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Assessing a microcanonical theory of gas-surface reactivity: Applicability
to thermal equilibrium, nonequilibrium, and eigenstate-resolved
dissociation of methane on Ni (100)

A. Bukoski and I. Harrison®
Department of Chemistry, University of Virginia, Charlottesville, Virginia 22904-4319

(Received 8 November 2002; accepted 6 March 2003

A simple, three-parameter microcanonical theory of gas-surface reactivity is shown to predict
experimental dissociative sticking probabilities for methane dissociative chemisorption on the
Ni(100 surface over roughly ten orders of magnitude variation in both pressure and sticking—even
at quantum state resolved levels of detail. Facile energy randomization within the transiently formed
gas-surface collision complexes is postulated to make the pooled energy from 15 local degrees of
freedom statistically available to surmount the barrier to dissociation. The apparent threshold energy
for C—H bond cleavage of CHncident on N{100) is 67 kJ/mol, down from 432 kJ/mol in the gas
phase. ©2003 American Institute of Physic§DOI: 10.1063/1.1570393

I. INTRODUCTION as a clean and abundant energy resource through direct com-
bustion, steam reforming of methane on supported nickel
Activated dissociation of molecules on a metal surface iatalysts is a primary industrial source of both hydrogen and
essential to many catalytic processes and achieving & quagynihesis gas, the latter being a versatile mixture of CO and
titative understanding of dissociative chemisorption is one ofy 14t can be catalytically transformed into many valuable
the most important goals of surface science research direct% emical commodities such as methanol, gasoline, and

toward advancing heterogeneous catalysis. Industrial cat%-. . ;
. : . igher hydrocarbonsCommercial steam reforming catalysts
lytic processes, such as ammonia synthesis or steam reform-

: - . - -consist of 10 nm—-100 nm diam Ni single crystals formed by
ing of methane, that are rate-limited by dissociative chemi-_. )
sorption and run at sufficiently high temperatufesy., 750 h'|gh tempgrature .aggreganon o8, .MgO, or magng-

K at 30 bat] that the surface coverage of adsorbates remaing UM aluminum spinel supports. Accordingly, surface science
vanishingly small should be ideally suited for analysis andStudies of the most stable and closely packed Ni surfaces, the
simulation based on the detailed experimental findings ofNi(111) and Ni100 facets that are predominantly exposed
ultrahigh vacuum surface science. Although this premise ha@n @ working Ni catalyst, are most relevant to steam reform-
largely held true for ammonia syntheéis, has been more ing. The possible role of steps as the “active sites” in steam
difficult to demonstrate for the nickel catalyst surfaces rel-rfeforming has been discounted in intermediate pressure ther-
evant to industrial steam reforming of methane because ohal equilibrium bulb studiésand it is believed that terrace
the diversity of experimental resuftsnd the lack of a com- sites on the low index Ni surfaces are indeed responsible for
prehensive theord.In this paper, we implement a microca- methane dissociative chemisorption under industrial steam
nonical theory of gas-surface reactivity to show, for the firstreforming conditions. Here, we analyze methane dissociative
time, that recent experimental measurements of methane dighemisorption on NIL0OO), the system for which the experi-
sociative sticking probabilities on the (400) surface using mental literature is most extensive and includes supersonic
nonequilibrium molecular bear$ and intermediate pres- molecular beam studies that have independently investigated
sure(approximately mbarthermal equilibrium bulbSare in  the effects of changing the surface temperature, incident

broad accord with one another and can be theoreticallyyethane isotope, translational energy, vibrational and rota-
treated using a unified kinetic model that provides a quantiiyn energies by varying the molecular beam nozzle

tative conngction 0 eIectr_onic strup_ture theory predictions 0Eemperaturé,and methane rovibrational eigenstate by direct
the properties of the reactive transition state. Importantly, OUl cer pumping. The exceptional range of experimental re-
analysis indicates that the apparent threshold energy for )

methane dissociative chemisorption o 20 is 67 kJ/mol .SUItS currently available for. the GHNi(100) systgm makes

in quantitative accord witiab initio quantum chemistry cal- '* t?e most rigorous lprovmglgrounq forlthecl)nes of gas-

culations but 15%—45% smaller than calculations based oRtMac€ react|v!ty involving po yatomic mo ecules. .

