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Dissociative chemisorption of methane on Ni  (100): Threshold energy
from CH ,(2v3) eigenstate-resolved sticking measurements
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A three-parameter microcanonical theory of gas-surface reactivity is used to model the dissociative
sticking of vibrationally excited methane with two quanta of energy inithantisymmetric C—H
stretch. An apparent threshold energy for C—H bond cleavage qfifdident on N{100) of 65

kJ/mol is found, in quantitative agreement wib initio quantum chemistry calculations but 38
kJ/mol less than GGA-DFT calculations. Successful microcanonical analysis and prediction of
recent thermal equilibrium and various nonequilibrium dissociative chemisorption experiments for
methane on NILOO) provide no evidence for mode-specific reactivity. Z003 American Institute

of Physics. [DOI: 10.1063/1.1613935

I. INTRODUCTION eigenstate-resolved molecular beam experinfats used to
refine the MURT parameters and extract an improved esti-
Activated dissociative chemisorption of methane on themate of the threshold energy for dissociation. The mode-
Ni(100 surface is an important model reaction for the rate-nonspecific MURT is shown to be capable of qualitatively, or

limiting step in the industrial steam reforming of methanearguably quantitatively, accounting for all of the most recent
over supported Ni catalystsThe exceptionally diverse range experimental results.

of experimental studiés® and electronic structure

calculation® available for CH dissociation on NiL0O)

makes this reaction an excellent proving ground for kinetic!- THEORETICAL MODEL
theories and models of gas-surface reactivity involving poly-  \we assume the methane dissociative chemisorption ki-

atomic molecules. Although tunneling across a barrier 10qetics can be described microcanonically"%¥,
cated along a C—H reaction coordinate was at one time con-

sidered to be the dominant reactive mecharisthmethane F(E¥) kr(E*)

dissociative chemisorption is currently believed to proceed CHyg) & CHyp—— CHg)tH), 1)
. AR tha. P ionk213 ; " kp(E*)

primarily in “over-the-barrier” fashion:=~> Semiempirical D

analysis**® of supersonic molecular beam experiments inwhere theE* zero of energy occurs with methane at infinite
which the translational and vibrational energies of methan%eparaﬂon from the surface when all Species are at 0 K.
impinging on N{100 could be independently varied have Methane incident on the surface from the gas phase is as-
suggested that vibrational energy is not quite as effective asumed to form a transient gas/surface collision complex con-
translational energy in promoting dissociatibhSeveral the-  sjsting of a molecule, in the neighborhood of the physisorp-
oretical studies on reduced dimensionality potential energ¥ion potential well minimum, that interacts with a few
surfaces have indicated that the dissociative chemisorptiomnmediatew adjacent surface atoms. These collisionally
should be mode-specific—displaying a dynamical propensitformed “physisorbed complexes’PC) or “local hot spots”

to react from favored vibration&t'’ or rotationat' quantum  are energetic and transient intermediate species that are
states. Arguing against such mode specificity, a full dimennot in thermal equilibrium with the surrounding substrate.
sionality microcanonical unimolecular rate thediMURT) Physisorbed complexes formed at some total endEdy
applied to methane on Ni00),'® whose three free param- [je., CH,(p in Eq. (1) where surface coordination numbers
eters were fixed by fitting the varied supersonic moleculaire suppresséctan go on to desorb or react dissociatively
beam experiments of Holmblaet al,” was able to recover yith the surface to yield chemisorbed fragments with Rice—
the 674 kJ/mol apparent threshold energy for dissociationRamsperger—Kassel-Marcus(RRKM) rate  constants
calculated byab initio electronic structure theofyand “ad- ko(E*) and kg(E*). Initial dissociative sticking coeffi-
equately” predict the sticking of the vibrationally excited cients, S are experimentally derived from the ratio of the
(1v3,J=2) eigenstate of methane as a function of translageposited C coverage, typically measured by Auger electron
tion energy, as well as the thermal equilibrium sticking of spectroscopy, to the incident fluence of methane molecules,
mbar pressure thermal bulb experimehts. this Communi- extrapolated backwards to zero net fluence. The steady state
cation, new vibrational overtone excited ¥2J=2)  approximation applied to the Cld) coverage of Eq(1)
yields a PC-MURT that predicts
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where 100
WE(E* — E,) 107
S(E*)=——— s (3 W
WR(E™ —Eo) + Wp(E™) & 402 ]
2
is the microcanonical sticking coefficiety; is the sum of § .
states for transition state E, is the apparent threshold en- ‘; 10 E
ergy for dissociation, and £ ]
g 107 3
* * * 5 p
. E E* —E; E* —E,—E; - ]
FE*)= |~ f(E) fu(E,) f(Ep) g 100
0 0 0 =
. - ] ®  Schmid, et. al.
Xfs(E* —E{—E,—E,)dE,dE,dE; (4) 10 4 T,=400K g A Juurlink, et. al.
1 Thermal Pop. A En=
is the probability distribution for creating a physisorbed 107 e ———y i 67| k,J/r,n?I
comp_lex_ atE*. Thef_(E*) is formed by _convolution over 0 20 40 60 80 100
the distribution functions for the flux weighted translational
energy, vibrational energy, and rotational energy of the inci- Normal Translational Energy [kJ/mol]

