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State-Resolved Reactivity of CH(2v3) on Pt(111) and Ni(111): Effects of Barrier Height
and Transition State Location’
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Quantum state-resolved sticking coefficients on Pt(111) and Ni(111) surfaces have been measurad for CH
excited to the first overtone of the antisymmetrie-B stretch (23) at well-defined kinetic energies in the
range of 16-90 kJ/mol. The ground-state reactivity of ¢l4 approximately 3 orders of magnitude lower on
Ni(111) than on Pt(111) for kinetic energies in the range of 88 kJ/mol, reflecting a difference in barrier
height of 28+ 6 kJ/mol. 2;; excitation of CH increases its reactivity by more than 4 orders of magnitude

on Ni(111), whereas on Pt(111) the reactivity increase is lower by 2 orders of magnitude. We discuss the
observed differences in the state-resolved reactivity for the ground stateraedcted state of methane in
terms of a difference in barrier height and transition state location for the dissociation reaction on the two
metal surfaces.

Introduction experiments probed the effect of vibrational excitation averaged
State-resolved reactivity measurements are fundamental to-. " all vibrational modes of CiL.untz and Bethune pointed
y out that they have “no way of determining the relative

thheaggienrjtagg/lggrgccehg;ﬁ%nrsafﬂgr;n%)ég%m;?; ;ngt)tﬂ?|g§2 reffectiveness of added energy in different vibrational modes for
phase g AP 9 promoting the dissociation,” which is the main motivation for
reaction type has seen significant progress over the past feWperforming state-resolved reactivity measurements
ears due to the combination of laser excitation in molecular - )

>Ic;eams and UHV surface analysis techniques. Since the initial The only state-resolved reactivity measurement for methane

report of a state-specific reactivity measurement by Juurlink et °" Pi(111) has been reported by Higgins et @he authors
pl P Y M ntby .~ used cw-laser excitation in a build-up cavity to excite methane
al.,! several groups have succeeded in performing such detailed

measurements.® To date, most state-resolved reactivity studies to the s antisymmetric G H stretch vibration and probed the
concern the chemisorption of methane on the Ni(100) and Ni- reaction products by thermal helium scattering. They reported

(111), motivated by the fact that these surfaces are models for 30-fold reactivity enhancement upon excitation of thesate

nickel catalysts used in steam reformfhighe steam reformin at incident normal kinetic energy of 5.4 kJ/mol, much lower
Y 9 than the more than 4 orders of magnitude enhancement observed

Frgorgziz’ozvshgsor?gmi/cezgsin: act)l;tr:rlmgease?;%szhs isc,: t(l)we Ijo(r)riinantfor the same quantum state of G Ni(100)? Comparison
porte of the effect of vibrational and translational energy on the,CH
method for large-scale production of hydrogen as well as the

starting point for many svnthetic processes in the chemical dissociation probability on Pt(111) shows that adding 72 kJ/
industrgy P y sy P mol of vibrational energy viai% excitation produces the same

. . : . increase in reactivity as 30 kJ/mol of normal translational energy.
Another important and widely studied model catalytic surface v gy

. ) ) i . . This pronounced difference in the effect of translational and
IS Pt(lll.)’ W.h'Ch has attracte(_j Interest _dge toits r_elatlvely simple vibrational energy provides evidence for a non-statistical reaction
preparation in U.HV and the hlgh selectivity of platinum catalysts mechanism, which does not simply scale with total available
for the generation of reforming prOFiuét&untz and Bethurie energy as it is assumed in the PC-MURT model of Harrfson.

