
20526 Phys. Chem. Chem. Phys., 2013, 15, 20526--20535 This journal is c the Owner Societies 2013

Cite this: Phys. Chem.Chem.Phys.,2013,
15, 20526

Quantum state-resolved CH4 dissociation on Pt(111):
coverage dependent barrier heights from experiment
and density functional theory

Hirokazu Ueta,a Li Chen,a Rainer D. Beck,*a Inara Colón-Dı̀azb and Bret Jacksonb

The dissociative chemisorption of CH4 on Pt(111) was studied using quantum state-resolved methods at a

surface temperature (Ts) of 150 K where the nascent reaction products CH3(ads) and H(ads) are stable and

accumulate on the surface. Most previous experimental studies of methane chemisorption on transition

metal surfaces report only the initial sticking coefficients S0 on a clean surface. Reflection absorption

infrared spectroscopy (RAIRS), used here for state resolved reactivity measurements, enables us to monitor

the CH3(ads) uptake during molecular beam deposition as a function of incident translational energy (Et)

and vibrational state (n3 anti-symmetric C–H stretch of CH4) to obtain the initial sticking probability S0, the

coverage dependence of the sticking probability S(y) and the CH3(ads) saturation coverage ysat. We observe

that both S0 and ysat increase with increasing Et as well as upon n3 excitation of the incident CH4 which

indicates a coverage dependent dissociation barrier height for the dissociation of CH4 on Pt(111) at low

surface temperature. This interpretation is supported by density functional calculations of barrier

heights for dissociation, using large supercells containing one or more H and/or methyl adsorbates. We

find a significant increase in the activation energies with coverage. These energies are used to construct

simple models that reasonably reproduce the uptake data and the observed saturation coverages.

Introduction

The cleavage of a C–H bond in methane on a catalyst surface is
the rate-limiting step in the transformation of natural gas into a
mixture of hydrogen and carbon monoxide known as synthesis
gas, which serves as the starting material for the synthesis of
many bulk chemicals. Therefore, a detailed understanding of
methane dissociation on the catalysts’ surface is of important
practical interest. In order to explore the microscopic details
of the process, well-defined conditions are required. The
dynamics of methane dissociation on metal surfaces has been
extensively studied using molecular beams and single crystal
surfaces under ultra-high vacuum conditions.1,2 On Ni(111),
the nascent reaction products CH3(ads) and H(ads) are stable
for Ts o 150 K, where CH3(ads) was detected by electron energy
loss spectroscopy (EELS).3 On Pt(111), CH3(ads) is stable below
Ts B 240 K and was detected by reflection absorption infrared
spectroscopy (RAIRS)4 at Ts = 150 K as well as by high resolution
X-ray photoelectron spectroscopy.5 At a surface temperature of
Ts B 240 K, CH3(ads) on Pt(111) surface dehydrogenates into
CH in parallel with the formation of CH4(g) by recombinative

desorption of CH3(ads) with H(ads).5 For Ts > 450 K, CH
dehydrogenation occurs leaving a carbonaceous layer on the
Pt(111) surface.6

Previous experiments7,8 have demonstrated that methane
dissociation on transition metals is activated by both transla-
tional and vibrational energy of the incident reactant. Further-
more, quantum state-resolved studies using molecular beam
techniques with state-selective infrared laser pumping showed
that the methane dissociation can be both mode-specific9 and
bond-selective.10,11 In addition to the initial conditions of the
gas-phase methane reactant, the importance of the surface
conditions in the reaction has also been explored. Experimental
studies observe an enhancement of methane reactivity with
increasing surface temperature on several transition metal
surfaces.12–16 Density functional theory (DFT)-based electronic
structure calculations have revealed the role of surface lattice
motion (phonons) in the reaction.17–22 It was found that
thermal displacement of the surface atoms strongly modifies
the dissociation barrier height, and dissociation over surface
atoms that protrude from the plane of the surface requires lower
energy. Dynamical calculations showed that this leads to a strong
increase in dissociative sticking with temperature.19,20,23–26

Dissociation barrier heights also depend strongly on the surface
structure. The study of CH4 dissociation on Pt(533) showed an
enhancement of reactivity by the step sites.27 On the anisotropically
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corrugated surface, Pt(110)-(1� 2), it was observed that the reactivity
is dominated by dissociation over the ridge atoms,28 which is
consistent with both DFT22,29,30 and dynamics30 calculations.

