcp). Going from 1 ML to 4/3 ML coverage leads to a
the fact that we used ML coverage, the energy of the bridgéarge drop(10—-30 kcal/mal in binding energy for all sys-
position provides an estimate of the barrier for surface diffutems except Ir. For Ir, the binding energy decreases only by
sion. We thus estimate this barrier to be around 5 kcal/mob.8 kcal/mol. Since the H—H bond strength is 110 kcal/mol,
for Fe, Co, and Ni, around 3 to 5 kcal/mol for Ru, Rh, anda bond strength of less than 55 kcal/mol will lead to a state
Pd, and close to 1 or 2 kcal/mol for Os, Ir, and Pt. In the caseinstable with respect to desorption. With the possible excep-
of Ir and Pt, the bridge position has lower energy than theion of Ir, the binding energy for 4/3 ML is generally too low
hcp. to allow a significant population of this state in equilibrium
We used the/3x /3 R(30°) SUC to calculate the cov- with gas phase Heven under very drastic conditions. A
erage dependence of the BE for the most stable positionsnore detailed discussion of adsorption on Ir is reported in
This is suitable for 1/3, 2/3, and 3/3 ML coverages and forSec. IV.
coverages past 1 ML. Although on certain metal surfaces, In order to compare our binding energiBg to experi-
most notably Ni111) (Ref. 15 and F¢110 (Refs. 15 and mental data, we corrected for the ZPE vibrational mode per-
16) there is evidence of adsorption at different sites for covpendicular to the surface. We computed the harmonic fre-
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TABLE IIl. Comparison of computed and experimental data. Valuedipr  small and even large relative errors in the frequencies will
are reported for 1/3 ML coverage to compare with experimental values ahave small effects on thermodynamics predictions To com-

low coverage. The range of computed frequencies is given by the 1/3 ML ith th . tal f ncies we report in Table Il
and 1 ML values. The last column contains the references used for th@ar€ W! € expernimental frequencies w p !

experimental results. the computed values for both 1/3 ML and 1 ML, as an esti-

mate of the computational range.
D, (keal/mol) w (cm ™) The uncertainty in the experimental binding energies

Surface Comp.  Expt. Comp. Exgt. References Seems to be 4-5 kcal/mol based on the results reported for Pt
and Ru. For these systems, the calculated values are within

Fe-bec(110 — 64.6 64.8 1069-1133 1060 3 the range of experimental results. For the other six systems

Co-hcp(00)  60.6 59.8  1235-1317 3 X

Ni-fcc (11)  60.3 63.1 1168—1282 1170 3,17 (we found no experimental results for Qthe mean average

Ru-hcp(001) 61.8 61.2-66.0 1119-1135 1112-1136 3 discrepancy is 2.0 kcal/mol.

Rh-fcc (11D 57.9 60.9  1151-1308 1088-1100 3,18 The computed frequencies are within experimental un-

::_‘i:gc(;llil) gg-? gg'i ;ggg:géig 2222 3319 certainty of experiment for Fe, Ni, and Ru, high by 5% for

Ptfoc(111) 583 56.6-60.9 1155-1173 1230 ‘3 Rh and Pd, low by 6% for Pt, and high by 16% for(tm

top).

aMost experimental measurements are based on HREELS with typical ac-
1 . . .
curacy of 8 mev=65 cni . B. Comparison to previous calculations

Several detailed computational investigations have been
qguencies for this vibrational mode for 1/3 and 3/3 ML published focusing on one or a few particular metal surfaces.
coverages using numerical differentiation. The frequencieSince it is beyond the scope of this article to provide a com-
are reported in Table II. The frequency for 2/3 ML coverageplete review of published results, we report only a few of the
was estimated as the average of the 1/3 and 3/3 ML valuesnost recent publications in order to assess the quality of the
These frequencies were used to correct for vibrational zerbinding energies we report. We refer the reader to the cited
point energy for coverages up to 1 ML, leading to ing BE papers for more exhaustive references relative to specific
in the last column of Table Il. The ZPE at 4/3 ML was metal surfaces.
estimated by assuming that the correction for hcp sites is the  The most systematic calculations of hydrogen chemi-
same as for fcc sites at 1 ML and the correction for all topsorption on metal surfaces are by Nordlandenl.,?° using
sites is the same as computed for the top position on Ir at &ffective medium theory. However, this work does not ad-
ML coverage. Thé values are the finite-difference BEs at dress the binding energy dependence on surface coverage.
0 K, i.e., the energies gained by adding one third of a monoThe results from these studies, reported only in graphical
layer and represent an estimate to the differential BEs mederm, range approximately from 62 to 67 kcal/mol over all
sured experimentally. As the diffusion barriers are low, thenine elements. In comparison, for the same surfaces we find
motion parallel to the surface is expected to give negligiblethe range 59.9—66.1 kcal/mol. The largest discrepancies are
contributions to the ZPE and to be highly anharmonic. Thisfor Rh (59.5 versus=63 kcal/mo) and Os(64.9 versus=67
motion is included in the statistical treatment reported latekcal/mol), with the other values withir=2 kcal/mol for each
in this article but it is neglected in the present comparison okurface considered. The trend predicted by Nordlander
low temperature binding energies. et al?° of decreasing binding energies with increasing atomic

Our results refer to unrelaxed defect-free surfaces. Waumber within each row is reproduced by our estimates for
investigated the effect of surface relaxation in the case of P1/3 ML coverage but not for higher coverages.
by relaxing the first two metal layers. In this case, the hydro-  Hydrogen chemisorption on Fe-&¢0) was studied by
gen binding energy increases by 1.2, 0.3, and 0.7 kcal/maliang and Cartét (JO), who employed seven layers with a
for 1/3, 2/3, and 3/3 ML coverages, respectively. The averagé4x14x1 Monkhorst—Pack grid to perform spin polarized,
increase of 0.7 kcal/mol is comparable with the expectedll electron calculations with relaxed surface. We obtain the

accuracy of the computational method. same order for the occupation of surface sites, i.e., we find
cap to be the most stable site, followed by the two bridge
IV. DISCUSSION positions and the top site. JC report two values for BEs ob-

tained with different density functionals and our BEs are
bracketed by those values both at low and high coverage,
i.e., fall within the range 65.3—-69.2 kcal/mol for 1/4 ML and

The binding energie®, and symmetric vibrational fre- 63.6—67.1 kcal/mol for 1 ML. Our computed bond distances
quenciesv reported in Table 1l are compared with published to the surface for ML coverage are 0.04—0.08 A longer than
experimental values in Table III. those reported by JC.

