J. Phys. Chem. B005,109,10371-10380 10371

Dissociative Chemisorption and Energy Transfer for Methane on Ir(111)
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A 3-parameter local hot spot model of gasurface reactivity is employed to analyze and predict dissociative
sticking coefficients for Chlincident on Ir(111) under varied nonequilibrium and equilibrium conditions.
One Ir surface oscillator and the molecular vibrations, rotations, and translational energy directed along the
surface normal are treated as active degrees of freedom in the 14 dimensional microcanonical kinetics. The
threshold energy for CHdissociative chemisorption on Ir(111) derived from modeling molecular beam
experiments i€, = 39 kJ/mol. Over more than 4 orders of magnitude of variation in sticking, the average
relative discrepancy between the beam and theoretically derived sticking coefficients is 88%. The experimentally
observed enhancement in dissociative sticking as beam translational energies decreaselbetdimol is
consistent with a parallel dynamical trapping/energy transfer channel that likely fails to completely thermalize
the molecules to the surface temperature. This trapping-mediated sticking, indicative of specific energy transfer
pathways from the surface under nonequilibrium conditions, should be a minor contributor to the overall
dissociative sticking at thermal equilibrium. Surprisingly, the Gli$sociative sticking coefficient predicted

for Ir(111) surfaces at thermal equilibrium, based on the molecular beam experiments, is roughly 4 orders of
magnitude higher than recent measurements on supported nanoscale Ir catalysts at 1 bar pressure, which
suggests that substantial improvements in catalyst turnover rates may be possible.

|. Introduction observed in “bulb” experiments wheflg was varied andyg =

300 K was held fixed. Jachimowski et al. also report a thermal
activation energy ok, = 72 kJ/mol, while recent experiments
Iperformed by Wei and Iglesid on supported Ir nanocrystallite
catalysts indicate a thermal activation energyEaf= 81 kJ/
mol. Density functional theory (DFT) calculations by Henkel-
man and JossoA! and Au et al? gave reaction threshold energy
Eo (=Ea at 0 K) values of 15t 10 and 76 kJ/mol, respectively.

Achieving a comprehensive understanding of the activated
dissociative chemisorption of methane on catalytic metal
surfaces has been a long-standing scientific and technologica
aspiration because of the reaction’s central role in the industrial
reforming of natural gas, the process principally responsible for
the commercial supply of Hand synthesis gas (a mixture of

H, and CO)! Under high-pressure industrial conditions, the sole Th id f S ; d by both
kinetically relevant step in the catalytic dry or steam reforming e wide range of activation energies, suggested by bot
experiment and theory, makes it difficult to make credible

of methane is the initial €H bond cleavage, and the catalyst kinetic predictions, because any error in an activation ener
turnover frequency is found to depend only on the methane . P ’ y 9y

partial pressuré:” Although supported nickel nanocrystallites is_exponentially amp!'f'ed' A further compllcgthn is that
are the primary catalyst used in industrial reforming, iridium reported preexponent]al factors for thermal sticking vary by
displays higher activity. Molecular beam studies of methane many qrders of ma.1gn|tude.

dissociative chemisorption on single-crystal metal surfacage In this manuscript, we apply a (ecently dgvelop_ed three-
typically been interpreted in terms of a “direct’” mechanism in parameter physisorbed complex - mlcrocanonllcal gnlm(l)le.cular
which the reactive energy barrier is surmounted promptly during ate theory (PC-MURT} to analyze and predict dissociative
the initial gas-surface collision, but for some Ir and Pt surfaces Sticking coefficients for the dissociative chemisorption of CH

a parallel “thermal trapping” mechanism has been invoked to 0N Ir(111). The PC-MURT provides a statistical description of
account for the initial decrease in the methane dissociative the surface reaction dynamics, recovers canonical transition-
sticking coefficient,S, as the normal translational energs, state theory and Arrhenius sticking coefficients for thermal
is increased from 0 to~10 kJ/mol® For CH, dissociative systems, and provides a baseline against which nonstatistical
chemisorption on Ir(111), a key experimental observation is an Pehaviot*** can be identified when it occurs. The ability of

unusual V-shaped curve for Id§versusE, with a minimum the PC-MURT to simulate both thermal equilibrium and
near 10 kJ/mol. nonequilibrium experiments in a unified manner provides

The literature provides no consensus value for the activation OPPOrtunities to define transition-state characteristics on the basis

energy for methane dissociative chemisorption on Ir(111), but ©f input from a wide variety of experiments and to directly

rather, it suggests a range from 15 to 81 kJ/mol. Seets%t al. compare the results derived from dissimilar experiments. In
and Jachimowski et &P report “effective activation energies” ~earlier work, the PC-MURT was successfully employed to
of “E;” = 27 + 4 kJ/mol and E;” = 53 kJ/mol, respectively, quantitatively predict experimental dissociative sticking coef-

obtained from Arrhenius fits to the nonequilibrium sticking ficients (accurate to ca. 50%) for methane on Pt(¥1ahd
Ni(100),16-18 and for silane on Si(100¥,over a broad range of