have “?e" molecular beam t_echmques to _|:_)robe the effect of In the present study, we employ a different method for

translational energy on the sticking probability of £éh Pt-

111) and found tial i 4 tivity with reactant excitation and product detection than Higgins et al.,
(111) and found a near-exponential increase in reactivity wi while extending the state-resolved reactivity measurements for

increasing normal kinetic energy..As in the case OT nickel, this the 2v3 state of CH on Pt(111) to a range of incident kinetic
normal energy scaling of the_react|v_|ty suggesits a direct Ireact'onenergk—:‘s from 10 to 64 kJ/mol. Furthermore, we report state-
mechanism with a substantial barrier. Luntz and Bethune also resolved 25 reactivity data and laser-off data’ for Gidn Ni-
investigated the effect of vibrational energy of the incidentCH (111) over a similar range of incident kinetic energy. Compari-

on its reactivity on the Pt(111) surface. Using two different son of the state-resolved reactivity for the ground state agd 2

carrier gases (Hand He) and nozzle temperatures (300 and excited state of Ckion Pt(111) and Ni(111) yi . :

L - yields information
6.80 |.<)’ they prepare_d CHn ”_‘°'e‘?“'ar beams with identical about the difference in barrier height and location for methane
kinetic energy but different vibrational energy content. They dissociation on the two surfaces

observed a 2-fold higher reactivity for the hot gHe mixture
as compared to the cooler @H, mixture. While their Experimental Section

t Part of the “Giacinto Scoles Festschrift”. Our state-resolved sticking coefficient measurements are
* Corresponding author. E-mail: rainer.beck@epfl.ch. performed in a molecular beam/surface science apparatus
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designed to study the surface interactions of laser-excited (a)
molecules. Since the apparatus has been described previously

in detail 1° we only summarize the most important features here.

The experimental setup consists of a triply differentially pumped
molecular beam source connected to an ultrahigh vacuum
surface science chamber (base pressure 811 mbar). We

generate a pulsed molecular beam by expanding mixtures of
methane (99.9995% purity) and hydrogen (99.9999% purity)
through a temperature-controlled solenoid valve with an open

time of 300us. The beam pulses pass thrbwgl mmdiameter 4
skimmer into the second differential pumping region where their
duration is reduced to 3fs by a chopper wheel rotating at

200 Hz. After a further differential pumping stage, the beam

pulses enter the UHV chamber thrdu@ 1 mm diameter

aperture, traverse a laser beam alignment tool, and impinge on (b)
a single-crystal surface at normal incidence. The alignment tool
serves to overlap the molecular beam with the laser beam, which

is focused to a line by a cylindrical lens and crosses the
molecular beam at 90 The length of the line focus and the
duration of the gas pulses are matched so that, depending on

the speed of the beam, between 33% and 100% of the methane
molecules are exposed to the excitation laser.

We produce infrared laser pulses, tunable in the vicinity of 0.06-
1.7 um (6000 cm?), by generating the difference frequency
between the fundamental output of an injection seeded single
mode Nd:YAG laser and a narrow band dye laser in a lithium 904k T T T T
niobate crystal. We amplify the resulting-2 mJ pulses of 0 ! Crystalzpositiong(mm) 4
tunabl_e IR t.o 140 mJ/pulse in a two-stage optical pa_rametric Fiqure 1. (a) Example of a King & Wells measurement of the CH
ampllf_ler usmg_two KTP crystals_. To ensure that the_lnfra_red sti?:king ccEe?‘ﬁcient %n Pt(lll)gaveraged over a 30 s depogtion.
laser is tuned into resonance with the selected ro-vibrational Repeated measurements give an averaged sticking coeffier.98
transition of methane during deposition, we split off a small + 0.16) x 102, which is used to calibrate the reactivity measurement
portion of the IR beam and monitor the cavity ring-down signal via Auger detection of adsorbed carbon. (b) AES analysis of carbon
in a separate expansion chamber. We also use the cavity ring-fﬁvefé}gelzfesu'ﬁ?g f%m é/fr;? Z Eeépoi_uf? UnO||eflg?:(?i]}:gnmsgzgtzicgu)o
down spectra of Chfin the jet expansion to obtain rotational anodS %;nzsgér\(/e :ﬁ eresi nals Th:raaclﬁa:fl Cea i%uthe C/Pt AES ratio is
level pqpulgtlon |nf9rm§t|on needed for the sticking coefﬂqen'.t related(;o a che)mgegin ca?bon coverage (ig %ML), using the averaged
determination. Taking into account the measured population in kg sticking coefficient and the calibrated exposure flux.
v =0,J =1 and the speed-dependent overlap of the molecular