Since most experimental BEs refer to low coverage ex-  Our computed BEs on Ni appear a few kcal/mol smaller
trapolations, we compare them with the computed values fothan those reported by Greeley and Mavrik&ki&GM) and
1/3 ML. Experimental frequencies are typically measuredkresse and Hafnét (KH). In fact, both GM and KH report
near ML coverage. The values we compute for ML coverageyalues forD, of 66.6 and 66.4¢GM) or 65.9(KH) kcal/mol
however, neglect the coupling between vibrational motion offor 1/4 ML and 1 ML, respectively, versus our values of 62.0
neighboring atoms and is thus somewhat approximate. Foend 60.9 kcal/mol. Although our neglect of surface relax-
tunately, the computed coverage dependent frequency shift &ion and spin polarization may contribute to this difference,

A. Comparison of binding energies and vibrational
frequencies with experiment
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KH estimate these effects at approximately 2—3 kcal/molTABLE IV. Interpolating functions used to fit the computed binding ener-

The difference between our results and those reported b%esDo(é)) in kcal/mol. These are obtained as the least squares fit of a line
. . . the data in Table II.

GM and KH appears to be due mainly to the choice of dif-

ferent pseudopotentials. As reported in Sec. I, the monolayer Fe-bcc(110 Co-hcp(001) Ni-fec (112)
BE computed with ultrasoft potentials is 67(&ithout spin 65.23-2.25% 61.50—3.309 61.17—3.000
polarization or 66.2 kcal/mol(with spin polarizatioh, in 22‘22051112)50 gf‘;gcglg)w

good agreement with GM and KH. As the experimental BE RU ' ' '

: . u-hcp(00 Rh-fcc (111) Pd-fcc(111)
is reported at 63.1 kcal/mbhnd we estimate the ZPE cor-  g317—4 35 58.50 —1.950 60.07 —3.900
rection of the order of 1.7 kcal/mol, it is not clear which  Os-hcp(001) Ir-fce (111) Pt-fcc (112)
pseudopotential provides a better description of the binding 64.80—5.25 60.17-1.50¢ 59.13-2.409
process.

Our computed BE for H on R001) compares well with
the results of Ciolwa et al?* and Norskgv and co-workers

who report values foD. in fcc sites at 1/4 ML coverage of sglecting different density functional theofFT) function-
53.5 kJ/mot (Ref. 24 and 0.405 eMRef. 25 with respect to |5 within the GGA approximation and different ECPs may
gas phase §1 Assuming a BE for H of 4.58 eV, as com- pe of as large as-6 kcal/mol on the binding energies. By
puted by KH with a similar potential, we obtainl with  contrast, neglecting spin polarization may introduce errors of

respect to atomic H of 65.6 and 62.1 kcal/mol, respectivelyj _2 kcal/mol, similar to the neglect of surface relaxation.
which bracket our 63.4 kcal/mol computed for 1/3 ML cov-

erage. Ciolna et al. also found that the energy difference

between fcc and hcp sites is extremely small with the fcc
slightly more stable. C. Estimate of equilibrium surface coverage

Hydrogen chemisorption on Rtil) was studied with We now derive an estimate of equilibrium surface cov-
de_nzs7|ty functional techniques by Mavrikakist al. Ga”d erage from statistical thermodynamics. Although the follow-
Lai?” They find BEs D) of 64.3 or 60.4 kcal/mof? de-  ing treatment is completely general, in the interest of read-
pending on the functional used, at 1/4 ML coverage and 63.@pjlity we will provide extensive numerical examples and
or 64.9 kcal/mof.” depending on the number of metal layers, simulations to illustrate our results only for the case of
for ML coverage. These BEs are slightly higher than oursyr(111), limiting applications to other surfaces to coverage
with the difference probably due to the use of diﬁerentestimates(lzigs_ 5 and ﬁ The more Comp|ete treatment ap-
pseudopotentials and the use of slabs with a different numbgjlied to Ir can easily be extended to other surfaces from the

of layers. data in Table Il and the expressions provided later in this
Dong and Hafnéf report a BE D) on Pd111) of 64.3  document.
kcal/mol for 2/3 ML, computed with ultrasoft potential. To estimate the equilibrium surface coverage from sta-

Pallassanat al* reportD.=61.3 kcal/mol at ML coverage ftistical thermodynamics, we need to make a few assumptions

for the same surface, using a norm conserving potential. Thigegarding the nature of the adsorbed hydrogen and the shape
value increases to 63.8 kcal/mol for 1/3 ML coverage. Oncef the coverage-dependent binding energy. Some information
again, the ultrasoft potential appears to provide larger bindis available from the literature regarding some of the surfaces
ing energies than the more traditional norm conserving onegonsidered, however it is likely that some surfaces may re-
Mavrikakis and co-workef§ reportD, for H on In(111)  quire different models. We will develop three simple models
at 1/4 ML coverage in top position of 63.0 or 60.4 kcal/mol, for adsorbed hydrogen that describe a variety of limiting
depending on the density functional used. For the fcc sitehehaviors. We find that most features observed experimen-
the BE becomes 60.0 or 56.5 kcal/mol. These values arglly in adsorption profiles and temperature programmed de-
close to our computed results for 1/3 ML coverage. sorption(TPD) spectra can be reproduced within these mod-
Chemisorption on R111) was investigated recently by els and that these results are consistent with the available
Ngrskov and co-workef$ and Legare®® Ngrskov etal.  surface science experimeniexcept for effects connected to
report a BE with respect to gas phase Hf 0.25 eV/  phase changes in the adsorbate
atom at 1/4 ML coverage. Depending on the reference BE First we need to develop a means to interpolate the cal-
for H,, this corresponds to chemisorption energies culated binding energies over the range of coverages likely
=60.5 kcal/mol(using experimental HHBE of 4.75 e\ or  to be of interest. Experimental observations suggest that the
58.6 kcal/mol[using DFT H BE of 4.58 eV (Ref. 23]. shape of the interpolating function is not simple. Thus, for Pt
Legare reports slightly larger values: 64.1 kcal/mol at 1/4 and Ir, the binding energy is observed to be almost constant
ML coverage and 63.9 kcal/mol at ML coverage. Both sets obetween 0.3 and 0.6 ML, to increase rapidly in the low cov-
results are based on ultrasoft potentials and the differencerage region and to decrease sharply approaching £ ML
between them is likely due to the use of different densitySince we cannot capture such behavior by sampling the bind-

functionals. ing energy only at 1/3, 2/3, and 3/3 ML coverages and since
We are not aware of theoretical studies of hydrogerthe computed values appear to change roughly linearly with
chemisorption on G@01) and O%001). coverage up to 1 ML, we least squares fit the calculated data

Based on the published results summarized above da Table Il to a straight line. The fitting functions are reported
well as our computations, we conclude that the effect ofin Table IV for all surfaces considered.
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61

e , T , proach the linear fit in the region below 1 ML with arbitrary
omputed Values >< . N

Linear fit | precision. For our modeling we chose=0.005.