*Phone: (434) 924-3639. Fax: (434) 924-3966. Electronic mail: €XPeriments spanning some ten orders of magnitude variation
harrison@Vvirginia.edu. in sticking and pressure. Here, the PC-MURT applied to the
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CH4/Ir(111) system is employed to (i) derive a 39 kJ/mol characterized for methane at reactive surface temperatures. As
threshold energy for dissociative chemisorption that may serve the incident molecular translational energy is increased, it should
as a benchmark for electronic structure theory calculations, (i) become increasingly difficult to trap and thermalize molecules
compare disparate ultrahigh-vacuum surface science and high-within the physisorption well, and sd,andS should decrease
pressure catalysis experiments, (iii) predict from what molecular with increasing translational energy. Another signature of
and surface degrees of freedom the energy required to overcomehermal-trapping-mediated sticking is a decrease in the sticking
the activation barrier for dissociation is drawn, and (iv) explore as the surface temperature is increased for typical chemisorption
the nature of the thermal trapping sticking mechanism observedsystems wittEar < Eqap. Unusually, Seets et 8lobserved that
at low E. at low translational energies of methane incident on Ir(111) the
The PC-MURT presumes the gasurface chemistry is alocal  sticking increases as the surface temperature increases in accord
phenomenon in which an incident molecule interacts with only with eq 1 and activated chemisorption wifas > Eap. Classical
a few surface oscillators to form a transient “local hot spot” or molecular dynamics simulatiotfsfor methane trapping on
“physisorbed complex” (PC) whose ultrafast lifetime at the |r(111) predict that the trapping coefficient is greater than 0.1
reactive energies of interesty(~ 2 ps) serves to limit energy  for normal translational energi& < 10 kJ/mol and essentially
exchange with the surrounding bufk!® In an ensemble-  independent of surface temperature over the range 380TK
averaged sense, energy within the PCs is assumed to be< 1000 K. Jachimowski et &P argue that the trapping
microcanonically and adiabatically randomized by the initial probability on Ir(111) can be taken gsv 1 at these low incident
collisions?° rapid intramolecular vibrational energy redistribu-  translational energies. However, it is far from clear how trapped
tion (IVR),** or both!318PCs formed at a particular energy methane at the Ir(111) surface can thermalize and maintain a
are subject to competitive dissociation and desorption with canonical thermal distribution during the eq 1 kinetics at energies
Rice-RamspergerKasset-Marcus (RRKM) rate constants, appropriate to reaction (i.€5 > Ear), because the much lower
ki(E*). Thus, the PC-MURT amounts to a “microcanonical” desorption energy (n.bEar — Eap &~ Eo = 39 kJ/mol) should
trapping mechanism in which the local energy of a PC becomesiead to rapid desorptive loss of high-energy molecules.
microcanonically randomized (b_u_t not thermallzeq to the_surface After the experimental report that:Missociative chemisorp-
temperafure) and the competition between dissociation andyjqn 4t 500 K is 9 orders of magnitude more probable at the
deso_rpt_|0n defines the dlss_ouanve sticking coefficient. A more steps of Ru(0001) as compared to the terr&ééshas been
sophisticated master equation (ME)'MURT has been dev_e'(?pedtempting to conclude that surface science studies are typically
to allow for th? pOSS'b"'FV of thermalization of th? .PCS within dominated by reactivity at steps, and in turn, such steps must
the physsqrptlon potential yvell through weak collisional energy dominate the reactivity of commercial catalysts. However, such
coupling with the surrounding bulk.To date, PC/bulk energy " yeneralization would be premature to extend to methane

_transfer has been estimated as being sufﬁmen_tl_y .SIOW to be dissociative chemisorption on the basis of current experimental
ignorable. However, for the far from thermal equilibrium &H o400 24 Ngrskos has recently proposed some universality
Ilr(()%%)l& mo(lj%cuiarl giﬁ;n err:ﬁrlrgg nts .oft.Seet? it al. Wﬁ# rules for choosing prospective catalysts, in part, on the basis of
¢ fan_ n (—j d mo_a € 'Ssoc't‘? lve Z'IC |tng .e; ancfe- the idea that step sites will dominate dissociative chemistry at
gqneenr a tryr?srf?arl;f:m %zv'suerfsasczggjli ';’: ;Eelgaése\i”een:r?eror surfaces, unless the steps are poisoned in some way. The same
transgf()e/r toward thermalization of the PCsTi (ie., Y rules predict that the steps will be rapidly poisoned because of
A quite differentdvnamicatthermal trappin .mechanism has the stronger, and possibly irreversible, binding of the dissociation
q v . al trapping 1 . products at the steps. Recent generalized gradient approximation
frequently been applied to dissociative chemisorption systemsOlensity functional theory (GGA-DFT) calculations predict that
involving a physisorbed precursor state where the activation - I~ - ;
. - . . . the threshold energy for CHlissociative chemisorption should
energy for dissociative chgmlsorptloEaR, I'?S bglow the ., fall 30 kd/mol at the step sites of Pd(111) and Rh(#£1).
activation energy for desorption from the physisorption potential molecular beam study of Gitissociative chemisorption on

well, Eap.2t In this thermal trapping mechanism, molecules are : o . . ;
first trapped into the physisorption well, somehow thermalized Et(553) claims a similar-20 l)/mol redugtlon of the dissocia-
tion threshold energy at the steps of this surface composed of

to the surface temperature in an unspecified manner, and then

subject to competitive thermal dissociation reaction and de- 'E;;éze':iigﬁgﬁzil 2%9"51“0% jﬁﬁ;gﬁegrtgniﬁs feean;fr:grl))llrécal
sorption with Arrhenius rate constantg(Ts) = A exp(—Ea/ ySIS: 9 ports,

. o s - ; to question whether the trapping-mediated sticking observed on
ko To). The dissociative sticking coefficient for thermal trapping CH/Ir(111) at lowE, derives not from energy transfer during

's given by the lifetime of the trapped molecule on the surface, but rather
ke(T2) from migration to a step or defect site on the surface where the
SE, 9, T)=¢(E 0; T) threshold energy for dissociation is markedly lower than on the

ke(To) + kp(Ty) terrace. Seets et al. determined [CHissociative sticking

coefficients on Ir(111) on the basis of measurement of the beam
s=¢l1+ E -t —e1+ @ exd — Eap — BR[| 1) fluence required to deposit at least 0.03 monolayer (ML) of C
ks Ag K, Ts on the surface through GHilissociation. Given that the defect
level of the Ir(111) crystal was 0.005 ML, it is expected that
in which the trapping coefficient(E, ; To), may depend on ~ any extraordinarily active defect sites would bind C particularly
the energy and quantum states of the incident molecule, its angleStrongly and would be rapidly poisoned such that the influence
of incidence, and the surface temperature, and the secondof defects on the calculated sticking coefficients would be
bracketed term is an explicit function of the surface temperature negligible. On this premise, we take the Seets et al. sticking
alone. At a minimum, the thermal trapping mechanism employs coefficient measurements to be representative of sticking on the
three parameter§(, Ao/Ar, Eap — Eag}, with all the dynamical ~ Ir(111) terraces alone.
information residing in{ which may have a complicated Dynamical steering of the incident molecules by the reactive
functionality??2 Unfortunately ¢ has never been experimentally potential energy surface (PES) toward the minimum energy
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CH,4 Dasorsts go on to desorb or react dissociatively with the surface to yield
ption . .
Ny / chemisorbed fragments with RRKM rate constag#E*) and

kr(E*). The steady-state approximation applied to thesgH

System CH4 —> Reaction

coverage of eq 2 yields the dissociative sticking coefficient

OO
el S Eqen -
I'I\?lllleéeln.roir atT, Exchg!:;ge S= fo SE*) f(E*) dE* 3
PC where
i i e 7S qey - NE) _ WE B
Ke(E®) +Ko(EY)  WE(E* — Eg) + WE(E)
o DA CHyee) + Hio 4)

is the microcanonical sticking coefficieer is the sum of
El E*| |E Er=Eg+Ey states for transition staieEy is the apparent threshold energy
for dissociation, and