the currently popular and widely applied generalized gradi-  Surface science studies of methane dissociative chemi-

ent approximation density functional theory. sorption are performed at sufficiently high surface tempera-
Methane is the principal component of natural gas andures that the follc()v;/mg kinetic sch;ame applies:

has the highest H/C ratio and highest C—H bond strength of FE kr(E

any closed shell hydrocarbon. Beyond methane’s importance CHagq) ¢ tolE) CHap) CHs o)+ Hee n

—— CyT2Hy ) —— Cy
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AB Flux Desorption system energy of an adsorbed molecule and a few immedi-
...... ately adjacent surface atoms suffices to fix microcanonical

_ :OO:\ rate constants for surface kinetic processes such as desorp-

Reservoir =7 Eleloy tion and dissociatio° and (c) energy exchange between

atT Exchange
: i the local adsorbate-surface complexes and the surrounding
"y substrate can be trea}ted via.a Master equatioq to describe the
nes)| 1 AE system/heat reservoir couplityFor the CH/Ni(100) ex-
Aa<q,+an%ma(m-sn>5ﬂ> A8 +BiyS, periments investigated here, the net energy transfer due to
° phonon-mediated energy exchange between the short-lived
s s physisorbed CHEI/Ni(100) surface collision complexes and
T T T | Feeen the surrounding substrate should be negligibleConse-
EiRErESEs . quently, we can employ a microcanonical unimolecular rate
e theory (MURT) in which collisionally formed physisorbed
E. | E, el b Eus complexesPC) undergo only competitive unimolecular de-
cay via desorption or reactidme., the Fig. 1 PC “system”
. 7T can be effectively treated as adiabatically isolated and the
” R(E’,E) can be set to P Unless subject to conservation
b R —— s laws, the PC-MURT assumes that all the local energy of a
Reaction coordinate physisorbed complex formed at enerByis efficiently and

FIG. 1. Schematic depiction of the kinetics and energetics of activated distandomly mixed by the gas-surface collision and microca-

sociative chemisorption. Zero-point energies are implicitly included within nonical equilibrium is maintained over the lifetime of the

e oesroa ot o o L a7 Gomplex, presumably by inramoleculr vibatonal energy

is assa/med to bg randomized by the collri)siorll e;nd gctiv:ely gichafr{geabl%?dlsmbuuon (IYR)' A detailed ar?alySIS and discussion _Of

unless subject to conservation laws. The energies summiigdbove are  (N€S€ assumptions can be found in Ref. 11, Sec. IV D. Rice—

the translational, vibrational, rotational, and adsorption energies of the inciRamsperger—Kassel-Marc(RRKM) theory is used to pro-

dgnt AB molecule, and the surface energy of several surface oscillatorgide unimolecular rate constants for desorptikg(E), and

\éggltlsng at the mean substrate phonon frequency. See the text for f””h‘?’eaction,kR( E). The local cluster of surface atoms contrib-
uting to the physisorbed complex is assumed to be capable of
freely exchanging its vibrational energy within the complex.

Methane incident on the surface from the gas phase will fornThe cluster is simply represented by several surface oscilla-

a transient gas/surface collision complex consisting of a moltors whose numbes, is a free parameter that must be fixed

ecule, in the neighborhood of the physisorption potentiaby theoretical simulation of experimental data.

well minimum, that interacts with a few immediately adja- Applying the Fig. 1 kinetics of Eq.1) to the coverage of

cent surface atoméee Fig. 1 These collisionally formed physisorbed complexes at enerdy in increment dE,

“physisorbed complexes” or “local hot spots” are energetic 6,(E,t)dE, yields

and transient intermediate species that are not in thermal

equilibrium with the surrounding substrate. Physisorbed g (E,t)

complexes formed at some total enefgyi.e., CH,(, in Eq. pd—t:

(1) where surface coordination numbers are suppréssau

go on to desorb or react dissociatively with the surface to

yield chemisorbed fragments. The initial C—H bond cleavagevhere F(E,t) =Fq(t)f(E) is the flux distribution of phys-

of methane is rate limiting and a single carbon atom is left orisorbed complexes formed &, Fo(t) is the net flux of

the surface for every methane dissociated. Initial dissociativé"ethane incident on the surface in monolayers/s,fgfd is

sticking coefficients,S, are derived from the ratio of the the normalized probability distribution for creating a phys-

deposited C coverage, typically measured by Auger electrof$orbed complex aE. Assuming a constant methane flux

Spectroscopy, to the incident fluence of methane mo'ecu'egﬂade incident on an |n|t|a”y clean Surface, application of the

extrapolated backwards to zero accumulation of C on théteady state approximatidie., setting Eq. (2 0; Fo(t)

surface. Unfortunately, methane dissociative sticking coeffi= Fol allows us to define the reactive flux Btas

cients on the Ni surfaces relevant to steam reforming have

proven to be particularly difficult to accurately determine, dé(E)

presumably in part, because the surface temperature must be —gy— = kr(E) 05(E)

limited to Tg<550 K in order to prevent product carbon

from diffusing into the Ni bulk and escaping detectfon. kr(E)

" kr(E)+ Kp(E)

F(E,t) ~{kr(E) +kp(E)} 6p(E,t), 2

F(E)=S(E)F(E), ()

II. MICROCANONICAL UNIMOLECULAR RATE

THEORY whered.(E) is the coverage distribution of the chemisorbed

Figure 1 provides a conceptual illustration of our generalC formed via dissociation & andS(E) is the microcanoni-
model for gas-surface reactivity based on the ideas that: cal sticking coefficient. This leads to the operational defini-
adsorbate chemistry is a local phenomen(n,the active tion of the experimentally realized sticking coefficient,
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of the incident methane, along with the surface energy dis-
tribution for s oscillators vibrating at the mean Ni phonon
frequencyp =3k, Tp/h, of 235 cni t.

de- |
0
4 D -
_ _ _ Once the transition state characteristics have been de-
RRKM expressions for the microcanonical rate constants arined through iterative simulation of varied experimental data
or by electronic structure theory calculations, any experi-

_Wé(E— Ep) WE(E*) mental sticking coefficient can be predicted using &).to

P" hp(E)  hp(E*+Ey)’ average the microcanonical sticking coefficient over the
. . (5) probability for creating a physisorbed complexEt under
_WR(E_ER) _ Wr(E* —Eo) the specific experimental conditions of interest. Note that
R™ hp(E)  hp(E*+Ey’ S(E*) is simply the ratio of the available exit channels

through the reactive transition state to the total number of
exit channels available through either the reactive or desorp-
tive transition states. The statistical premise that all exit
“channels at total enerdy* have equah priori probability of
being accessed returns the same result. Given that at reactive
nergies the physisorbed complex density of states is already
uge [p(E*=E,)>10° states/cm'] and the number of
available exit channels is vasfe.g., WE(E*ZEO)
>1(P states], statistical behavior is anticipated, especially
when IVR rates are hight
Molecular beam studies of methane dissociative chemi-
sorption on N{100) find that the dissociative sticking
coefficient scales with the translational energy directed along
the surface normalE,=E,cog 9. Normal energy scaling
of the dissociative sticking is consistent with conservation
of parallel molecular momentum, presumably due to
negligible corrugation of the interaction potential across
the Ni(100 surface. Discounting parallel molecular transla-
tional energy as a spectator or inactive form of energy
over the course of the reactive gas-surface collisions,
we assume that only normal translation will contribute
® to E; in the above-mentioned ex iofi =
t pressiofig., setE,=E,
where f(E*) is the probability distribution for creating a alone.
physisorbed complex &*. Thef(E*) is formed by convo- In the absence of definitive guidance from electronic
lution over the distribution functions for the flux weighted structure calculations, and in the spirit of developing a sur-
translational energy, vibrational energy, and rotational energjace kinetics theory with a minimum number of adjustable

where W} is the sum of states for transition stateh is
Planck’s constantp is the physisorbed complex density of
states, andt, is the apparent threshold energy for dissocia
tive chemisorption. Substituting into E@G}), and noting that
the zero of thee* energy scale occurs for methane at infinite
separation from the surface and at rest, it is convenient t
write