dent methanej alolng with the surfacg energy distribution for:IG. 1. The filled points are experimentally derived initial dissociative

s oscillators vibrating at the mean Ni phonon frequengy, sticking coefficients as a function of mean translational energy for methane

:(3/4)kaDebye/h, of 235 cnmi L. impinging on N{100 from a supersonic molecular beam with a nozzle
The molecular beam studies of methane dissociativéer;)p(eéatf“'; Oﬂtnh:“oo K, a”tdtfm tThhe (15,9=2) t(REf-d ‘I‘) and (2’;; J el

. . . . P s LG = el. © methane eigenstates. € open points and lines are theoretical

chemls_orptlon on N_IlOO) find that _the dISSOCIatIV_e sticking predictions of the PC-MURT based onBy— 67 kJ/mol, v =100 e L,

coefficient scales with the translatl(_)nal energy directed alongngs=>2 parameter set.

the surface normakE,=E, cog 9. Discounting parallel mo-

lecular translational energy as a spectator or inactive form of

energy over the course of the reactive gas-surface collisiond]- RESULTS AND DISCUSSION

we assume that only normal translation will contributeEto As mentioned briefly above, an earlier PC-MURT analy-
in the expressions abovee., setE=E, along. Following  sjs of methane dissociative chemisorption or(18D) ex-
common practice, we further assume that the moleculagacted a parameter set oE{=67 kd/mol, vp=100cm %,
beam nozzle temperatur, , sets the vibrational and rota- s—2) py fitting the varied molecular beam sticking data of
tional temperatures of the beam moleculesTas:T, and  Hoimpladet al. and this could be used to quantitatively pre-
T,=0.1T,, respectively. dict other experimental data relatively w&lFigure 1 puts
Once the transition state characteristics have been dgne PC-MURT with this parameter set to the test and com-
fined through iterative simulation of varied experimental datapares its predictions to the thermal beam and vibrationally
or by electronic structure theory calculations, any experiexcited eigenstate-resolved experimental sticking coeffi-
mental sticking coefficient can be predicted using &).t0  cjents reported by Juurlinét al. and Schmickt al. Although
average the microcanonical sticking coefficient over thene theoretical predictions are reasonable for the thermal
probability for creating a physisorbed complexEst under  peam and (&3,J=2) sticking they substantially overpredict
the specific experimental conditions of interest. In the abihe (2v5,J=2) sticking. A useful measure when comparing

lations, and in the spirit of employing a surface kinetics

theory with a minimum number of adjustable parameters, we o _ _

assume the transition states for desorption and dissociatioff'BLE |- Average relative discrepandiARD) between experimental dis-

are loose and share as manv common mode frequencies WIEP]CIatNe sticking coefficients and the predictions of the PC-MURT are com-
. y . a ; ared for theoretical parameter sets with different threshold energies for

each other as possible. The transmon State. for deso.rptlo_n WssociationE,. The experimental sticking coefficients were only rescaled

taken to occur when methane is freely rotating and vibratingn ARD calculations for théE,= 65 kd/mol parameter set, as appropriate for

in the gas phase, far from the surface. The dissociation trar&g. 2.