E_N () =[5 1E) f; TRE) S T HE)
LA NV f(E* — E,— E, — E) dE, dE, dE, (5)

is the flux distribution for creating a PC &t = E; + E, + E;

. . L - . + Es. The f(E*) is formed by convolution over the various
Figure 1. Schematic depiction of the kinetics and energetics of . . R
activated dissociative chemisorption. Zero-point energies are implicitly 'n,c'd_em. CH energy d'St”bl.Jtlon.S and the surface energy
included within the potential energy curve along the reaction coordinate. distribution for s oscillators vibrating at the mean Ir phonon
The energies summing Bare the translational, vibrational, rotational, ~ frequency,vs = (}/s)kofpenydh, of 215 cnrl. Experimental
and adsorption energies of the incidentCtd the surface energy of  sticking coefficients are simply predicted via eq 3 by averaging
s surface oscillators vibrating at the mean phonon frequency of the the microcanonical sticking coefficient over the PC flux
substrate. distribution for the specific experimental conditions.

Noting that the experimental dissociative stickisgales with

the normal translational energy along, = E; cog ¥, we
discount parallel molecular translational energy as a spectator
or inactive form of energy over the course of the reactive-gas
surface collisions and assume that oBjywill contribute toE;
in the expressions above (i.e., $8t= E, alone). Following
common practice, we further assume that in molecular beam

Energy

Reaction Coordinate

pathway to products is an effect that might increase the
dissociative sticking as the normal translational energy is
reduced and relatively more time is spent traversing the region
of strong force$8 Steering does not produce a V-shaped $og
versusk, curve for the activated dissociation of bin Cu(1113°

or Cu(100)%° but steering is claimed to produce this behavior

in the nonactivated dissociative chemisorption of bBin ; ot
. X - ! ) experiments the nozzle temperatufg,sets the vibrational and
Pd(100)%831 Given that the dissociative chemisorption of £CH rotgtional temperatures of tﬁe beam molecule3,as T, and
on Ir(111) is strongly activated and the anisotropy of the reactive T, = 0.1 T,, respectively.
(F;ES for dIISSOCIa_tIOH (]2]]: C‘HS?OUIdh be Iesilt?an that for.H The desorption transition state is taken to occur when CH
ynamical steering effects for the GH(111) system are is freely rotating and vibrating in the gas phase, far from the

presumed to be negligible. surface. The dissociation transition state is characterized by the

nine vibrational modes of CHn the gass vibrational modes

of the Ir surface oscillators, four vibrational modes at a single
ILA. Physisorbed Complex— Microcanonical Unimolecu- lumped frequencyvp representative of the three frustrated

lar Rate Theory (PC-MURT). The PC-MURT assumes the rotations and the vibration along the surface normal of methane

methane dissociative chemisorption kinetics can be microca-at the dissociation transition state, and one of the triply

Il. Theoretical Methods

nonically described &% degenerate antisymmetric-&1 stretching vibrationsig = 3020
cm™ 1) of CH, is sacrificed as the reaction coordinate. The

F(EY K=(E) resulting PC-MURT has only three adjustable parame{és,
CHy) ko(E*) CHyp) CHy)+ Hg @ vp, S}, that can be fixed by comparative simulation to varied

experimental data. Dissociative sticking coefficients for a
where theE* zero of energy occurs with methane at infinite particular set of experiments are simulated using different
separation from the surface when all species aré K (see parameter sets, and the optimal parameter set is considered to
Figure 1). Methane incident on the surface from the gas phasebe the one that minimizes the average relative discrepancy
is assumed to form a transient gas/surface collision complex (ARD)
consisting of a molecule in the neighborhood of the physisorp-
tion potential well minimum that interacts with a few im- ARD = |Stheory ~ Sexp (6)
mediately adjacent surface atoms. Energy within these colli- iN (Sheory Sexpd
sionally formed physisorbed complexes (PCs) or local hot spots
is assumed to become microcanonically randomized in a between the PC-MURT predictions and the experimental
collision ensemble averaged sense. Diffusion of energy away sticking. For the CHIr(111) system, PC-MURT predictions
from the PCs and into the Ir(111) bulk is limited by the ultrafast from parameter sets spanning 10 kJ/moE, < 100 kJ/mol,
time scale for desorption at reactive energies and is ignored50 cnt! < vp < 250 cnt?, and 1< s < 5 were compared to
within the PC-MURT. PCs formed at some total enekgycan selected Seets et @imolecular beam experiments to find the
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Figure 2. Initial dissociative sticking coefficients for Cton Ir(111) as a function of (a) normal translational energy and (b) surface temperature.
Sticking derived from the molecular beam experiments of Seets’¢tlmised symbols) are compared to PC-MURT predictions (open symbols and

lines) based on paramete, = 39 kJ/mol,vp = 185 cm™ %, s = 1}.

optimal parameter set §f£o = 39 kJ/mol,yp = 185 cnT?, s=

1}. This parameter set was used in all further PC-MURT and

ME-MURT calculations reported throughout this manuscript.
11.B. Master Equation — Microcanonical Unimolecular