beam with the IR laser focus, the fraction of excited molecules by AES to be 0.03 cfh The primary reaction products of the
in the molecular beam varies from 9% to 18% depending on direct methane chemisorption on Pt(111) and Ni(111) are

X10

Counts/s (16 amu)

T L] T
150 200 250 300
Exposure time (s)

0.124

T
=]

0.104

T
-

0.08 1

4.8% C coverage
L)
[+ 3

C/Pt Auger ratio
(W %) @beltanod S

T
w

T
B

the CHycarrier gas mixture used. adsorbed methyl and hydrogen according to
The molecular beam pulses impinge at normal incidence on
the 10 mm diameter single-crystal surface (Pt(111) or Ni(111)) CH,(g) — CH,(ads)+ H(ads) Q)

oriented to within 0.1 The surface is cleaned in the UHV

chamber by At sputtering/annealing cycles until impurities can - We perform depositions at a surface temperature of 600 K for
no longer be detected by Auger electron spectroscopy (AES). Pt(111) and 475 K for Ni(111), temperatures at which the methy!
We measure the translational enerds, of the methane  radicals quickly dehydrogenate and the hydrogen leaves the
molecules in the beam by time-of-flight using the chopper wheel surface by recombinative desorption of. H The carbon atoms
and an on-axis quadrupole mass spectrometer. We ajiietm remain on the metal surface and are detected by AES. Once a
10 kJ/mol to 55 kJ/mol by varying the seed ratio of R H; deposition is complete, we quantify the C coverage, recording
from 100% to 1% at a constant nozzle temperature of 323 K. C and Pt (or Ni) AES signals at typically 80 positions across
Increasing the nozzle temperatureTip= 373 K for the 1% the surface in a computer controlled scan.

CHjy in Hz mixture allows us to reach a translational energy of  For the reactivity measurements on the Pt(111) surface, we
64 kJ/mol. To determine absolute sticking coefficients for calibrate the C/Pt AES signal ratio in terms of C coverage by
methane, we perform a timed exposure of the clean crystal comparison to King & Wells (K&W) measuremehtsather
surface to the molecular beam, measuring both the incident dosethan using a carbon uptake curve to a known saturation coverage
of CH4 molecules per unit area as well as the resulting surface as done for the Ni(111) surfaée.The reason for using a
density of carbon reaction products on the surface. Initial different calibration procedure stems from the fact that C on
sticking coefficientsS, are calculated as the ratio between the Pt(111) can adsorb either in a carbidic or in a graphitic phase
surface density of carbon and the incident dose per unit area inwith different saturation coveragé3he K&W method is a self-

the limit of low coverage (510% ML). We determine the  calibrating technique for sticking coefficient measurements,
incident flux of methane [molecules’scm~2] onto the surface which uses a mass spectrometer to compare the reflectivity for
from the methane partial pressure rise due to the molecular beanthe incident methane molecules on an inert surface (i.e., mica)
monitored by a calibrated quadrupole mass spectrometer togetheto that of the clean reactive surface (Figure 1a). The limited
with the beam cross section at the surface, which is measuredsensitivity of the K&W method allows for sticking coefficient
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Figure 2. Laser-off reactivity of CH on Pt(111) as a function of
normal kinetic energyH,): (v) this work, Ts = 600 K, T, = 323—
373 K; (a) Luntz et al.,Ts = 800 K, T, = 300 K; (®) Oakes et al.Ts
= 550 K, T, = 500-1000 K; @) Higgins et al.,Ts = 575 K, T,
295-1073 K.

measurements above>5 1073 in our setup. We therefore use
a CH, beam at high kinetic energy (64 kJ/mol) and high nozzle
temperature (473 K) to perform the Auger calibration. Under
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exponential increase in reactivity by 4 orders of magnitude,
when the incident kinetic energy is raised from 10 to 64 kJ/
mol.