Hyperggﬁlcl ot Figure 1 illustrates the quality of the fit obtained with the
three fitting functions considered. We will find that the
ss | T choice of the fitting function can affect drastically the shape

' of TPD spectra while leading to only minor changes in the
predicted equilibrium coverage.

Several microscopic models have been proposed to
mimic hydrogen chemisorption on specific meta#$,but
none of them is universally accepted. In very general terms,
the behavior of adsorbed hydrogen must be between the two
limiting cases of quantum delocalized two-dimensional gas
and covalently bound site-anchored hydride. Simulations are
further complicated by the presence of additional adsorbate
phases depending on temperature, coverage, and which sur-
FIG. 1. Fitting functions used to interpolate the computed binding energie§gce is being considered.

Do on Ir(11. To provide a simple and intuitive description of the sys-
tem, we considered three possible models for adsorbed hy-
drogen.

We now investigate for the case of iridium the effect of  Ideal surface gasin this model we regard the hydrogen
fitting these data to other functions and extending the fit pasks an ideal surface gas. Since the only interatomic interac-
1 ML coverage. We require that all interpolating functions betions are through the coverage dependence of the binding
continuous and differentiable in the region of interest. Forenergy, we expect this approach to be correct only in the low
future reference, we refer to the linear fit of points up to 1coverage and high temperature limit.

ML as the “linear” fit. Of course, we expect this fit to fail for Hard-disk surface gasThis model includes the exclu-

coverages greater than 1 ML. sion part of the intermolecular interactions. This describes

The most stable configuration with four atoms on thesaturation effects and is expected to describe correctly the
Ir(112) 3% 3 R(30°) SUC has three atoms near top posi-Pehavior of most surfaces at high temperature.
tions and one in fcc. The BE to remove the fourth atom is ~ Anchored In this model each hydrogen atom is consid-
computed to bd® .= 56.2 kcal/mol. Assuming that the fourth €red to be anchored to a specific surface site. This should
atom in fcc position has the same zero point energy as an fadescribe the low temperature limit for surfaces having high
atom at 1 ML coverage, we estimate the vally,  barriers for surface diffusion.
=54.4 kcal/mol for 4/3 ML. We can now fit a smooth func-
tion to the values at 1/3, 2/3, 3/3, and 4/3 ML as shown inp_Gas phase treatment

Fig. 1. To assess the effect on the results since there are N
many plausible choices of the fitting function, we selected  1he critical parameters for gas phase hydrogeg) (4te

two rather different forms to determine how the final results1c=32:97 K andP;=12.76 atm. Based on the principle of

are affected by this selection. corresponding states, we expecttd behave essentially like
Tanh We used a four parameter hyperbolic tangent leasn ideal gas for temperatures greater thap(2 66 K) and

squares fit, namely, Do(6)=30.05+29.47 tanh(4.809— UP to 5Pc(~_64 atm). For higher pressures, deviation from

2.7249). We refer to this function as the “tanh” fit. ideal behavior are expected, depending on the temperature.
Hyperbolic We used a hyperbole having as asymptoteézor the scope of this study we will consides lds an ideal

the lines describing the binding energy up to 1 ML, as ob-98S- . B _

tained in the linear fit, and the line connecting the points at "€ canonical partition functio®q for Ny gas phase

3/3 and 4/3 ML. The hyperbole is defined as the set of point§lydrogen molecules is

whose distances from the two asymptotes multiplied together qNg

equal a given constant. When the equations for the two g

asymptotes ar@,6+b; anda,f+b,, the hyperbole takes

the form The molecular partition functiong includes the ZPE in the

reference energy for the gas phase molecule,

60

59 | .

57 F

D,, (kcal/mol)

56

551

54

53 L 1 1 L L 1 1
0.0 0.2 04 0.6 0.8 1.0 1.2 14

0

Qg:N_g!-

a;0+b;+a,0+hb,
2 (2mmykeD* g 8m2lkgT
qg—V h3 1_e7hvlkBT 2h2

wherev is the vibrational frequency,the moment of inertia,
My, the molecular mass[ the temperature, ankly and h
Boltzmann and Plank constants, respectively. The chemical
potential for the gas phase is

Do(0)=

V(a;0+b;—a,0—b,)°+48
2 1

where ,8=a\/(1+a21)(1+a22). In our particular case, the

values used are(in kcal/mo) a;=-1.50, b;=60.17,
a,=—12.90, antb,=71.60. We refer to this function as the
“hyperbolic” fit. By making « small enough we can ap- tg=—RTIn(gg/Ny). 2

D
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For the computation of the partition function we used gn H where H, represents adsorbed atoms. The canonical partition
bond distance of 0.7414 A and a vibrational frequency offunction for N, adsorbed atoms is
4341 cm, N,
QazqieﬂNaE_

N,!
E. Surface treatment a
Since the gas is ideal, we consider constant binding energy:

_ _ E(#)=E. The atomic partition functiorg, contains two
We adopt the following formalism, common to all the translational degrees of freedom,

approaches used to describe the adsorbed atBm4/RT;

(R=gas constant N, is the number of adsorbed aton#sijs _2ampkgT

the surface areg is the surface densityN,/A); q, is the da=A h2 =ATAZ (4)
partition function relative to one adsorbed ato@y is the

partition function relative toN, adsorbed atom§N,] equals ~ The chemical potential in the classical limit is

1. Formalism

the moles of adsorbed atoms per unit afdajs the number JnQ,

of surface metal atomg;Ng] equals the moles of surface Mg'= — ( N =RTIn(pA?)—E. 5)
metal atoms per unit areajs is the symmetric stretching a AT

frequency;q, is {{1—exp(ws/ksT)] Y}, the adsorbed atom Weakly degenerate limifThe grand canonical partition

vibrational partition function;6 is the surface coverage fynction is

{[NZ1/[Ng]=No/Ng}; 8y is the maximum possible value of

0, E(0) is the adsorption energy relative to gas phase H = =H (1+ N~/ (kaT)+BE) (6)

including zero point energye(#)>0 when two adsorbed 2K '

atoms are more stable than one gas phase molecule at 0 K _ Bu .