Rate Theory (ME-MURT). A master equation (ME) that

allows for energy exchange between the PCs formed and the

surrounding surface can be written'a®

do,(E, 1)
dt
j(‘)m[R(E, E) 6,(E, 1) dE — R(E', E) 6,(E, t) dE] dE' (7)

dE = F(E, t) dE — [Kg(E) + kp(E)]O,(E, t) dE +

wheredp(E, t) is the coverage distribution of the PCs at energy
E, F(E, t) is the external flux distribution that forms PCs at
energyk, ki(E) are RRKM rate constants, pseudo-first-order rate
constants of the fornR(E, E') govern vibrational energy
exchange with the substrate that transfers PCs at erigrtgy
energyE, and the zero of thE energy scale is at the bottom of
the physisorption well such th& = E* + E,q (see Figure 1).
Typically, in gas-phase energy exchange involving bimolecular
collisions, R(E, E') is written as the product of an inelastic
collision frequencyw, and a collision step size distribution,
P(E, E'), so thatR(E, E') = w*P(E, E').3% On the surface,
vibrational energy exchange will be mediated by phonons and
the maximum value of is likely to be about three times the
mean Ir phonon frequency{= 6.45 x 1012 Hz; 215 cn1?),
because phonons can bathe the PCs from three independe
directions. Once the downward energy transferR(E, E') is
prescribed, the upward energy transfer is fixed by detailed

balance. In this manuscript, a downward energy transfer of about

10% of the surface ergodic collision theéty*3>(SECT)P(E,

E') predictions is applied to define reasonable parameters for a

Lenzer et aP® generalized exponential down modelR{E, E').
These SECT and Lenzer label®(E, E')s define energy
exchange via ergodic mixing and a more realistic semi-
empirically derived estimate, respectively. With g, E') =
w+P(E, E') form of the energy exchange, eq 7 can be written as

d6,(E, )

= FE D — () + ko(E) + 0] E, ) +

o [ P(E, E) 0,(E, 1) dE' (8)

and solved numerically using matrix methd@8?When a time-

independent flux of gas is made incident on the surface
according toF(E, t) = Fo f(E), the steady-state approximation
applied to thedy(E, t) coverage distribution of eq 8 yields the
sticking coefficient

B 1 db,

= F & = Jo k(B OB o (©)

whereg, is the chemisorbed coverage of either of the dissocia-

tion fragments of the eq 2 kinetics. A formal solution for the

steady-state PC distribution of eq 8 is

Fof(E) + o [P(E, E) 63E) dE
Ke(E) + kp(E) + @

OpE) = (10)

which illustrates thaﬂff(E) is governed by the external flux
and energy transfer source terms and decays via reaction,
desorption, and energy transfer. In the limit that energy exchange
between the surface and PCs vanishes (eug=- 0), eq 8
simplifies to define the PC-MURT kinetics and eq 9 evolves
into eq 3. A canonical thermal distribution fof,{E) is
obtained in the infinite inelastic collision frequency strong
collision (IFSC) approximation where it is assumed that the
collision step size distribution is the canonical thermal distribu-
tion for the PCsP(E, E') = B(E; T), (i.e., the strong collision
pproximation (SCA) of gas-phase kinetfggind the collision
requencyw is made sufficiently €infinitely) high. The high
o and SCA of the IFSC approximation are able to overwhelm
the desorptive and reactive loss of PCs at high energies and
ensure that a thermal steady-state PC population can be
maintained. Gas-phase studies have shown that the SCA, though
a mathematically useful approximation, is not especially realistic,
and collisionally mediated vibrational energy transfer is usually
considerably weake®:37 It should be noted that the thermal-
trapping-mediated sticking mechani&wof eq 1 assumes that
the IFSC limit is reached for thé& fraction of the incident
methane that becomes trapped.

I1l. Results and Discussion

III.LA. Comparison of Experiments and PC-MURT. Figure
2 compares dissociative sticking coefficients for e Ir(111)
derived from the molecular beam experiments of Seets %t al.
with the predictions of the PC-MURT. THe&Eg = 39 kJ/mol,
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Figure 3. Intermediate pressure experimental sticking (points) fog GiIr(1119° and supported Ir nanocrystallite catalystalong with their
Arrhenius sticking extrapolations (dashed lines), are compared to PC-MURT predictions (solid lines). Effective activation éngsymsdined
under nonequilibrium conditions (i.eTy = 300 K andTs ~ 800 K) and activation energids’s obtained under thermal equilibrium conditions at
T ~ 800 K are given.

vp = 185 cn1l, s = 1} parameter set was found to minimize the trapping-mediated sticking significantly augmenting the
the ARD between the PC-MURT predictions and the sticking direct sticking at lowE,.

derived from experiments with, > 10 kJ/mol, which includes The thermal dissociative sticking coefficient for 0.8 wt. %
all the molecular beam experiments in which methane was Ir/ZrO, supported catalyst was derived from Wei and Igle$ia’s
seeded in either He orThe overall ARD for Figure 2 is measurements of catalyst initial turnover rates for methane
88% (55% for theE, = 10 kJ/mol sticking). All subsequent decomposition over the catalyst at 1 bar (20 kPa, @rid 80
PC-MURT and ME-MURT sticking predictions were made kPa Ar) pressure at temperatures from 823 to 1023 K, where
using the optimized parameter set above. Figure 2a depicts thethe rate could be described by

dissociative sticking as a function of normal translational energy

over a 1000 K surface. The inset of Figure 2a provides a closer r=K(T) Py, = (k& )Py, (11)
look at the divergence between the PC-MURT sticking predic-
tions and the sticking measuredit < 10 kJ/mol using anti-  \herer is the turnover rate per surface exposed Ir ati()

seeded (i.e., CHslowed in primarily Ar or Kr) molecular s an Arrhenius rate constant, aPdy, is the partial pressure
beams. The ARD for the optimized sticking of Figure 2a with  of methane gas. Wei and IgleSfaeport a turnover rate of 11.2

En = 10 kd/mol (i.e., CH seeded in He or p) is 78%, and by -1 at 873 K, a preexponential factor & = 39.3 s Pa’?,
including the sticking at loweE,, the overall ARD for Figure and an activation energy &, = 81 + 6 kJ/mol. The initial

2a rises to 123%. The dependence of the dissociative stickingtyrnover rate per exposed Ir atom on the catalyst surface was
on surface temperature at sevetghbove 10 kJ/molis predicted  converted into an equivalent initial sticking coefficient on Ir-
in Figure 2b with an ARD of just 34%. Except for the upturn  (111) (i.e., as if the catalyst exposed only Ir(111) nanofacets)
in the dissociative sticking @, < 10 kJ/mol, the PC-MURT  sing the relation

describes the Figure 2 molecular beam data quite well.