S= fwaE*)uE*)dE*, ©)
0
where

WE(E* —Eq)
WH(E* —Eq) + WH(E*)

E* E* —E E*—E,—E
f((Eo) f,(Ey) f (Ep)
0 0 0

X f(E* —E,—E, - E,)dE,dE,dE,,

S(E*)=

(7
and

f(E*)

150 T 105 1.0
1 | fs(Es) ] %
125 = 107 los 8
5 ] 1 8
2 % °
s 100 k| 3
E | Si(Ey) - fi(E) 2 100 06 8
e © 1 7]
g s S
.g b * E 10.11 ] =
= S(Ey) S(ET) = 0.4 3
@ 50 = o
& X 1., ¢
-13
25 -\ £ 10 ) 0.2 ‘_.?
2
] |J ] ]
o] A T 2 T T T 10‘15 ™7 U 0.0
0 20 40 60 80 100 0 50 100 150 200
(a) Energy [kJ/mol] (b) Energy [kJ/mol]

FIG. 2. () Energy distributions associated with a molecular beam of, @idident normal to Ni100) under conditions typical for dissociative sticking
experiments{ E,) =50 kJ/mol, T,,= 750 K (nozzle temperatuje Ts=475 K. The rotational, vibrational, and surface distributions are scaled such that their
maximum value is 75 units and the surface energy distribution is inverted for clarity. Ther@hslational energy and the physisorbed complex energy
distributions are normalizedb) Unimolecular time constantk(E*) ~1) for desorption and reaction of the physisorbed compleEgs=67 kJ/mol parameter

se). At reactive energies the time constant for desorptior Bps. The microcanonical sticking coefficie8(E* )= m5(E*)/[ 7p(E*) + 7r(E*)], is plotted

on a linear scale.
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parameters, we assume the transition states for desorptiggad to a CH f,(E,) characterized by a low translational
and dissociation are loose and share as many common mog@émperature,T,, (~25K) superimposed on a common
frequencies with each oth¢and the physisorbed complex stream energy. The beam expansion also cools the rotations
as possible. The transition state for desorption is taken @t viprations are inefficiently cooled, if at all. Following
occur when methane is freely rotating and vibrating in thegigngard practicd,we assume the molecular beam nozzle

gas phase, far from the surface. The dissociation tranSitioﬂemperature sets the vibrational temperature of the beam

state is characterized by the nine vibrational modes of meths, J\oles afT =T. and the rotational temperature s

ane in the gass vibrational modes of the surface oscillators, _ 5 1 + Figul;e Z?i) shows the probability distribution to
AT,.

four vibrational modes at a single lumped frequengyrep- create a physisorbed complexEt, f(E*), along with the

resentative of the three frustrated rotations and vibratior‘lener distributions required to assemb(&*) by convolu-
along the surface normal of methane at the dissociation tra 9y q y

sition state, and one of the triply degenerate antisymmetriqclon [Eq. (8)]. The rotational and vibrational states are treated