For comparison, we have included in Figure 2 the results of
several previous studies of GHticking coefficients on Pt-
(111)2?8140ne observes significant deviations between the data
sets reported by different groups. Some of the differences can
be attributed to different surface and/or nozzle temperatures used
in the various studies. The data reported by Luntz et al. were
recorded at a surface temperature of 800 K, whereas our
experiments useds = 600 K. If we take into account the
experimentally observed surface temperature dependence of the
methane sticking coefficient reported by Luntz et al., our results
are in reasonable agreement. Taking into account the difference
in T, andTs, the data reported by Oakes et al. also agree with
our data at high kinetic energy.

On the other hand, the data reported by Higgins étvetre
recorded at similar surface temperature (575 vs 600 K) but show
a significantly higher reactivity and smaller slope with increasing
kinetic energy than our results. Higgins et al. varied the nozzle
temperature from 295 to 1073 K to increase the normal kinetic
energy of the Chlin He beam from 5 to 44 kJ/mol and of the
CH, in H; beam from 22 to 52 kJ/mol. Raising the nozzle

these conditions, we measure the sticking coefficient ok CH onerature will increase both the kinetic energy and the average

on a clean Pt(111) surface averaged over a 30 s deposition t
beS=(0.98+ 0.16) x 10~2 with the error obtained by repeated
measurements (95% confidence). The relative error of 16% is
taken into account in all reactivity measurements using the
calibrated C/Pt AES signals. Auger analysis of the carbon “spot”
resulting from the same CHnolecular beam dose of the clean
Pt(111) surface yields a C(272 eV)/Pt(237 eV) AES signal ratio
of 0.062 (Figure 1b). During the exposure, the incident;CH
dose was monitored by a calibrated mass spectrometer to b
4.9 ML in terms of Pt atom surface density (15010 cm™2

on Pt(111)). We use the sticking coefficient from the K&W

measurement along with the measured flux to calibrate the C/Pt

AES signal ratio in terms of carbon coverage, that is, 098
1072 x 4.9 ML = 0.048 ML for a C/Pt AES signal ratio of
0.062. Once calibrated, we use AES detection of C on Pt(111)
to quantify the sticking coefficient in the range of incident
energy of 16-64 kJ/mol with a lower nozzle temperature (323
and

373 K) for both laser-off andi3 state reactivity. Even though
the calculated 2; state-resolved sticking coefficients are well
above the detection limit of the K&W technique, the low fraction
of laser excited Chlin the molecular beam prevents the use of
the K&W method for calibration of the laser-on sticking
coefficients because our laser-on measurements probe th
average sticking coefficient of all CHnolecules contained in
the beam (excited and unexcited).

We calculate the initial sticking coefficient§, from the
measured C/Pt AES signal ratios of typically 0-8h1 (corre-
sponding to 48% ML coverage) detected at the end of a
deposition experiment. In the calculation & we correct for
the nonlinearity in carbon uptake using the experimentally

determined uptake curve for carbon on Pt(111), produced by

methane molecular beam exposure.