Figure 3 illustrates varied dissociative sticking measurements _, do, 1
and PC-MURT predictions for intermediate pressures of, CH F=Kk() Pey, =Ng "~ =N 'SF (12)
incident on Ir(111) and supported Ir catalyst under both

nonequilibrium and equilibrium conditions. Arrhenius fits to the whereNsis the 1.57x 10 m~2 areal density of surface atoms
nonegquilibrium sticking of Figure 3a in which a 300 K gas on Ir(111), 6. is the coverage of either of the chemisorbed
impinges on a variable-temperature surface yield effective fragments in the eq 2 dissociation kinetigss the initial sticking
activation energiesE,"s of 27 4 4 kJ/mol for the Seets et &l. coefficient, andr is the thermal flux of methane gas impinging
data and 53 kJ/mol for the Jachimowski et®@tlata. The PC- on the surface. The final expression for the equivalent sticking
MURT predicts an effective activation energy dEy' = 43 coefficient on Ir(111) is

kJ/mol, which is intermediate between these values. In Figure

3b, Arrhenius analysis of the thermal equilibrium sticking S= kOe_Ea’RTNy/anI%T (13)
measured by Jachimowski et *8lon Ir(111) and Wei and

Iglesié®” on supported Ir catalysts yield = 72 kJ/mol and which is plotted in Figure 3b. Impressively, the g£tissociative

E. = 81 kJ/mol, respectively. These activation energies are sticking coefficient on the supported Ir catalyst is some 4 orders
significantly higher than the PC-MURT prediction for Ir(111) of magnitude less than the PC-MURT prediction for sticking

of Ex = 48 kJ/mol. It is noteworthy that the Seets et ®).= on the Ir(111) surface.
300 K gas experiments of Figure 3a, that are characterized by As illustrated by Figure 3, there is little agreement between
methane mean normal translational energieSEfl~ k,Tg ~ the activation energies and absolute values of the sticking

2.5 kJ/mol, have sticking coefficients that are consistently higher coefficients obtained by the various experimentalists and PC-
than the PC-MURT predictions, just as the Seets et al. molecularMURT calculations for methane dissociative chemisorption on
beam experiments of Figure 2a are at low translational energieslr(111). The PC-MURT prediction for Ey” under thermal
nearE, = 2.5 kJ/mol. These observations are consistent with nonequilibrium conditions is within the experimental range
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observed, varying from each byl2 kJ/mol. However, the PC-
MURT predicted activation energy shown in Figure 3b is
substantially lower than the experimental values, differing by
~30 kJ/mol. PC-MURT predicts a reaction threshold energy
of Ep = 39 kJ/mol, almost halfway between the theoretical
values obtained from DFT calculations (i.e., 2510 kJ/mot!
and 76 kJ/mdP). Interestingly, the unusual transition state
proposed by Henkelman andngsod! in which a single iridium
atom rises from the surface by0.4 A seems to correlate with
the PC-MURT’s single surface oscillator parameter (ises

1) for CHy/Ir(111), which compares te= 2 for CHy/Ni(100)*8
ands = 3 for CHy/Pt(111)!3 The surface degrees of freedom
clearly participate in the dissociative chemisorption as evidenced

Abbott and Harrison

because (i) the catalyst sticking derived through eq 11 represents
an upper bound, because the Ir(114) employed is the
maximum for any Ir crystalline surface and the real catalyst
likely exposes a number of different facets, some with lesser
Ns, and (ii) Wei and Iglesia found that the GM sticking is
structure sensitive and increases with increasing catalyst disper-
sion® The fractional dispersion of the 0.8 wt. % Ir/ZzO
supported catalyst was meastfred D = 0.52, which yields

an average Ir nanocrystallite diameter obIim ~ 2 nm. At

this relatively high dispersion, the catalyst should expose
considerable numbers of steps, kinks, and adatoms, or equiva-
lently, higher-index surface planes with less coordinatively
saturated sites. In consequence, the nanoscale Ir catalyst would

by the surface temperature dependence of the sticking exhibitednormally be expected to display a reactivity considerably higher

in Figure 2b.

Although it is disconcerting that the two sets of experiments
illustrated in Figure 3a and performed under essentially identical
conditions differ in the absolute value of their sticking coef-
ficients by roughly 2 orders of magnitude, considerable variance
in sticking results derived from different laboratories is not
uncommon for these difficult measuremehtéWe are inclined

to believe that the Seets et al. results are more accurate than

the Jackimowski et al. results because the Seets sticking value$n .
edr(111) has been postulated to result from parallel direct and

gthermal-trapping-mediated reaction mechaniémssuming that

are based on Auger measurements of C deposited after defin
methane exposures that were cross-correlated with King an
Wells®8 sticking measurements at higher exposures. The Jacki-
mowski et al. sticking coefficients were made without the benefit
of Auger spectroscopy or other surface elemental analysis
techniques associated with their ultrahigh-vacuum chamber and
were derived solely on the basis of mass spectrometric measure
ments of CQ produced by oxidation of the adsorbed C that
was deposited by varied GHxposures. If we assume that the
Jackimowski et al. results differ from those of Seets et al. by
only a systematic multiplicative calibration factor-efL00, then

the Jackimowski et al. thermal sticking of Figure 3b falls fairly
close to, but still mostly below, the thermal sticking values
predicted by the PC-MURT. A further complication is that the
Jackimowski et al. thermal sticking experiments of Figure 3b
were performed by impingement of a 300 K gas at a pressure
of 1.33 mbar under the assumption that the short mean free
path of gas at this pressure would serve to produce an impinging
gas layer above the surface that would be in thermal equilibrium
with the hot surface. Chorkendorff and co-workérave shown
that complete thermalization of methane to the surface temper-
ature in such thermal bulb experiments may require slightly
higher pressures (i.ez 3 mbar) or the presence of a thermal
finger in front of the reactive surface to fully equilibrate the
gas. Certainly, Jackimowski et al. observed roughly 1 order of
magnitude increase in the dissociative sticking coefficient as
the gas pressure was raised front3tbar to 1 mbar in going
from the Figure 3a to Figure 3b experiments (n.b., the
PC-MURT predicts a~100-fold increase), but even Jackimo-
wski et al. expressed doubt that the molecular vibrational

than that of the flat Ir(111) surface. The much higher dissociative
sticking coefficient predicted for the Ir(111) surface suggests
that the working catalyst may be poisoned in some way (e.g.,
by dissolved C) under working conditions. Figure 3b is
suggestive that substantial improvements in catalyst turnover
rates might be possible to achieve for different Ir catalyst
formulations.