Most state resolved studies of methane dissociation on
transition metals published so far31,32 report the initial sticking
probability S0 for methane incident on a bare metal surface, free
of chemisorption products representing a well defined system
suited for comparison with theory. The paucity of experimental
information on the coverage dependent sticking probability S(y)
for methane is also due to the fact that most surface analysis
methods used in previous studies cannot be applied online and
in situ during the methane deposition as they would interfere
with the methane dissociation reaction (Auger electron spectro-
scopy) or destroy the CH3(ads) reaction products (oxygen titra-
tion of surface carbon by temperature programmed reaction). On
the theory side, the use of DFT to examine how coverage affects
barrier heights requires the use of larger supercells than for the
typical zero-coverage calculation. This, coupled with the already
sizable problem of locating transition states for polyatomic
systems makes this a computer intensive problem.

However, in real world applications of heterogeneous catalysis,
the catalyst surface may be partially covered with chemisorption
products, potentially changing the reaction probability and
pathway. The coverage dependence of the sticking probability
of CH4 on Pt(111) has not yet been investigated in much detail
either experimentally or theoretically. Here we describe a quan-
tum state-resolved study of the dissociative chemisorption of
CH4 on Pt(111) at a surface temperature of 150 K, where the
nascent dissociation products are stable and accumulate on the
target surface throughout a deposition experiment. The non-
invasive nature of RAIRS enables us to observe the uptake of
surface-bound CH3(ads) products in real time during exposure of
the Pt(111) surface to a molecular beam of state selectively
prepared CH4, yielding quantitative data on the coverage depen-
dent state-resolved sticking probability of CH4 on Pt(111). We
find that both the initial sticking probability and the methyl
saturation coverage increase with increasing translational energy
and upon vibrational excitation of the incident CH4. Our results
indicate that the surface coverage of dissociation products
changes the dissociation barrier height. This conclusion is
supported by DFT calculations of the adsorption energies and
barrier heights for methane dissociation at different product
coverages. A model is constructed based on these DFT studies that
reasonably reproduces the experimental uptake curve including the
saturation coverages, without recourse to the usual site-blocking
models, where a blocking parameter is fit to reproduce the
experimental data for a particular collision energy, vibrational state,
and surface temperature. This model also allows us to analyse the
uptake data in a new way, extracting data on how dissociation
barriers increase with increasing coverage.

Experiment

The experiments were performed in a molecular beam/surface
science apparatus, the details of which have been previously
published.11,33 Briefly, the apparatus consists of a triply differentially

pumped continuous molecular beam source connected to
an ultra-high vacuum chamber with a base pressure of 3 �
10�11 mbar. The UHV chamber contains an Ar+ sputter gun, a
residual gas analyser (RGA) and a cylindrical mirror analyser for
Auger electron spectroscopy (AES). The Pt sample was mounted
on a home-built manipulator and could be heated to >1300 K
and cooled to 78 K.

The translational energy (Et) of methane in the molecular
beam was controlled by seeding 1–3% CH4 in He and by variation
of the nozzle temperature in the range of Tn = 300–850 K. We
determined the velocity distribution of the molecular beam by
time-of-flight measurements using a 200 Hz chopper wheel
together with an on-axis quadrupole mass spectrometer (QMS).
The measured TOF distributions are fitted to a flux weighted
Maxwell Boltzman velocity distribution

f ðvÞ / v3 exp � m

2kTjj
ðv� v0Þ

� �
(1)

containing the stream velocity v0 and the translation temperature
TJ characterizing the width of the velocity distribution. We use
Et = 1

2mv0
2 to calculated the average incident translation energy

Et of the methane reactants. Typical widths (FWHM) of the
translational energy distribution are 10–30% of Et for nozzle
temperatures of 300–850 K for the 1 and 3% CH4 in He
expansions used here.