E(7) refers 10 1 ol of adsorbed atoms(a) 1s (E(n 1T~ e proce s ver l uanur seesnd

+ OdE(0)/d6]; w, is the chemical potential of the adsorbed nil(meersn andn. - oy q

atoms; andA is the thermal De Broglie wavelength for hy- X i

drogen[ (h?/2rmykgT)Y2]. _h?
KT BmuA

(nZ+n?). (7)
2. Quantum correction Once again we consider constant binding enefgy) =E.
We are interested in temperatures between 100 K, typicalhe number of particles is obtained as
of surface science studies, and 800 K, typical of industrial
. ) ; gn= Ne—</(keT)+BE

catalysis, and in all possible values of surface cover@ge —K T( ~a) _ ®
The treatment is complicated by the fact that for an ideal a— "B d X 1+ Ne ck/(kgT)+BE’
Fermi-Dirac two dimensiona{2D) gas at 100 K and near
monolayer coveragésurface density of 0.15 moleculegjA ; . i
the quantum correction to the classical behavime deriva- 2'€a8SA We approximate the sum with an integral over the
tion below) accounts for about 30% of the chemical poten-EN€T9Y by introducing the density of states for a 2D perfect

— 2.
tial. Although this correction drops to 4% at 300 K and 1 ML 9as@(€)=2mmyA/h™

Ma

Notice that Eq.8) is correct only for constari. For large

or at 100 K and 1/3 ML, it must be included in the statistical 27mmuA (= Ne~ €/(ksT)+BE
treatment for quantitative results to be meaningful. N,= 5 f —aaen e g€
The treatment of a general 2D Fermi-Dirac gas requires h 0l+he 8
a number of approximations and numerical summations that
would obscure the physical meaning of the resulting formu- = —2In(1+)\e3E), (9)

las. Hence we chose to adopt the followiad hocapproxi-
mate approach. We assume that the quantum correction for, . _ - '
all the adsorption models considered here is the same as fgvrhICh can be solved fok =exp(Su,) and yields finally
an ideal 2D gas at the same density and temperature. This , =—-E+ RTIn(ePAZ—l). (10
correction is added to the free energy obtained from the clas- ) . ) )
sical partition function. This approximation is consistent with | '€ classical limit Eq(5) is recovered by ezxpandlng the
the binding energies reported in the preceding section, whicfXPonential and considering small valuespdi=:
refer to a classical description of the hydrogen nuclei. This (pA?)?  (pA?)?®
makes it questionable to correct for quantum behavior in the  #a=—E+RTIn| (pA?)+ TR }
binding energies. ' '

In order to proceed, we must compute the statistical free ~—E+RTIn(pA?). (11
energy for an ideal 2D fermion gas in both the weakly de-.l.he quantum correction is thus
generate and the classical limits.

Classical limit We are interested in surface coverage ePA2—1
due to the reaction Quantum correction ,ua—,ug'zRTln rel
p
Ha(g)=2Ha, ) (12)
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3. Ideal surface gas model 100 and 800 K and selected values of pressure. Figl@e 2

Since the barrier for translation parallel to the surface iscontains the prediction using the linear fit from Table IV
generally low, we consider the case of an ideal two-While F|gs. _Zb) and Zq) were obtained with the tanh and
dimensional surface gas. That is, we assume that adsorb&yPerbolic fits, respectively.
hydrogen can diffuse parallel to the surface without a barrier
and that the only interatomic interactions are through ahe
dependency of the binding energy. We include contributionss. Hard-disk gas model
from vibrations normal to the surface explicitly. We expect
this model to fail for high values of, when detailed inter-
atomic interactions become more important.

The canonical partition function is

It is clear that near saturation conditions the surface hy-
drogen cannot be regarded as an ideal 2D gas. Since we are
interested in both the low coverage and high coverage re-
gimes, we must account for nonideal behavior of adsorbed

N
G’ N hydrogen.
Qa=N—a!eﬁ a0, 13 Following the approach of Van der Waals, the first cor-
) ) - o rection we introduce is to assign an area to each adsorbed
where the classical atomic partition functiqg is hydrogen. The treatment then becomes identical to the one in
2 rmukaT 1 Aq the preceding section for the atomic contributions to the par-
Ja=A e =—, (14)  tition function with the only difference being that the area
h2 l_ethS/kBT A2 .
available to each molecule depends on surface coverage. The
Accordingly, the classical chemical potential is atomic partition functiorg, is thus
dInQ (A—DbN,)q
cl_ _ a _ a/Hv
Ma = RT( aNa )AT qa= A2 ’ (20)
—RTIn pA? _E(0)-0 dE(0) whereb is a parameter corresponding to the area occupied by
dy de a surface atom. To estimakewe consider that for a satura-
) tion coveragedy, there must be no space left on the surface
_ RTIn( pA ) —F(0) (15) for further adsorption. This leads o= A/(Ns6,,) and hence
v ' thatbp=6/6), .
Applying the quantum correction from E(L2), we obtain The surface canonical partition function in the classical
’ limit is
e N
= — a
ma=RTIn - F(6). (16 Qa:qLeNaEW)/RT
The equilibrium condition obtained by equating the chemical .
potentials ug=2u,) is from which one obtains the chemical potential in the classi-
N pA?_ 1|2 cal limit
g _(qg)(e - ) o 2BF(0) 17)
9_[1g , 6/6
vVt oa, W= —RTINa L g T )

and, sincep= 6[Ng], Na 1-6/6y

AZ
Ng [dg| (e M-1}" ., 8 =RTIn(p —RTIN(1— 6/ 6y)
VARRY; a © ' S
This result shows that it is not possible to define a sintple + RTM_ F(6). (22)
independentequilibrium constant for the process. Since H 1-6/6y

is ideal, the equilibrium pressure is Applying the quantum correction from E€L2), we obtain

OAZNG] _ 1) 2 the chemical potential
eq_ KeTNg | fGg) [T =1} oprcn) (19 P
Y Y d, ' ePA?_
The predicted surface coverage at any given temperature #a=RTIn v ~RTIn(1=6/6m)
and pressure can be obtained by solving the equilibrium con- /
dition (19). However, this model contains no upper bound to +RT 0/ —F(0). (22)
the surface coverage, so that the predicted valueg arfe 1-06/6y

meaningless when outside the range used to fitvtHepen- T
dence of the binding energy. This shortcoming can easily be
fixed by using a fitting function that describes the sharp de- Ny (dg ePA?_ 1\ 2/ b0~ )
crease in binding energy past monolayer coverage. This is _:<V> q (1_0/0'\/'
illustrated for the case of Ir in Figs(®, 2(b), and Zc) that v
reports the predicted values éffor temperatures between The equilibrium pressure is then

he equilibrium condition q=2u,) yields:

2
) e 2PF(0), (23
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(A) Ideal gas - Linear fit (E) Hard Disk gas - Tanh fit
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FIG. 2. Predicted equilibrium (L11) surface coverag@ as a function of temperature using various fits to our calculated energetics with various models. Each
line corresponds to one of nine selected values of pressuré? lower, leftmost ling, 1072, 107%°, 1078, 1078, 1074, 1072, 1¢°, and 16 atm (upper,
rightmost ling. All levels of approximation yield qualitatively correct coverages except for the ideal gas model using the linear interpolating function.
Independent of the interpolating functions, all models behave like the ideal gas for coverages@p.toVe expect that real systems will exhibit behavior
between the hard-disk model and the anchored model, depending on the specific system and conditions used.
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ePA2—1 2 efl(6y—0)\ 2 TABLE V. Summary of main assumptions and conclusions of the three
ped— kBT<%) ( ) ( ) e 2BF(0) models considered. The valgg =1 is assumed in order to ease the com-
M2 \ qu 1016y parison.P;q= kBT(qg/V)[(ef’Az— 1)/q,]%e 2FF (9,
e?(6m—10) ) Ideal gas Hard-disk gas  Anchored hydrogen
=Py, 24
'd(]_— g/ 0M)2 ( Comments Valid in the high Valid in the high Valid in the low

temperature, low temperature, low temperature, high

where P;4 is the equilibrium pressure for the ideal surface barrier, low coverage barrier limit barrier limit
gas from Eq.(19). In the special cas®, =1, the simpler limit
form is obtained: g g e
Qa 8 oBNGE() 8 GBNE(D) T o BNGE()
. efl(1-0)]2 Nyl Nyl Na! (Ng—N,)!
Phe=Pid T3 } ' @9 q Aq, (A-bNy)q, Aq,
. . o : AZ A2 NoA2
To determinef,, , one obvious choice is to assume that s
hydrogen cannot adsorb past a monolayer coverage leadingq P, o A b1
to Ay = 1. This choice is consistent with the use of a linear * ' (12 “1-02
fitting function for the binding energy. In case the fitting
function has a sharp decrease in binding energy near mono-
layer coverage it is possible to use other valueggf In ) 5
particular, #y, can be estimated as the value for which Ng @ (e”A -1 1 28R () 30
F(6)=0, i.e., the value for which an incoming,Hnolecule \ARYZ d, (1— g/gM)Ze (30
would experience only a repulsive potential. In the case of Ir o
with the tanh fit, for instance, one findk, =1.0533. and the equilibrium pressure
The predicted surface coverage at any given temperature q erh?_1\2 1
and pressure is obtained by solving equilibrium condition Pﬁ,“:kBT—g( ) R
(24). We report numerical solutions for thg14.1) surface in ? v A (1—6/6\)
Figs. 2d), 2(e), and 2f) for selected values of temperature 1
and pressure and with the three choices of fitting function. = (32)

The behavior at low coverages is similar to the one predicted

with the ideal surface gas model.

5. Anchored hydrogen model

S —
“1-016y)

Predictions on Ir for selected values of pressure are reported
in Figs. 2g), 2(h), and Zi).

In order to ease the comparison between the models con-
sidered, we summarize the main assumptions and conclu-
sions for the cas#y,=1 in Table V. From the results re-

We now consider the case in which each adsorbed atomg, 1o in Fig. 2 for the I1111) surface it is apparent that one

is anchored to a specific surface site. We assume there is

o}
available site per surface metal atom and that the adsorbe@l

atom is constrained to a 2D box of arAéN 6y, around the
site. This corresponds to the limiting case when hydroge

st include some sort of saturation to obtain a correct
alitative description of surface coverage. This can be
achieved by including it explicitly in the statistical treatment,

s is the case for the hard disk and the anchored models, or

atoms do not migrate on the surface even at low COver"’lgfﬁrough the fitting function, i.e., by considering binding en-

and high temperature.
The surface partition function is

N

SR AT O TR TR A (20
In this case the atomic partition function is
A 0
b= NSGZUAZ - ansz’ @)
and the chemical potential in the classical limit is
cl pA?
,uazRTIn( : +RTIn(m)—F(0). (28
Applying the quantum correction we obtain
epAz_
,uazRTln( ) +RTIn(m)—F(G), (29

with the equilibrium condition f,=2u,) expressed as

Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject to AIP

ergies that decrease sharply for high coverdgesn the tanh

and hyperbolic fits It is also apparent that the three models
predict essentially the same results for coverages under
~0.2. We expect the behavior of the real system to be be-
tween the hard-disk model and the anchored model, depend-
ing on the specific system considered and the conditions
used. Indeed these two models yield results that are essen-
tially independent of the fitting function for temperatures
above 400 K.

F. Adsorption and desorption

In order to predict adsorption and desorption kinetics
and the time evolution of it is necessary to have a detailed
knowledge of the transition state for the process, but we do
not have this information.

Even so, we can verify that our treatment of equilibrium
is consistent with available experimental data by showing
that plausible assumptions about the kinetics of the process
lead to adsorption profiles and TPD spectra in good agree-
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ment with experiment. To this end, we derive a generic equaing coefficient tends to unity in the limit of high temperature
tion and investigate which assumptions must be satisfied tand low coverage. Therefore we impose the condififd)
match the experimental observables. =1. Based on the experimental values for the sticking coef-
We assume that the number of gas phase molecules hificients, we expecE, to be at most a couple of kcal/mol.
ting the surface per unit time is given by the equilibrium
distribution of velocities, i.e., the presence of the surface
does not perturb the thermal distribution in the gas phas

g . . . . Rates using the ideal surface gas model
From transition state theory, the adsorption rate, in units o g g

Ng/(sarea), is In the case of an ideal surface gas, rate equati
_1 becomes
t SkBT ZmeszT) [H] 12
rg=o——\|——- de 2 kgT
U 2 Tl Pl IR AR
dt [Ng] | 2mmmy Y,
ksT 12 2
=S [H.], (32 OA[Ng] _ 1\ ?