sition state is characterized by the nine vibrational modes o ARD (%) Scaling ARD (%)
methane in the gas,vibrational modes of the surface oscil- Type of E,=67 divisor E;=65
lators, four vibrational modes at a single lumped frequencyReference Expt. kJ/mol for Expts. KkJ/mol
vp representative of the three frustrated rotations and theg == - 20, and 350 1 13
vibration along the surface normal of methane at the disso- (ret. 6) T,=400K

ciation transition state, and one of the triply degeneraterurlink ez al. 1v; and 103 5.9 64
antisymmetric C—H stretching vibrations[ v3(CH,) (Ref. 4) T,=400K

=3020 cm '] of methane is sacrificed as the reaction coor- H"(lgga;) etal. Mol Beam 25 45 43
dinate. The resulting PC-MURT has pnly three adjustlablel\ﬁelser'1 ot al Thermal 232 ) 13
parametersky, vp, ands, that can be fixed by comparative  (rer, 3)

simulation to varied experimental data.
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FIG. 2. (i)—(iii) Comparison of the most recent experimentally derived initial dissociative sticking coeffigieimss for methane impinging on NLOO) with
the theoretical predictions of the PC-MURIhes) based orE,= 65 kJ/mol, vp =170 cn !, ands=2. (i) Molecular beam experiments fdt,= 400 K and
for single eigenstates §4,J=2) and (23,J=2). The Juurlinket al. sticking coefficients have been divided by 5i#®) Molecular beam derived sticking
coefficients of Holmblacet al. (Ref. 2 have been divided by 4.5iii) Thermal equilibrium bulb experimentRef. 3 at 3 mbar pressurdiv) Activation
energies for Chl dissociative chemisorptiort, , derived experimentallyRefs. 3,20,22,23and apparent threshold energiks,(=E, at 0 K), derived from
ab initio (Refs. 7,21,2%tor density functional theoryRefs. 8,25—28electronic structure calculations are compared to the predictions of the PC-MURT.

ARD—< | Stheory™ Sexpt > predicts that all thé,=400 K experimental data from both

MiN( Sireory: Sexpt) 5 laboratories should fall on essentially the same curve. Unfor-

which is reported in Table | for several experimental data anégnately, order Of_ magmtu_de differences in sticking coeffi-
theoretical parameter sets. Figure 1 shows that for nominall§i€Nts @s @ function ok, [i.e., S(E;;T,,T5)] reported by
identical experimental scans of methane supersonic moleciifferent molecular beam laboratories are not uncomfnon,
lar beams withT,=400K over mean translational energy, albeit that almost invariably there are differences in The

the calculated sticking coefficients derived from the two dif-and Ts experimental conditions that makes direct compari-
ferent laboratories differ by a factor ef7.5. The PC-MURT  sons difficult to assess in the absence of a well agreed upon
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theoretical model that can accurately predict the results oAssuming that the methane transition states are similar on
such non-equilibrium experiments. Although experimentalboth the N{100) and Ni111) surfaces, the PC-MURT pre-
reproducibility from a particular laboratory may be excellent,diction of E;= 70 kJ/mol on the NiLOO) surface seems quite
precise calibration of absolute sticking coefficients is un-reasonable given thdi,= 65 kJ/mol, E, should be slightly
doubtedly very difficult to achieve, especially when sticking higher thanE,,° and the ARD of 33% between the pre-
coefficients are smalle.g.,S<10 %). Consequently, it may dicted thermal sticking coefficients and the Nielsgral. re-
not be unreasonable to introduce scaling factors to renormasults is excellent. Important to point out is that the GGA-
ize sticking coefficients derived from some laboratories DFT estimaté of E,=103kJ/mol for CH on Ni(100) is
in an effort to recover a common “absolute” sticking incompatible with our PC-MURT modeling of the existent
scale, when comparing experimental results to theoreticaxperimental data displayed in Fig. 2, regardless of whether
predictions. or not some of the data needs to be rescaled.
When the Schmidet al. 2v; and T,,=400K sticking
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