In order to preserve the nascent methane dissociation
products, CH3(ads) and H(ads), and prevent recombinative
desorption,4,34 a surface temperature of 150 K was used in all
deposition experiments. The molecular beam flux of CH4 was
monitored via the methane partial pressure rise in the UHV
chamber using a quadrupole mass spectrometer (QMS) and
calibrated using a cold cathode ion gauge. The pumping speed
of the system for CH4 was determined by measuring the pump
out time of the chamber using the QMS. The molecular beam
spot size on the sample surface was determined by measuring
carbon profiles using AES. To probe the effect of vibrational
excitation, surface incident CH4 could be prepared in a specific
ro-vibrational eigenstate by infrared pumping in the molecular
beam with radiation from a single-mode continuous wave
optical parametric oscillator (OPO). We prepared CH4 in the
n3 normal mode (antisymmetric C–H stretch) via the R(1)
ro-vibrational transition at 3038.49 cm�1. The OPO frequency
was stabilized to 1.5 MHz by locking to a Doppler-free Lamb dip
detected in an absorption cell filled with about 30 mbar of the
CH4.35 Excitation by rapid adiabatic passage36 of the molecular
beam through the focused IR laser beam inverts the population
of the two level system formed by the J = 1, n3 = 0 initial state
and the J = 2, n3 = 1 final state leaving approximately 50% of the
incident CH4 in the n3 = 1, J = 2 eigenstate. To detect the
methane dissociation products on the Pt(111) surface, an
evacuated Fourier transform infrared spectrometer (FTIR, Bruker
Vertex V70) was used in a reflection absorption infrared spectro-
scopy (RAIRS) configuration. IR radiation from the thermal
source of the FTIR is reflected by the Pt(111) single crystal at
near grazing incidence (B801) and detected using a liquid N2

cooled InSb detector. During the exposure of the cold Pt(111)

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

01
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:2

8:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3cp52244j


20528 Phys. Chem. Chem. Phys., 2013, 15, 20526--20535 This journal is c the Owner Societies 2013

surface to the incident methane in the molecular beam, RAIR
spectra were recorded continuously and the absorption peak
intensity of the symmetric CH3(ads) stretch at 2883 cm�1 was
monitored as function of deposition time. The RAIR spectra
presented here were recorded at a resolution of 4 cm�1, averaging
typically 256 sample scans in 35 seconds. Fig. 1 shows a series of
RAIR spectra collected during a 40 min deposition of a CH4 beam
onto the Pt(111) surface with an average incident translational
energy of Et = 76.6 kJ mol�1. Two absorption peaks emerge with
increasing dose at 2883 cm�1 and 2755 cm�1 corresponding to
the symmetric CH3 stretch and a C–H bend overtone, respectively,
in agreement with previous RAIRS studies.4,34,37 We calibrate the
RAIRS absorption peak intensity at 2883 cm�1 in terms of surface
CH3 coverage using AES detection of the carbon atoms in
CH3(ads).33 AES detection was also used to verify that the CH3(ads)
RAIRS signal was linearly proportional to surface CH3 coverage,
for y(CH3) r 0.2 ML.33 A Pt(111) single crystal, oriented within
0.11 of the (111) plane, was obtained from Surface Preparation
Labs. The Pt(111) surface was cleaned by repeated cycles of Ar+

sputtering and oxygen exposure at 700 K to 5 � 10�8 mbar O2 for
5 min, followed by annealing to 1200 K for 2 minutes. The surface
cleanliness was checked by AES and could also be verified by
observing the uptake of traces of CO first on the step-edge
followed by the terrace sites in the RAIRS spectra.

Theory

We use the Climbing Image-Nudged Elastic Band method38,39 to
locate transition states (TS) and minimum energy paths for
methane dissociation on Pt(111). Total energies are computed