<2me2> ’ X ¥> e2ﬁF(0>]. (36)

whereS is the sticking coefficient. The desorption rate must . .
equal the adsorption rate at equilibrium coverage, hence we Since the ideal surface gas has no volume, the only plau-

must have sible choice for the sticking coefficient consistent with our
T |12 assumptions isS(T,8)=S(T)=eFA'RT. In particular S is
rate,= 5( B ) [Hs]e (33) constant at constant temperature. The predicted adsorption
2mmy, i profile for Ir(111) at 100 K with linear, tanh, and hyperbolic

fit is reported in Figs. &), 3(b), and 3c), where two values

where [HyJeq is the equilibrium gas concentration COIe- o g are reported for the linear fit case. In each case we

SPOQS'”Q to surface ego-ver.agie In our treatment[Haleq  compare a fit to the experimental adsorption profiiet is
=P,/ (ksT), wherePy, is given by Eqs(19), (24), or (31).  parent that the agreement between prediction and experi-
We stress the fact thay] is the theoretical gas phase pres-ment is extremely poor for all ideal gas models, which are
sure required to achieve a given level of surface coverage expected to be accurate only for valuesddending to zero.
under equilibrium conditions. This corresponds to a measurn this regime the comparison between theory and experi-
able hydrogen partial pressuPeonly in the special case that ment leads to an estimate for the sticking coefficient of
no net adsorption or desorption is under way, i.e., when the=0.015. This value corresponds to an activation enégy
rates of adsorption and desorption are equal. =0.83 kcal/mol.

Since every adsorbed molecule results in two adsorbed
atoms, the above rates must be doubled when the units of
N,/(sarea) are used. Considering that[N,]/[Ns], we

. . . ; ) - H. Rates using the hard-disk model
obtain the time evolution of described by the differential using I

equation In the case of hard-disk model, the kinetic equation is
de 2 kBT 2 do 2 kaT 1/2 q
—=8 H,]—[Haled)- 34 — = 5 ~[2
T Sm ( Zmez) {[Ha1~[Holeq @ s (2me2) Hy] ( V)
The explicit form of Eq.(34) depends on the model used to err?_q 2 06— 0)\ 2
describe[ H,]eq and on the sticking coefficiers. X ] ) ( T ) e‘zﬁ'F(")}. (37
v - M

Notice thatS appears in both rate expressions. The de-

sorption rate is expected to dependDand ¢ but not onP.  gince the surface atoms have a well defined area in this
Therefore,S cannot depend of? or on other quantities model, we expect the sticking coefficient for dissociative
which are functions oP, such as the equilibrium coverage. chemisorption to be proportional to the square of the avail-
The sticking coefficient can thus depend only Bné, and  aple area, i.eS(T,0) =eFa/RT(1— 6/ 6yy)?. This functional
metal specific parameters, such as the maximum coveraggrm is acceptable since the desorption rate increaseséwith
Oy - FurthermoreS must be such that the rate of adsorption ang, in particular, it does not vanish fée 6, . Thus we use
does not increase with coverage and the rate of desorptiofe expression

does not decrease with coverage. Hence, the permissible

functional forms ofS depend on the adopted surface model.  dg§ 2eFA/RT[ kT |12 ) dg
We assume that the sticking coefficiefitdepends on the dt [Ny |\ 27m, (1= 0/6m)TH1— iV
temperature via an Arrhenius-like expression, z
pAZ_ 1\ 2
S(T,0)=eFrRTt(g), (35 > e 1) eze/(eMo)ezﬂF(e)]_ (39)
Ay

whereE, is a metal dependent, temperature independent ac-
tivation energy and(6) is a nonincreasing function of theta The corresponding adsorption profile and TPD spectra are
defined between 0 ang}, . We further assume that the stick- reported in Figs. @), 3(e), and 3f) and 4d), 4(e), and 4f).
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(A) Ideal gas - Linear fit (E) Hard Disk gas - Tanh fit
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FIG. 3. Adsorption profiles on (£11) at 100 K computed with various statistical models and fitting functions. The solid line is a fit to experififafta33.

Exposures are in Langmuir (1=£1.315 7% 10" ° atm s). The ideal gas fails to produce the correct behavior because it does not include saturation explicitly
which imposes strong constraints on the form of the sticking coefficient. The best agreement with experiment is given by the hard-disk or anchored mode
using the hyperbolic or linear fits.
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|. Rates using the anchored model K. Surface coverage for other metals

For the anchored hydrogen model, we can use the same We report in this section the predicted equilibrium sur-
sticking coefficient as for the hard-disk model, resulting inface coverages for all nine metals considered based on the

the following kinetic equation: hard-disk statistical model and the linear fit to the energy.
Although this may not be the most appropriate combination

do 2eFART[ keT |12 5 to describe surface science experiments, in the case of high

dt T[Ng] 2mmy, (1= 0/6m)7H:] temperature catalytic processes hydrogen is expected to dif-