As discussed briefly above, the unusual V-shape®logrsus
dissociative sticking curve observed in Figure 2a foryCH

the PC-MURT analysis of the molecular beam sticking.at

10 kJ/mol defines the direct reaction mechanism, it is possible
to provide an approximate estimate for the thermal trapping
coefficient within eq 1

Sexpt: Srap + Sﬁirect

ks(T9)

—HERm em ST

k(E¥)
E) + k(B D e
=~ [ S[E) f(E*) dE* +S=(S; + S (14)
" Sexpt_ S
¢= —s (15)

with the aid of eqs 35 where the thermal average over the
competitive reaction and desorption rate constants can be written
as the average of the microcanonical sticking coefficig?),
over the thermal PC flux distributiorfiy(E*), to yield the PC-
MURT thermal sticking coefficientSr. The thermal trapping
mechanism apparently dominates the sticking at Epyand it

is interesting to compare the ratio of the Seets étexdperi-
mental sticking coefficient to the PC-MURT sticking coefficient,
Sexpl S, at particulais,, Ty, andTs values. In the molecular beam
experiment of Figure 2a &, = 2.5 kJ/mol (i.e.E/kp = Ty ~
300 K) with a nozzle temperature of 300 K aig= 1000 K,

temperature was fully accommodated to the surface temperaturgpe sticking ratio isS./S = 3.9. This ratio is similar to the

at the elevated 1 mbar pressure. In summary, the PC-MURT
sticking predictions are consistently lower than the values

Sexp!S = 2.4 value for the nonequilibrium experiment with
= 300 K andTs = 1000 K of Figure 3a. Thus, the lo,

measured by Seets et al. for the 300 K gas experiments and argjcking enhancement is consistently observed in both the

somewhat greater than the values measured by Jackimowski e
al. for thermal sticking.

A surprising finding illustrated graphically in Figure 3b is
that the PC-MURT predicts a thermal dissociative sticking
coefficient for CH, on Ir(111) some 4 orders of magnitude
greater than the thermal sticking per exposed Ir atom observed
for 0.8 wt. % Ir/ZrQ, supported catalyst. This is unexpected

olecular beam experiments and the nonequilibrium ambient
gas experiments at loW. This finding provides assurance that
the Seets et al. change in molecular beam seeding procedures
to anti-seeding in Ar or Kr foE, < 10 kJ/mol is not responsible

for somehow increasing the measured sticking at [Bw
Estimates of the thermal trapping coefficientTat= 1000 K

and Ty ~ 300 K from eq 15 aré; = 0.0090 and; = 0.0071
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TABLE 1: Mean Energies Derived from the jth Reactant Degrees of Freedom for All Physisorbed Complexes (PCHE;Cand
for Successfully Reacting PCSE;lg and Differential Energy Uptakes d; for Various Experiments at Ts = 1000 K According to
the PC-MURT

molecular beam thermal nonequilibrium thermal equilibrium
Thn=300K,T;=10K Ty =300 K Te=Ts
[EJ'D DEJ@ dj [EJ'D Eja dj DEJ'D [EJE dj

mode () kJ/mol kJ/mol % kJ/mol kJ/mol % kJ/mol kJ/mol %
translation (t) 25 2.55 0.08 25 3.6 2.0 8.3 14.0 11.0
vibration (v) 0.1 0.9 1.3 0.1 0.9 1.4 15.0 46.5 61.4
rotation (r) 0.37 0.38 0.02 3.7 5.3 3.0 125 20.9 16.6
surface (s) 7.1 63.0 98.6 7.1 57.0 93.6 7.1 12.7 11.0
sum 10.1 66.8 100 134 66.8 100 429 94.1 100
sticking coefficient 3.71x 10°° 6.24x 10 1.23x 1072

based on the molecular beam and nonequilibrium bulb experi- librium experiments show that the preponderance of energy
ments, respectively. These trapping coefficients ar2 tirders required to overcome the activation barrier to reaction derives
of magnitude smaller than those suggested by Mullins and from the surface;»96%. In contrast, under thermal equilibrium
Sitz's?? trajectory calculations and by Jackomowski et al. If the conditions, 89% of the activation energy derives from the
trapping coefficient is actually greater than 0.01, then the PC- molecular degrees of freedom. The PC-MURT is a statistical
MURT indicates that the trapped molecules cannot all be theory that treats all kinds of energy equivalently, and so, only
completely thermalized to the surface temperature. the relative availability of energy from the different reactant
I11.B. Energy Uptake and Availability in Low E, Experi- degrees of freedom can be important in determining the
ments. For the direct sticking mechanism, the PC-MURT (differential energy uptakes. The surface energy reservoir is the
provides a formalism to characterize how the different degrees most flexible one in the nonequilibrium experiments, because
of freedom contribute toward the energy required to surmount the exponential Boltzmann damping of the constituent canonical
the activation barrier for dissociative chemisorption. Differential distributions is far less severe at the relatively high surface

energy uptakes are usefully defined as temperatureTs = 1000 K) than at the much lower temperatures
of the other degrees of freedonTj4s < 300 K). At thermal
d = (g — D (16) equilibrium, all degrees of freedom share a common temperature
T EF - [EFD and the Boltzmann damping is the same. Consequently, at

thermal equilibrium, it is the density of states of the different
where [ is the mean energy derived from tjté reactant reactant degrees of freedom that determines the relative avail-
degree of freedom for those PCs that successfully ré&clis ability of energy from the different energy reservoirs.
the mean energy derived from tib reactant degree of freedom  The Ex energy sums of Table 1 illustrate that a parallel
for all PCs,[E*[# is the mean total energy for those PCs that thermal trapping mechanism would need to heat the initially
successfully react, arié* Lis the mean total energy for all PCs  rapped PCs of the molecular beam experiment considerably in
where the averages are appropriate to the specific experimentapder to thermalize them 6 and subsequently dissociate them
conditions. As derived elsewhefeunder thermal equilibrium  \yith the thermal sticking probability of the PC-MURT. Estab-