Results and Discussion

Figure 2 shows the laser-off reactivity for gHn Pt(111) as
a function of kinetic energy for normal incidence and a surface

Qibrational energy of the methane molecules. One would expect

the simultaneous increase of kinetic and vibrational energy to
produce a steeper slope than that observed in our data where
only the kinetic energy was changed, because the reactivity of
methane on Pt(111) is known to increase with increasing average
vibrational energy. However, an opposite trend is observed
between the data of Higgins et al. and our data. Furthermore,
belowE, = 30 kJ/mol, there is more than an order of magnitude

Sifference between our results and those of Higgins et al. In

their measurements, Higgins et al. used a continuous molecular
beam, whereas we employed a pulsed molecular beam with
higher instantaneous gas flux. To exclude the possibility that
this higher instantaneous flux of GHn H; could lead to a
transient passivation of the Pt(111) surface by the adsorption
of hydrogen, we repeated a number of laser-off reactivity
measurements with a continuous beam produced by a pinhole
nozzle of 30um diameter with no detectable difference in the
results. We also compared the reactivity of a pulsed beam of
25% CH, in Hy to that of a beam of 3% CHn He at identical
nozzle temperature and very similar kinetic energies and
detected no significant difference in reactivity. Finally, our
reactivity measurement &, = 10 kJ/mol is obtained with a
ure beam of Clj which excludes hydrogen passivation from
he carrier gas but which shows no deviation from the trend of
lower sticking coefficients as compared to those observed by
Higgins et al. We can therefore only speculate reasons for the
discrepancy between our results and those of Higgins et al. The
high sensitivity of the TEAS method used by Higgins et al.
and the fact that the sticking coefficients were measured for
very low coverages<1% ML) could cause their measurements
to be influenced by surface defects. The reactivity at step edges
and kink sites, which are present on a single-crystal surface in
concentrations depending on the miscut, sample preparation,
and history, is known to be significantly higher than that on
terraces? which could lead to a higher (averaged) sticking
coefficient measured at low incident energy where the reactivity
on the terraces is still exceedingly low.

temperature of 600 K. At the moderate nozzle temperatures used Figure 3 shows the state-resolved sticking coefficients for

(323-373 K), the data represent a close upper limit to the
ground-state sticking coefficie®(v = 0). We observe a near

CH, excited to 23, the first overtone of the antisymmetric
stretch vibration, via the R(1) ro-vibrational transition. The
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Figure 4. Comparison of the 1 and laser-off reactivity for Pt(111)

(Ts = 600 K) and Ni(111) Ts = 475 K): (a)2v3, Pt(111); tr) laser-

off, Pt(111); @) 2v3, Ni(111); @) laser-off, Ni(111). Dashed lines are
“S”-shaped curves, fitted to the laser-off data and used to determine
the difference in average barrier heighiE, between Pt(111) and Ni-
(111). The vibrational efficacieg,,, for Pt(111) and Ni(111) are
calculated at the incident kinetic energies indicated by the vertical dotted
normal mode label & for the vibrationally excited eigenstate lines. The _horizontal arrows indic_ate the amount c_)f normal kin_etip
prepared by our narrowband laser is only an approximation. energy, whlch pro_duces the same increase in reactivity as the excitation
For CH,, the fundamental frequencies of the two stretch modes into the 23 vibrational state.

are approximately twice those of the two bending modes, leading |aser-off data for Pt(111) using the experimentally determined
to stretch-bend coupling between the normal mode vibrations syrface temperature dependenc&gby Luntz et a We then
(Fermi resonances). The resulting eigenstates in the presencgise “S”-shaped curves, initially proposed by Lufizto

of the anharmonic coupling can be described as a superpositioarametrize the variation of the laser-off sticking coefficients
of the four normal mode fundamentals i = 1—4. Wang et with kinetic energyEx:

all8 used Van Vleck perturbation theory and an ab initio force

Figure 3. Sticking coefficients as a function of incident kinetic energy
(normal incidence) for dissociative chemisorption of Qith Pt(111).

(¥) Laser-off data giving an upper limit f&(v = 0), (a) state-resolved
sticking coefficients for 23, J = 2. Error bars are 95% confidence of
convoluted uncertainties. For comparison, we also show the data
obtained by Higgins et al. ) 2v;, J = 1,2, @) laser-off.

field to calculate the vibrational states of ¢t to 9000 cm? A E,—

and gave the leading coefficients in a normal mode expansion. S(E) = 2 [1 + erf( W )] 2)
According to their calculations, the state prepared in this work

is composed of 79%123 character and 15%;+vs, wherev; where Ey is the average barrier heighty is the width of a
and vz are the symmetric and antisymmetric—@ stretch Gaussian distribution of barrier heights, aht the asymptotic
fundamentals, respectively. value of S at highE,.