fuse relatively fast on the metal surface, suggesting the hard-
q erh?_1\2 asre) disk model as the most appropriate tool among those devel-
Vi Ta e : (39  oped in this document. Furthermore, under catalytic
conditions, it is customary to assume there are available sites
The corresponding adsorption profiles and TPD spectra aren the surface for other species to adsorb and react. It is thus
reported in Figs. @), 3(h), and 3i) and 4g), 4(h), and 4i).  of limited interest to investigate coverages near one mono-
layer. Also, for intermediate coverages the adsorbed hydro-
gen in expected to diffuse between different adsorption sites
without necessarily occupying the most stable and ordered
configuration. This suggests that the linear fit to the binding
Figure 3 shows that the ideal gas model cannot reproenergy may provide an appropriate description.
duce the experimental behavior even qualitatively. In this  We report the estimated coverages for the surfaces stable
model the only possible form of the sticking coefficient is aat room temperature in Fig. 5. The unstable Fe and Co sur-
constant(at constant temperatyrso that the desorption rate faces are reported in Fig. 6.
does not decrease with coverage. In addition, as noted abole
for the equilibrium results, the ideal gas model fails for cov-
erages greater than0.2 ML. Itis instructive to analyze the TPD spectra obtained from
The hard-disk and anchored models both allow moreour simulations with the common tools used to interpret ex-
reasonable forms of the sticking coefficient and they bottperimental TPD spectra, i.e., the generalizations of Redhead
reproduce well the experimental curve. method® based on Polanyi-Wigner equation. Since we
Figure 4 shows that all predicted TPD spectra exhibit &know the exact form oE(6) used to produce the spectra, the
shift of the peaks towards lower temperature for increasingalues extracted from this analysis will provide an estimate
surface coverages. This shift is quite modest for the tanh fiof the error associated with the interpretation of experimental
and much larger for both the linear and hyperbolic fits. Thedata.
experimental shift between 1 and 20 L is approximately of ~ The basic equation of the heating rate variation method
60 K.3* For the same two exposures we compute shifts usingor second-order desorption is
the tanh fit of 33 K(anchored and ideal gas modedsd 43 T2 E £t
K (hard-disk model The linear and hyperbolic fits are indis- In—2 — +In———,
tinguishable in this region and they yield shifts of 78&h- B Riu vRo,
chored and ideal gas modgland 91 K (hard-disk model  whereT), is the peak temperaturg,is the heating rated, is
We predict high coverage, low temperature shoulders in théhe initial surface coverag&? is the activation energy, and
TPD spectra for all three models using the tanh fit and for alis the preexponential factor for the Arrhenius-like kinetic
three coverage dependencies for the hard-disk gas model. Vgjuation describing the desorption process.
expect the shape of this shoulder to depend on the form of Consider, for instance, the behavior of Ir with the hard-
the fitting function used foE(#). The TPD spectra reported disk model and the linear fit, with simulated TPD spectrum
in Fig. 4 refer to initial surface coveragévetween 0.02 and reported in Fig. 4d). In this case, the enthalpy of adsorption
the saturation value for each model at a pressure ofor a gas phase Hmolecule &40 K is given by the linear fit
1.3157% 10 atm. A less marked but still evident shoulder (in kcal/mo)
is predicted in the case of hard-disk surface gas model even
when a linear fit to the binding energy is used. This indicates E(6)=17.1-3.00. (4D
that the shoulder could arise from the behavior of the adThis was obtained from the fit reported in Table IV. Since it
sorbed hydrogen even when no weakly bound species arefers to two surface atoms forming one gas phase molecule,
present. the expression from Table IV was doubled and the bond
These results show that the overall shape of the TP2nergy of H at 0 K, or 103.24 kcal/mol, was subtracted.
spectrum is affected substantially by the surface model andlso, in the simulation we used an activation energy for the
fitting function used. In the case of Ir, where we expect hy-sticking coefficient of 0.8 kcal/mol.
drogen to diffuse extremely easily on the surface, the model We simulated the TPD spectra with heating rates of 1, 2,
that appears to best reproduce the experimental spectra is the10, 20, and 50 K/s. For each value of initial surface cov-
hard-disk model with either the linear or hyperbolic fit to the erage, we obtained the linear least squares fit &/ ver-
binding energy. However, it is possible that different modelssus 1T\, . According to Eq.(40), one can extract the values
or fitting functions might be more appropriate for other for E* andv from the slope and the intercept. The activation
metals. energies obtained for various initial coverages are reported in

J. Discussion of predicted rates

TPD interpretation

(40)
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FIG. 4. TPD spectra on(t11) computed with various models and fitting functions. Starting coverages are in umltsaturation values refer to a loading

pressure of 1.315 2910 ° atm). Heating rate is 20 K/s. The shape of the spectra depends on both the fitting function and the model. Thus comparison of such
results with experiment can provide a criterion for selecting the model and fitting function. All nine cases lead to a single peak that shiftsasitigincre
coverage, but the shift is smaller for the tanh fit. The hard-disk model leads to a low temperature shoulder at high coverage for all fitting fustziolys. Pr

the hard-disk model with a hyperbolic fit best compares with experiment.
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FIG. 5. Predicted equilibrium surface coveragjéor the nine stable surfaces at ambient conditions as a function of temperature using the linear fit with the
hard-disk model. Each line corresponds to one of nine selected values of pressifeid@er, leftmost ling, 1072, 107%, 1078, 10°%, 1074, 1072, 1,
and 16 atm (upper, rightmost ling

Table VI, where we also provide the differences between thenol, which is close to the chemisorption activation energy
activation energf* and both the exact binding enerfy 6) of 0.8 kcal/mol which we assumed for the simulation in
and the corresponding-(6)=E(6)+ 6dE/d6. Thus we Fig. 4(d).

would expectE* at concentratiord to be related tdF(6). For ¢ greater than 0.5 the deviation B*—F(6) in-
Indeed, ford between 0.02 and 0.5 they differ byl kcal/  creases apparently because of deviation from the Polanji—
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Fe-fee Wigner equation, which, in turn, is based on the Arrhenius
form for the kinetics of the desorption process, provide an
estimate to the functiok(6) rather tharE(6). The estimate
thus obtained, however, includes the activation energy for the
adsorption process. Consequently, it provides only an upper
bound to the enthalpy of chemisorption. In order to extract
the BE from this data, it is thus necessary to estimate the
adsorption barrier.

M. Comparison with experiment

. A general overview of experimental results for hydrogen
02 S e e adsorption on group VIII transition metals is given in several
reviews®~> We discuss here only published results relevant
00 o 0 30 400 500 a0 700 800 for discussing and interpreting our computations.
@ T(K) TPD spectra and adsorption profiles for hydrogen were
obtained on F&%3" Ni 3841 Ru 2-44 Rh® pd647 |r 193448
Co-fec and Pt*95OA|l TPD spectra appear to have one peak at low
coverages. The peak shifts towards lower temperatures with
increasing initial exposure. This agrees with essentially all
models in Fig. 4.

A second peak or shoulder appears in the low tempera-
ture region of the spectra for high initial coveragesg.,
above 150 L for Ni(Ref. 39 and above 100-160 L for Ir
(Refs. 19, 34, and 48 Our results for the hard-disk model
(all three fitg and for the tanh fi{all three surface models
lead to a pronounced shoulder in agreement with many of
these results. However, we do not find the low temperature
peak observed for some surfaces, namely, Fe and Ni. This
peak is associated with a phase transition in the adsorbed
_ . S R : hydroger?39510On other surfaces, it is associated with metal

100 200 300 400 500 600 700 800  hydrides near the surfaééWhile the low temperature, high

(b) T (K) coverage phase is not likely to play any significant role in
FIG. 6. Predicted equilibrium surface coverajas a function of tempera- catalytic pr(?cesses, 't_may affect significantly t_he S_qrface SCI-
ture using the linear fit with the hard-disk model. Each line corresponds t€NC€ experiments, raising doubts on the applicability of sur-
one of nine selected values of pressure: %@lower, leftmost ling, 10712 face science conclusions to working catalysts. In some sys-
107%,10°%, 10°°, 10°%, 10°%, 1C°, and 16 atm (upper, rightmost line  tems, the shape of the second peak or shoulder depends
strongly on the conditions used in cleaning the surface and in

. _ _ _ performing the measuremetit.
Wigner expression assumed in the Redhead analysis. There is general agreement that the surface binding en-
We conclude that, at least for this model of TPD which 'Sergy depends on coverage, but there is no universally ac-

based on equilibrium statistical thermodynamics, the COMeepted model to fully interpret the TPD results. Important

monly used interpretation methods based on the Polanjigyanities such as binding energies and desorption barriers

depend somewhat on the assumptions made in order to inter-
pret the spectra. We suggest that the hyperbolic form might
best describe both the theory and experiment.