C—H stretching vibrationfu s(CH,) =3020 cnt 1] of meth- Semiclassically and quantum mechanically, respectively. The

ane is sacrificed as the reaction coordinate. Although thgeyer—Swinehart .algorithm s .used .to calculate density and
theory does not require specification of the physisorbed Coms_ums_ of states. F|_gure(l® prowdes_ time constants for de-
plex to calculate sticking coefficients, it is possible to esti-SC'Ption and reaction for the physisorbed complexes as well
mate the individual rate constarks(E*) and ke(E*) by 25 the_ microcanonical s'uckmg cpe_fﬁmenS(E*). The
assuming the physisorbed complex lgas (13+ s) modes at S(E*) is an “S”-shaped curve with I|m|t|_ng values of 0 and
the frequencies of the dissociation transition state. In the end.: AveragingS(E*) over thef(E*) experimental conditions
our PC-MURT has only three adjustable paramet&s, Of Fig. 2@ according to Eq(6) yields a predicted experi-
vp, ands that will be fixed here by comparative simulation mental sticking coefficient 05=1.3x10"°. In molecular
to varied experimental data. beam experimentd,(E*) is typically scanned over a range
Figure 2 provides an overview of the energy distribu-of E* where dissociative chemisorption is possible tg):
tions and kinetics relevant to calculating a dissociative stickvarying the mean translational energ¥,), and T, of the
ing coefficient for CH incident on N{100) under conditions molecular beam by seeding in various carrier gases and/or by
typical of molecular beam experiments. Collisions during thechangingT,,, (b) varying T, to exert control ovel, andT,,
supersonic expansion through the molecular beam nozzler (c) varying T. In the simpler thermal equilibrium bulb
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experiments, a thermal gas impinges on the surface from all 10"

possible angles simultaneously and all temperatures are th 4 CH,:J=2,v,=1Eigenstate

T,=400 K
same. w02l &0

—
——
—
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beam study of methane dissociative chemisorption on
Ni(100) was reported by Chorkendorff and co-work&rs.
The key experimental data are reproduced in Fig. 3 and show
how the dissociative sticking coefficient varies as a function
of isotope, mean normal translational enet@y), T,, and

104

105 4

Initial Sticking Coefficient

T, over a wide range of experimental conditions. In these 1% | —— E,=67 kJ/mol
experiments, as pointed out in Fig. 11 of Ref. 3, the tempera- PC-MURTY ___ ¢ - 53 KJimol
ture of the methane gas did not fully equilibrate to the tem- 107 °

perature of the heated tip of the molecular beam nozzle prior 2 30 0 50 60 70

to expansiori.e., Tg<<T,; with lags up to~100 K). Using
Chorkendorff's detailed characterization of the terminal Normal Translational Energy [kJ/mol]
translational temperature of pure He beams as a function qiflG. 4. Dissociative sticking for a CHnolecular beam incident on {00

experimentally measure@, in his apparatus and his equa- 4 T,=475K. Experimentally derived datéRef. 6 are for a molecular
tions relating pre-expansion gas temperaturg, to post-  beam withT,=400K, and for a hypothetical beam of molecules prepared
expansion mean translational energy in seeded béa}m&7 in a singleJ=2, v;=1 rovibrational eigenstate by infrared laser excitation
have calculatedry's for the seeded molecular beams and? @ Photon energy div=34.3485 ki/mol.
report these values as correcfBgs in Fig. 3.

The PC-MURT parameters were optimized by simula- . . - .
tion of the Chorkendorf{Figs. 38—3(c)] experiments for sociative sticking co'eff|C|ent. as a funct|.on OE,). From
methane beams seeded in He aldine, at 3%, 10%, 25% these elegant experiments it was possible to calculate the

and 50% methanebecause only pure He beams have beer?tiCkmg coefficie_nt for_ a hypot_heti(_:al bea_lm of Ghiol-
fully characterized in Chorkendorff's apparatus and it WaseCUIe$ prepared in a single rowbr_atlonal eigenstate. The_ Utz
important to be confident of the accuracy of the corredigd experlmgnta_l resul_ts_ are S“”f‘”?a“zed as the points of Fig. 4
values. Using these 39 experimental data points, &g ( along with lines giving predlcuons of thg PC-MURT. Our
vp, ) PC-MURT parameter space was searched to find heory was used to predict the Utz experiments based on the
global minimum in the average relative discrepa&rD) ig. 3 derived parameter set above,€ 67 kd/mol) and
between theoretical simulations of the sticking and the ex235€d on another parameter sek, 53 ky/mol, vp
perimental data. Achieving an ARD of 27%, the best fit pa-:260 cm -, ands=2) that best fit the Ut? data undgr the
rameters wereEy=67 kJ/mol, vp=100 cm %, and s=2. constraint tha‘§= 2., a val.ue that could be firmly e§tabllshed
The resulting theoretical predictions for all the Chorkendorﬁbased on earlier simulations of t81/T;) data of Fig. &).
experiments are shown as the lines of Fig. 3.