using the Vienna ab initio simulation package (VASP), developed at
the Institut für Materialphysik of the Universität Wien.40–44 This
code uses a plane wave basis set, and the interactions between the
ionic cores and the electrons are described by fully nonlocal
optimized projector augmented-wave potentials.45 Exchange–
correlation effects are treated within DFT using the Perdew–
Burke–Ernzerhof (PBE) functional.46,47 This is the functional typically
used in studies of methane dissociation on metals, and the one
used in our earlier bare-surface studies on Pt(111).21,22 A supercell
with periodic boundary conditions is used to model the system as
a series of infinite slabs, each 4 layers thick and separated by a
large vacuum spacing of 16.1 Å. To determine how surface cover-
age modifies the barriers to dissociation, we consider supercells
containing 2� 2, 3� 3, and 4� 4 surface unit cells, and from 0 to
8 pre-adsorbed H atoms and/or methyl groups, CH3, in addition
to the dissociating CH4 molecule. Our approach is to initially relax
the top three Pt layers and any pre-adsorbed H or CH3, and then
keep both the lattice atoms and the pre-adsorbed species fixed
while locating the minimum energy path and TS for the dissociating
CH4. This is a sudden approximation: we are assuming that the
reaction is fast on the timescales for lattice motion and adsor-
bate reorientation. While the chemisorption of methane can
lead to significant lattice relaxation, our studies have shown that
it is reasonable to treat the heavy lattice atoms as fixed during
the short timescales of the reactive collision.25,26 The effects of
lattice motion can then be introduced into calculations of the
sticking probability by thermally averaging over barrier changes
due to lattice displacement.25,26 With regard to the pre-adsorbed
species, it is likely that they will not move significantly as the
impinging methane approaches the surface and passes through
the TS. As the H and CH3 fragments move apart and chemisorb,
there will certainly be some lattice relaxation and adsorbate
rearrangement, but we are only interested here in the barrier
height for the initial dissociation.

Results and discussion
a. Experiment

Having established the proportionality of the CH3(ads) RAIRS
absorption signal at 2883 cm�1 and the CH3(ads) coverage by
comparison with AES detection,9 we use RAIRS to record CH3(ads)
uptake curves which relate the product coverage y(CH3) to the
incident dose D(CH4) of methane. Fig. 2(a) shows several RAIRS
detected uptake curves for incident translational energies Et in the
range of 46.3–76.6 kJ mol�1 without laser excitation. The coverage
dependent sticking coefficient S(y) is obtained as the derivative of
the uptake curve with respect to the dose D:

S(y) = dy(CH3)/dD(CH4) (2)

which can be seen to decrease in Fig. 2 with increasing y(CH3).
To extract S(y) from the data, we fit a Langmuir uptake model
for dissociative adsorption16 to the RAIRS uptake data resulting
in the solid lines shown in Fig. 2.

yðCH3Þ ¼ ysat
B �D

1þ B �D (3)

Fig. 1 A series of RAIR spectra collected during molecular beam deposition of
CH4 on a Pt(111) surface at Ts = 150 K as a function of the incident CH4 dose in
monolayers (1 ML = 1.5 � 1015 molecules per cm2). The surface bound dissocia-
tion product CH3(ads) is detected via the CH3 stretch absorption at 2883 cm�1

which, after calibration, is used to record the uptake curves shown in Fig. 2.
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where the fitting parameters are the constant B and the CH3

saturation coverage ysat, and D is the measured molecular beam
dose. The model assumes that CH4 dissociation requires two
adjacent surface vacancies for CH3(ads) and H(ads) leading to
faster than linear decrease of the reactivity with coverage. The
initial sticking probability S0 on the clean surface (y = 0) is
calculated as the initial slope of the uptake curve from the
product of the fitting parameters ysat and B:

S0 = ysat�B (4)

Fig. 3(a) shows the initial sticking probabilities S0 as function of
Et for the laser-off and laser-on depositions. For the three
highest values of S0 in the laser-off dataset, the uptake was
too fast to determine an accurate value of S0 from the RAIRS
data due to the fact that a significant coverage was deposited

during the initial 30 s RAIRS data collection interval. Therefore
the value of S0 was measured by the King and Wells method48

(0.5 s averaging) performed simultaneously with the RAIRS
detection for each deposition. The laser-off data represents an
averaged reactivity over the thermally excited vibrational levels
populated at the nozzle temperature of each experiment. Based
on data reported by Luntz and Bethune who studied the change
in S0 between Tn = 300 K and 680 K over same Et range,12 we
estimate the true ground state reactivity S0(v = 0) to be lower by
a factor of 2 than our S0(laser-off) measured at Tn = 680 K.