conditions, the activation energy is lishing and maintaining a thermal distribution of PCs after
3In'S trapping such that the average energy of the thermally reacting
E(T) = —k, = [E*[ — [E*O a7 PCs is 94.1 kJ/mol above the desorption energy (Epis at
1 e . X . ; )
8(—) E* = 0; see Figure 1) is unlikely to be sustainable, as will be
T, shown more explicitly in ME-MURT simulations below.
Under any conditions where tljh reactant degree of freedom lI.C. Energy Transfer and Trapping. Figure 4 contrasts
is described by a canonical thermal distribution, an effective ME-MURT and PC-MURT simulations of the Seets et’al.
activation energy for thith degree of freedom i molecular beam experiments of Figure 2a performedsat
1000 K. In the IFSC approximation, PCs formed are im-
“ Ea”(Tj) = —k, 0 |qS: [Ef - [ED (18) mediately thermalized to the _sur_face tem_p_eratL_Jre, and the ME-
1 MURT returns the thermal sticking coefficient independent of
(T]) the initial energy of the incident methane. The thermal equi-

librium sticking coefficient predicted by the PC-MURT is shown
As can be seen from the nonequilibrium Arrhenius plots of for comparison. Clearly, the IFSC overestimates the energy
Figures 2b and 3a,Ey’ values depend very much on the transfer, because the experimental sticking varies with methane
experimental particulars and are not trivially related to the translational energy. As discussed briefly in section 11.B, the
reaction threshold energf, that is diagnostic of the reactive  collision step size distributiorR(E, E'), in the SECT is based
transition state. Under thermal equilibrium conditions on ergodic mixing of the energy of the surface oscillator and

the other degrees of freedom of the PC in such a way that the

_ “ES(T)) PC’s surface oscillator resamples the surface Boltzmann dis-
d= (19) o X . ) -
! ET) tribution upon every inelastic phononic collision. Although the
SECT energy transfer model is more physically motivated than
and under any experimental conditions the sum to 1. the IFSC, it still only provides an approximate upper bound for
Table 1 lists PC-MURT calculations fak;[) (g, andd; what the energy transfer at the surface might be. In studies of

for several different kinds of experiments at a surface temper- gas-phase bimolecular collisions, Nordholm and co-wofRers
ature of 1000 K. Differential energy uptakes for the nonequi- have shown that a partially ergodic collision theory (PECT)
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may be calculated a8 = 1/Fo [oks(E)0,{E) dE.

Translational Energy [kJ/mol]

Figure 4. ME- and PC-MURT calculations for the Seets et’ al.
molecular beam experiments of Figure 2a are compared. The ME-
MURT calculations employ different collision step size distributions proyides for no energy transfer with the surrounding surface,
in modeling the physisorbed complex/surface vibrational energy and because all PCs gain the adsorption energy during their
transfer: the infinite frequency strong collision (IFSC) approximation . . s

is for strong phononic collisions in the — o limit, surface ergodic fprmatlon, |tstS(E) = Fo f(E)/[kr(E) + ko(E)] has no popula-
collision theory (SECT) provides an upper bound for energy transfer tion at energies beloie = Eag = Ep, or E* = 0. The ME-

in weak collisions, and the Lenzer model provides a more realistc MURT simulation with the more physically realistic Lenzer
estimate for weak collisions (see text for detail'he SECT and energy transfer model shows that some PCs become trapped in
Lenzer ME-MURT cal;:ulaitions employed an inelastic collision fre- {ha physisorption well (i.e., WitlE < Ep), but energy transfer
quency ofw =6 x 10%s™. rates are insufficient to sustain a thermal distribution at reactive
energies (i.e.E = Eg) in the face of competitive desorption
and reaction. This is an important result in that it illustrates

. ) : that trapped molecules are unlikely to become completely
PECT is constructed with a reduced number of active modes thermalized to the full IFSC limit. Consequently, the assumption

to recover roughly 10% of the ergodic collision theory (EET) ithin the th | ; diated sticki hani ;
energy transfer. Nordholm’s procedure is attractive, because theWlt In the therma -trapplng-me lated stic Ing mechanism ot eq
: ’ 1 that trapped molecules will be thermalized to the full IFSC

Ercl: thl’?grdetl):; Erce:;u(i?erg#gt;ﬁ)rer:;l)sl?gmnge%délrjlzg?tleesgre?{&?ﬁtrzllin_1it is likely untenable whelifeg > Ep. For such qonequi_librium
knowledge. Here, we used 10’% of the downward énergy transfer.St'Ckmg’ the parameters of eq 1 cannot be confidently interpreted

predicted by the SECT to choose parameters for a density of " typmglethef_m_u_s fas_hf|on (Cff’Ea 0; ed li and Flg_u_re 2b)
states weighted exponential down model for B(E, E') to provide definitive information about the transition-state

characteristics of the reactive PES.

agrees well with Lenzer and co-worke?%’ experimentally
optimized generalized exponential doviatE, E') when the

(E) E_E Although we have failed to quantitatively explain the trap-
P(E, E) = p_' ex;(— — ) (20) ping-mediated/energy transfer sticking observed by Seets et al.
N(E") = for CH4/Ir(111) at highTs, this sticking channel is robustly

observable under several different nonequilibrium conditions.

of the Lenzer style leading t = 195 cn1?, ¢; = 0.30, andy PC-MURT-based estimates of the trapping coefficiebased
=1. The inelastic phononic collision frequenayof the eq 8 on eq 15 suggest an effectige~ 0.01. Assuming that on other
master equation was chosen by minimizing the ARD for the flat surfaces this same trapped fraction of the molecular beam
ME-MURT sticking simulations of the Seets et al. molecular flux sticks with the PC-MURT thermal sticking coefficient at
beam experiments of Figure 4 using the “LenzB(E, E') of low E, thermal trapping would have raised the sticking
eq 20. A frequency ofv = 6 x 10'2s71 (cf., mean Ir phonon  coefficient of earlier beam experiments for (i) ¢éh Pt(1113°
frequencyvs = 6.45 x 10'2 s71) minimized the ME-MURT atTs= 800 K by AS= 8 x 10-% and (ii) CH,; on Ni(100¥° at
ARD at 114%, which gave only a modest improvement over Ts= 475 K byAS= 4 x 10710, which would have been below
the PC-MURT ARD of 123% for these experiments. The same detectable levels. The relatively high 1000 K surface temperature
w was used in both the Lenzer and SECT simulations of Figure coupled with the low threshold energy for dissociative chemi-
4. Comparisons to experiment indicate that the SECT overes-sorption and lowE, of the Seets et al. experiments apparently
timates the energy transfer, whereas the Lenzer energy transfecombine to make the trapping/energy transfer mediated sticking
only modestly improves upon the PC-MURT. None of the more readily observable for the Ght(111) system.
energy transfer models provide any evidence for a “V” in the  An interesting question raised by Seets et al. is, “Will the
sticking simulation curves ned, = 10 kJ/mol. direct or trapping mediated sticking channel dominate the