At E; = 10 kJ/mol, the lowest incident energy investigated = We fix A = 1 and determin&, andW as fitting parameters
by us, we observe a 300-fold increase in reactivity upen 2 by least-squares fits of eq 2 to the laser-off data for Pt(111)
excitation. Higgins et al. reported a factor of 30 increase at the and Ni(111). These fits yield similar values for W on both metals
same total kinetic energy but for an incidence angle df, 45 (Wchypi111) & Wengnia11y & 31 £ 2 kd/mol), reflected in the
corresponding to a normal energy of 5.4 kJ/mol, primarily parallel rise of the “S”-shaped curves in Figure 4. When
because their laser-off measuremenggis higher (Figure 3). compared to that of Pt(111), the fit for Ni(111) gives a higher
BecauseTs (575 and 600 K) and;, (298 and 323 K) for the average barrier height oAE; = 28 + 6 kJ/mol. Such a
two measurements are nearly identical, we can again only difference in barrier height is in good agreement with the
speculate that their laser-off measurement reflects at least incomparative theoretical studies by Lia ef&and Anderson et
part the reactivity at step edges or other defects and that theal.}” which found a higher reaction barrier on Ni(111) than on
reaction at these sites is less strongly activatedigye2citation. Pt(111) by 31 and 21 kJ/mol, respectively.

Figure 4 shows a comparison of our state-resolved sticking In addition to the much lower ground-state methane reactivity
coefficient measurements (laser-off and fog)2on Pt(111) and on Ni(111) as compared to Pt(111), we also observe a much
Ni(111). A couple of differences between the data sets for the greater reactivity increase on Ni(111) than on Pt(111) upen 2
two metals are readily apparent. The laser-off reactivity on Ni- excitation. While at first glance, one might consider this to be
(111) is approximately 3 orders of magnitude lower than that a consequence of the difference in barrier height for the two
on Pt(111), and we detect a much stronger enhancement inmetals, we suggest that the different degree of reactivity
reactivity upon 23 excitation for Ni(111). enhancement is related to different transition state geometries

The lower laser-off reactivity for Ni(111) at a given incident on the two surfaces. Considering only a difference in barrier
kinetic energy is consistent with a higher barrier for methane height, it is difficult to rationalize that at the low reaction
dissociation on Ni(111) as compared to Pt(111). Although barrier probability of S~ 3 x 1078 where the reaction is still “starved
heights reported in the literature vary over a considerable range,for energy” on both surfaces, the addition of 72 kJ/mol of 2
comparative studies treating both metal surfaces at the samevibrational energy increases the reactivity to only 1.0-2 for
level of theory found a higher barrier for Ni(111) than for Pt- the lower barrier system CG#Pt(111), while for the higher
(111)1718We use our laser-off results for Pt(111) and Ni(111) barrier system ChINi(111) the reactivity increases all the way
to estimate the difference in barrier height on the two surfaces.to 1 x 1072
Because our two data sets were recorded at different surface This difference in the degree of vibrational activation between
temperatures (600 K for Pt(111) and 475 K for Ni(111) to Ni(111) and Pt(111) is also reflected in their different vibrational
facilitate comparison with previous studi&s), we correct the efficacies#a,,, which compare the effect of translational and
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2v3 vibrational energy on the reactivity on each surfage, is exceeds that of Pt(111) b{E, = 28 + 6 kJ/mol. The higher
defined as: 2v; efficacy for the dissociation of C4bn Ni(111) as compared
to Pt(111) suggests a transition state structure with a larger bond
length for the dissociating €H bond on Ni(111), consistent
AE, with previous theoretical results.
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