The results show that both the initial sticking probability S0

and the saturation coverage ysat(CH3) depend on the transla-
tional energy Et of the incident CH4. This is in contrast to
previous CH4 reactivity measurements on Pt(111) and Ni(111)
performed at higher surface temperatures (Ts > 400 K) where

Fig. 2 (a) RAIRS detected CH3(ads) uptake curves relating methyl coverage to the incident CH4 dose for different incident translational energies Et in the range of
46–77 kJ mol�1 for laser-off conditions. (b) Laser-on (n3-excitation) uptake curves for incident n3-excited CH4(n3) for Et in the range of 22–33 kJ mol�1. Effective dose
refers to the incident dose of CH4(n3) only. For comparison, the laser-off (Et = 33 kJ mol�1) result is also shown to demonstrate that the observed methyl coverage is
only due to incident CH4(n3). Note that for CH4(n3), a given saturation coverage is achieved at much lower Et compared to the laser-off depositions.

Fig. 3 (a – left) Initial sticking probability S0 for CH4 on Pt(111) as function of Et without laser excitation (black – laser-off) and with state specific excitation of the n3

mode (red). The solid lines are S-shaped reactivity curves fitted to the data to extract a vibrational efficacy of Z(n3) = 0.7. (b – right) CH3(ads) saturation coverage as a
function of translational energy Et for laser-off (black) and n3 excitation (red).
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the nascent methyl products quickly dehydrogenate and the
adsorbed hydrogen leaves the surface by recombinative
desorption, leaving only carbon atoms on the surface.49 Under
such conditions the saturation coverage of carbon was found to
be independent of the incident translational energy or vibrational
excitation.1 Fig. 2(b) shows the laser-on uptake curves for CH4(n3),
prepared via IR laser pumping with one quantum of n3 vibration
(antisymmetric C–H stretch) for several values of Et. Compared to
the laser-off experiments, Et was reduced by lowering Tn within
the range Tn = 294 to 408 K for the 3% CH4 in He beam. For
comparison, a 60 min laser-off deposition of the 3% CH4 in He
beam with Tn = 408 K (Et = 32.8 kJ mol�1) produces no detectable
CH3(ads) coverage indicating that the laser-off reactivity of CH4 is
negligible in all of the laser-on depositions. Therefore the laser-
on experiments directly reflect the state-resolved reactivity of
CH4(n3 = 1, J = 2). The laser-on RAIRS data of Fig. 2(b) is again
fitted by our Langmuir uptake model to extract the state-resolved
initial sticking probability S0(n3) and the saturation coverage
ysat(n3) presented Fig. 3. For quantitative comparison of the effect
of translation and n3 excitation, we fit the laser-off and laser-on
results with the S-shaped reactivity curves proposed by Luntz,50

S0 ¼
A

2
1þ erf

Et � E0

W

� �� �
(5)

where A is the asymptotic value of S0 for Et - N taken to be
unity here, E0 the average barrier height and W is the width of the
distribution of barrier heights assumed to be Gaussian. Laser-off
and laser-on reactivity data were fitted with A = 1 and a width
parameter W = 26 kJ mol�1 to determine the average barrier
height E0(laser-off) and E0(n3) for the two datasets. The vibrational
efficacy Z(n3) is determined by the horizontal offset between the
two fitted S-curves, DE0(n3) = E0(laser-off) � E0(n3), and the
vibrational energy of the state, hn3:

Zðn3Þ ¼
DE0ðn3Þ

hn3
¼ 0:71 (6)

For comparison, we have previously determined the vibrational
efficacy for 2n3 overtone excitation, finding that Z(2n3) = 0.38 for
CH4 dissociation on Pt(111) at Ts = 600 K.49 Both the vibrational
efficacies Z(n3) and Z(2n3) are observed to be lower for Pt(111)
than on Ni(111) (Z(n3) = 1.25,51 Z(2n3) = 0.65 (ref. 13)). This
suggests that there is a smaller extension of the dissociating
C–H bond at the transition state, indicating an ‘‘earlier barrier’’
for Pt(111) than for Ni(111), which is consistent with recent DFT
calculations.21 We turn our attention to the observed changes in
CH3 saturation coverage, ysat. Fig. 3(b) shows how ysat depends on
the CH4 translational energy for both laser-off and laser-on
depositions. In both cases ysat increases with increasing Et and
for the laser-off depositions approaches an asymptotic value near
0.25 ML at high Et. To confirm that the change in ysat coverage is
due to the variation of Et and to exclude the possibility of site
blocking effects by the adsorption of potential contaminants in
the molecular beam such as H2, H2O, and CO, we performed the
following test. First the Pt(111) surface was exposed to a mole-
cular beam of CH4 with Et = 44.5 kJ mol�1 (laser-off conditions)
while the CH3 uptake was followed by RAIRS. When the uptake