Figure 5 compares the steady-state coverage for physisorbedhermal sticking?” At thermal equilibrium, the PCs of the PC-
complexesf;{E), for several different energy transfer models MURT direct channel will be microcanonically trapped as usual,
in ME-MURT simulations of ar, = 10 kJ/mol molecular beam  but will be formed in quasi-thermal equilibrium with the surface
experiment. Both the Lenzer and PC-MUR’;‘f(E) distribu- (e.g., eq 5) such that the PC-MURT channel becomes a kind of
tions have quite similar high-energy tails that damp down much thermalized trapping channel with= 1 for E* > E,. For the
sooner than the thermal distribution of the IFSC. The PC-MURT PCs formed aE* < Eo, upward energy transfer processes to
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Figure 6. (a) The sum of states for desorptiwﬁ)(E*) and reactiorWE(E* — Eo) are shown with the density of states for the physisorbed complex
p(E*). The density of states intersects the typical IVR threshold densityl6f states/cmt close tolE* = 18 kJ/mol mean energy for a molecular
beam experiment under Figure 2a condition€at= 10 kJ/mol. (b) The physisorbed complex energy distribufi@t) for a molecular beam
experiment aE, = 10 kJ/mol,T, = 300 K, andTs = 1000 K appropriate to Figure 2a. As illustrated, only 3% of the physisorbed complexes formed
have enough energy to overcome the reaction threshold eigrgy39 kJ/mol for dissociation.

E* > Ep should be balanced by complementary downward 10% 1

processes under thermal equilibrium such that the net energy
transfer between gas and surface ceases. Accordingly, the
thermal sticking is expected to be dominated by the PC-MURT
direct sticking channel. No separate accounting of other parallel
energy transfer mediated sticking is necessary, because these
will sum to zero in the IFSC limit (n.b., for which the integrand
of eq 7 vanishes by detailed balance) that the PC-MURT
approximates at thermal equilibriuff.

I11.D. IVR Threshold and Dynamical Trapping. Figure 6a
illustrates how the PC density of state$E*), and desorption

1 Metal E, Vo

10° 4 Pt111) 59 kdimol 110 cm”
108 ] Ni(100) 65 kaymol 170 em”
1 I111) 39 kImol 185 cm”
107 4

100 §
o ]
100 §
10° §
102 §

120 cm” 4
235 cm’!

- N ow|e

215cm’

Density of States, p(E*) [states/cm™]

and reactive sums of state\A/i*(E*), vary as a function of 10" 4 SN
energy. Figure 6b shows tli@*) flux distribution for forming g0 ML MMV
a PC at energ\e* under the molecular beam conditions of 0 20 40 60 80 100 120 140

Figure 2a atE, = 10 kJ/mol. The mean energy of the PCs
created in this beam experimefE* (= 18 kJ/mol, is very close ] ) i ]
to tple energy where the PC density of states exceeds 10 state%%‘ﬁ? Z)érg%”e"&argsgg do‘;n%?:ﬁ%;gfgﬁggﬂ'?égﬁgﬁé‘;s:%ﬁ PC-
cm -, the typical thresh?ZId density of States. required for l,VR on Ir(111), Ni(100):8 and Pt(111}3 Estimated threshold energies for
in gas-phase moleculés#?We speculate _thatjust as exc_eedmg IVR, E.,, based orp(ELg) = 10 states/cm, and reaction threshold
the energy of the IVR threshold density of states signals a energiesE,'s, are marked by arrows.

change in the vibrational dynamics of polyatomic gas-phase
molecules it may be that crossing the IVR threshold energy, turn off, and the CH scattering dynamics will increasingly

Evr. (e.9., whereo(Eg) = 10 states/cm?) signals a qualita-  resemble those of Ne. TH(E, E')s used in the ME-MURT
tive change in the PC vibrational dynamics at the surface. Suchsimulations are statistically based and should perform best at
behavior might help explain the abrupt change in the/8H  energies above the IVR threshold. No evidence of the sharply
sticking behavior ned, ~ 10 kJ/mol in Figure 2a. At energies  V-shaped logS versusE, experimental behavior ne&, = 10
above the IVR threshold, statistical theories of the surface kJ/mol was observed in the ME-MURT simulations. It may be
reaction kinetics and energy transfer are more likely to suc- that at the IVR threshold energy the @H(111) vibrational
cessfully apply, whereas below the IVR threshold, a dynamical energy transfer dynamics change fairly abruptly (a behavior that
treatment of the kinetics is probably necessary. our statistical models do not explicitly predict). Certainly, any
Figure 6b is instructive in discussion of how the direct PC- low-energy dynamical trapping/energy transfer events that are
MURT sticking might work in concert with a parallel dynamical able to transfer PCs formed at energies belyto aboveEg
trapping pathway. The key assumption in the PC-MURT is that would contribute to a dynamical sticking channel parallel to
energy in the possibly reactive PCs formed wih > Eg the PC-MURT direct channel. Nevertheless, as discussed above,
becomes microcanonically redistributed in a collision ensemble- net energy transfer processes should cease at thermal equilib-
averaged sense either by the collisions themselves or by rapidrium, and the thermal sticking should be dominated by the PC-
IVR, or both. Anharmonic mode couplings near the transition MURT direct sticking.

Energy, E* [kJ/mol]

state on the distorted PES for ¢Hdissociation on Ir(111) are Figure 7 compares the PC density of states and estimated
likely high and conducive to IVR, because the threshold energy threshold energies for IVR for several @Hissociative chemi-
for CH, dissociation is substantially reduced frdgg = 438 sorption systems. The density of state counts are lower bounds,

kJ/mol in the gas phase to 39 kJ/mol on the surface. The PC-because they assume the PCs have the same lumped low
MURT provides no direct information about PCs formedat frequency,vp, for the three frustrated rotations and normal
< Eo, and certainly as the energy is lowered, IVR will eventually vibrational mode that was derived for the reactive transition
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