1.2 T

TABLE VI. Activation energiesE* and preexponential factons obtained
from the interpretation of the TPD spectra in Figdywith a Redhead-like

approach, for various initial surface coveraghs The last two columns The binding site of adsorbed hydrogen has been probed
contain the difference with respect ®(6), from Eq. (41), and F(6) using low-energy electron diffractiofLEED), electron-
=E(6)+ 6(dE/d0). energy-loss spectroscopfEELS), and other similar tech-

P £t B E_E(0) EF(0) nigues. Excgpt for (111 hydrogen appears to prefer three-
(ML) (keallmo) (ML s  (kcallmo)  (kcal/mo) fold cap positions on all closest packed surfaces. For Ir, there

is evidence of adsorption in the top positithindeed this is

8'82 1;'2 g'i ﬁ 8'3 2'8 consistent with our calculations which lead to a top site for Ir
010 175 6.0¢ 10° 0.7 10 (by 1.4 kcal/mo) and to fcc sites for all other metals. Indeed
0.20 16.9 7.3¢ 10° 0.4 1.0 for the 3d and 4 transition metals, the calculated binding to
0.30 16.4 9.8 10"0 02 11 the top sites is too weak to dissociate,Hvhile for all three
0.40 15.8 14< 10 —01 11 5d cases the top site is competitive with fdor Pt and Os it
0.50 15.3 2.1x 10'° -0.3 1.2 ; ;

0.60 151 5 ¢ 101 o2 15 is 0.2 and 2.1 kcal/mol highgr

0.70 155 16¢ 101 05 26 On some metalée.g., Ir and Rhat low surface coverage

hydrogen is considered to be delocalizéd®
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In the low coverage region of the(Irll) TPD spectra ' ' ' T '
our results agrees well with experimeftsor example, an 1
exposure of 1 L yields an experimental peak around 350 K
and corresponds roughly #®=0.1, which in our TPD simu-
lation peaks around 350 K. Also, with the linear and hyper-
bolic fits we predict the spectral peak close to the experimen-
tally observed value of 250 K. We find that a low
temperature shoulder in the spectra can result from saturatiot
effects in the model or from a decreasing binding energy at
high coverages. We stress the fact that the purpose of thi
paper is not to reliably predict TPD spectra. The agreement
obtained between prediction and experiment was achievec S :
by arbitrarily selecting the shape of the binding energy fitting ;00 150 200 250 300 350 400 45 500 350 600
function and the adsorption model. This only shows that the
computed energies are consistent with the observed TPD
spectra. FIG. 7. Simulated TPD spectra for,Hiesorption from Nil11). The hard-

For other metals, other assumptions may be appropri‘-’iSK _thermodynamic_s model is applied with the energy profile 42. Heating
rate is 10 K/s. Each line corresponds to a different initial surface coverage as
ately selected to reproduce the observed TPD spectra. Fgicated in the legend.
instance, the models considered so far are unable to predict a
second peak in the spectra, as observed, depending on ex-
perimental conditions and sample history for Fe and Ni. Aa shoulder cannot be taken as conclusive evidence to estab-
suitable modification of the fitting function may result in the lish the nature of adsorbed hydrogen.
appearance of two peaks in the TPD spectra. (B) The computed binding energies are not in contrast
In the case of Ni, for instance, the experimental spectravith the reported TPD spectra.
have one high temperature peak around 400 K and a low All predicted equilibrium surface coverages in Fig. 2,
temperature peak assigned around 8R6f. 40 or 350 K  except for the ideal gas model with linear fit, are qualita-
We can reproduce these peaks assuming an activation enertjyely acceptable, but the corresponding adsorption profiles
for the adsorption sticking coefficient of 3.0 kcal/mol and and TPD spectra differ significantly. In particular, to describe
using the following functional form for the binding energy: correctly the adsorption profile some form of explicit satura-
tion effect must be included. In fact the ideal gas model
E(6)=60.5-0.60—0.1tanfi10(6— )], (42)  provides a wrong adsorption profile even when strong inter-
atomic interactions are included for high coverages via the

which passes within the error bar of the computed values uBlndmg energy dependence én
to ML coverage. To obtain this curve, we adjusted the BE by
increasing it by 0.1, 1.1, and 1.5 kcal/mol for 1/3, 2/3, andV- CONCLUSIONS
3/3 ML coverages, _respectively. We report the corresponding  \\e use density functional theory to investigate hydrogen
TPD spectrum in Fig. 7 for the hard-disk model. ‘coverage of the most stable surfaces of group VIII transition
Similar procedures can be applied to reproduce the maifetals. In particular, we studied how the binding energy de-
features of all other experimental spectra. Our models do Nq§ends on the specific metal and surface coverage. These DFT
allow for phase changes in the adsorbate, which are widelyegyits agree well with experimental measures with average
believed to be responsible for the presence of multiple peaksyrors of 2.0 kcal/mol in the heat of formation of adsorbed
in TPD spectra of closest packed s_urfaces. Also, our modelgydrogen and 6% in the vibrational frequencies. Thus the
are not designed to describe multilayer and subsurface agy|cylations match published data within experimental accu-
sorption, which may also affect TPD spectra by adding |°Wracy.
temperature peaks and by changing the shape of the high "\we report a simple statistical treatment of the adsorbate
temperature portion of the spectra depending on eXposug yalidate the consistency of our results with available ad-
and history of the sample. To describe such effects it is necsoption profiles and TPD spectra. Explicit estimates of hy-
essary to use more sophisticated treatments tuned t0 thgogen surface coverage at temperatures and pressures typi-
metal of interest. However, consistency of the compute¢a| of catalytic conditions provide two limiting situations:
binding energies interpreted with the hard-disk and anchorefigly temperature with a low diffusion barrier and low tem-
models with the observed adsorption and TPD profiles, sugserature with a high diffusion barrier. These estimates are

gests that plausible assumptions can reconcile the observ%qpected to bracket the real surface coverage.
spectra with our computed binding energies. We conclude as

follows:
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