Data not involved in optimizing the PC-MURT param- 10%
eters include the Fig.(B) data a{ E,,) greater than 80 kJ/mol ®  Experiment at 3.0 mbar
involving CH, seeded in Bl beams, and the data of Figs. ] Eg = 67 kd/mol
3(b) and 3c) at (E,,) less than 30 kJ/mol involving 100% —— Ep=57kJ/mol
CH, beams. The Fig. (@) data reported experimentally were
derived from vertical cuts of the Fig.(l3 data by drawing
empirical smooth curves through the measusathta at con-
stant T, values and interpolating/extrapolating along these
curves to estimate a8(1/T,) at specific values ofE,,). In
Fig. 3(d) the experimentally interpolated points are marked
as closed circles and the extrapolated points are the open
circles. The largest discrepancies between theoretical predic-
tions and experiment occur for the extrapolated sticking data
of Fig. 3(d) and two of the three higtE,) H, seeded beams
of Fig. 3(b). Overall, the agreement between the theoretical ]
predictions of the PC-MURT and experiment is unprec- 100 e
edently good. 18 20 22 2

In an important experimental advance, Utz and
co-worker§ employed an infrared laser to selectively excite 1000/7

thevs antisymm?tric' C._H stret(?hing vibration of GHh & FIG. 5. Arrhenius plot ofS vs 1G/T for CH, on Ni(100) under thermal
molecular beam impinging on Ni00) and measured the dis- equilibrium conditions. Experimental data are from Niels¢ral. (Ref. 7).

} PC - MURT
10 3

107 _ \

10¢ E

Initial Sticking Coefficient

-3
109 5 E, = 59 kJ/mol

4 26 28
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120 evade detection by diffusing into the nickel bdlk.Both
1 N e these difficulties tend to reduce the experimentally calculated
100 E:=67 kd/mol sticking and become more pronounced at higher temperature

so that artificially low thermal activation energids,, are
extracted. Figure 6 shows that measured activation energies
have monotonically increased as experimental refinements
have been implemented over time. Embedded within the
timeline of this trend, the most recent(li00 sticking data

of Fig. 5 might be subject to further upwards revision and

Activation Energy [kJ/mol]
(0]
(=]
L

] Ni(100) 2 i’;plzmo this would tend to bring experiment into closer agreement
40 A DET with the Eq=67 kd/mol predictions of the PC-MURT. Our
- predicted E, for Ni(100 is very reasonable because it
20 4 B Expt matches the current experimental estifidte Ni(111) of
Ni(111) { 0O Ab Initio 7410 kJ/mol andab initio electronic structure calculations
] 8 DFT predict thatE , for the close packed Kil11) surfacé? should

0 e

T " be only 4+ 4 kJ/mol higher than for the more open(M00)
1985 1990 1995 2000 2005

surface®

Publication Year Fractional energy uptake$;, defined as the fraction of

o ) o ) ) the mean energy of the physisorbed complexes undergoing

FIG. 6. Activation energies for CHdissociative chemisorptiork,, de- o5 1tign that derives from thigh degrees of freedom of the
rived experimentallfRefs. 16, 17, 7, Band apparent threshold energigs, . . . .
(=E, at 0 K), derived fromab initio (Refs. 18, 13, and 12or density ~ 'eactantse.g., molecular translation, rotation, vibration, and
functional theory(Refs. 19, 20, 14, 15, and Rélectronic structure calcula- surface can be calculated for thermal equilibrium and
tions are compared to the predictions of the PC-MURT. nonequilibrium  dissociative chemisorption using the
PC-MURT For thermal dissociative chemisorption of ¢H
on Ni(100 at 500 K, the mean energy of the reacting com-

The statistical PC-MURT model predicts the Utz data QUitepIexes is(E* (T))=0.97 eV and the fractional energy up-

well, particularly for theEy=53 kJ/mol parameter set. How- ) oq are predicted to Hg=14%, f,=20%, f,=40%, and
ever, we discount the global validity of t,=53 kJ/mol ¢ _ 5604 ysing theEy=67 k/mol parameter set. For this
parameter set because it very poorlydrder of magnitude g jijiprium scenario relevant to catalysis, the incident gas
wors@ predicts the Chorkendorff molecular beam sticking of . )10 jes supply the preponderance of energy used to sur-
Fig. 3 and the thermal equilibrium sticking of Fig. 5. Unfor- o v the barrier to chemisorptiofy= f,+ f,,+ f, = 74%,

tunately, the ARD for theko, vp, s=2) PC-MURT param-  , ;+ the syrface contribution t=26% remains substantial.
eter space based on a limited range of experimental data

(_e.g., the Utz experiments glo)ng/pically exhibits a rela- V. COMPARISON WITH ELECTRONIC STRUCTURE

tively shallow valley around its minimum. Consequently, thetyeory

Eo=67 kd/mol parameter set, based on the more varied and

extensive data of Fig. 3 and derived from a more steeply ~ Figure 6 reviews how experimentally determined activa-
defined minimum in ARD, is more reliably determined andtion energies and theoretically predicted apparent threshold
is uniquely able to “adequately” predict all the data of energies for Cli dissociative chemisorption on {400) and

Figs. 3-5. Ni(111) surfaces have evolved over time. Siegbahn and
co-worker$® calculated Eq=67+4 kJ/mol for CH, on
IV. CHEMISORPTION AT THERMAL EQUILIBRIUM Ni(100) usingab initio quantum chemistry methods, in quan-

titative agreement with our PC-MURT finding based on

At roughly ten orders of magnitude higher pressure tharanalysis of the varied experimental data above. We assume
the molecular beam experiments, dissociative sticking coefthis consensus value &y= 67 kJ/mol for CH dissociation
ficients for CH, on Ni(100) under thermal equilibrium con- on Ni(100) is correct(cf. 432 kJ/mol to cleave a C—H bond
ditions have been measured in thermal bulb studies mosif gas-phase methanéhe generalized gradient approxima-
recently by Nielseret al.” Figure 5 compares the equilibrium tion density functional theorfGGA-DFT) prediction for
sticking coefficients to the predictions of the PC-MURT. Al- Ni(100) is 54% larger aE,= 103 kJ/mol** Similarly, GGA-
though a specifically optimized PC-MURT parameter setDFT calculations ofE, for Ni(111) are 119%° to 65%*
(Eo=57 kd/mol,vp=375 cm !, ands=2) can describe the larger than the 71 kJ/mol value of the most sophisticaied
limited thermal equilibrium data very well, theE, initio calculation®? It is worth pointing out that accurate de-
=67 kJ/mol parameter set is far better at simultaneously pretermination ofE, is crucial in surface kinetics because dis-
dicting all the data of Figs. 3—5. The Fig. 5 relative deviationsociative sticking depends exponentially on this parameter.
between theEy=67 kd/mol PC-MURT predictions and ex- For example, the GGA-DFT value &, for CH, on Ni(100
periment increases monotonically from 46% to 385% as thevould underestimate the thermal sticking coefficient at 500
temperature is increased. This increasing deviation with temK by four orders of magnitude. Our analysis here suggests
perature may be caused by known experimental difficultieshat threshold energies for catalytic reactions on metals are
associated with fully equilibrating the methane gas temperacalculated more accurately usiag initio theory rather than
ture to that of the surface or having some product carboiGGA-DFT.
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