approached a saturation coverage of 0.05 ML, the incident
translational energy of CH4 was increased to Et = 57.4 kJ mol�1.
With increased Et, we detect a renewed uptake on the same
surface, approaching a higher saturation coverage of 0.12 ML
shown in Fig. 4(a). Similarly, Fig. 4(b) shows that for a laser-on
CH4(n3) deposition with Et = 22.5 kJ mol�1 the coverage
approaches saturation but then continues to grow once Et is
increased to 32.2 kJ mol�1. A variation in CH3(ads) saturation
coverage on Pt(111) with Et has previously been reported by

Fig. 4 (a) CH3 uptake for CH4(v = 0) (laser-off) and (b) CH4(n3) (laser-on)
exposure of Pt(111) at TS = 150 K. Once the uptake curve approaches a first
saturation level (after B40 min of deposition), Et was increased as indicated in
the figure resulting in (1) increased reactivity as demonstrated by the change in
slope of the uptake curve and (2) an increase in the saturation coverage as
indicated by the higher asymptote. This shows that the level of the saturation
coverage is controlled only by the reactivity of the incident methane and not due
to site block effects of any other species not detected by RAIRS.
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Fuhrmann et al.6 who used high-resolution X-ray photoelectron
spectroscopy to monitor the CH3 uptake on Pt(111) at Ts = 120 K
for Et in the range of 30–80 kJ mol�1. Fuhrmann et al. speculated
that an increase in impact energy might lead to the displacement
of adsorbed hydrogen, H(ads), freeing additional sites where CH3

can adsorb.
In our study presented here, we observe an increase in ysat

not only upon increasing Et but also upon vibrational excitation
of the n3 mode. Comparing the data of Fig. 3(a) and (b), we find
that deposition of CH4(n3) results in similar reactivity and satura-
tion coverage at an incident Et which is lower by B26 kJ mol�1

than what is observed in the deposition without laser excitation
of n3. In fact, if we plot ysat as a function of S0 (Fig. 5), the laser-off
and laser-on data overlap on a common curve, consistent with the
idea that ysat is controlled by the CH4 reactivity, which in turn is
determined both by incident translational energy and the vibra-
tional state. This leads us to propose that the observed changes in
saturation coverage are due to a variation of the CH4 dissociation
barrier height with product coverage.

b. DFT calculations

The barrier height for the dissociative adsorption on different
transition metal surfaces is connected to the adsorption energy via
the well known Brønsted–Evans–Polanyi (BEP) relationship.52,53 On
a given metal surface, the adsorption energy tends to decrease
with increasing adsorbate coverage due to interactions between
the adsorbates or adsorbate induced changes in the electronic
structure of the metal. Therefore a decrease in adsorption energy
with increasing product coverage will cause an increase in
barrier height consistent with the observed changes in CH3(ads)

saturation coverage. This is precisely the behaviour we observe in
our DFT studies.

Earlier DFT studies of methane dissociation on Pt(111),
using a 2 � 2 supercell with no pre-adsorbed H or CH3,
identified 6 transition states.21,22 In all cases the carbon atom
is over the top site at the TS and remains there after the
reaction, as the methyl group preferentially binds to the top
site by 0.6–0.9 eV relative to other sites. The adsorption energy
of H is largest at the fcc hollows, but only by 50 meV relative to
the top, bridge and hcp sites.21 As a consequence, the adsorbed
H atoms are mobile at the temperatures of the experiment, and
the barriers to dissociation do not vary dramatically with the
orientation of the dissociating H. The lowest activation energy,
the height of the TS barrier relative to the methane far above
the surface, is Ea = 0.93 eV, corresponding to the dissociating
H moving along the bridge towards a neighboring top site.
Dissociation paths with the H moving towards the fcc or hcp
hollows are only slightly less favored, with Ea = 0.95 to 0.98 eV,
depending upon the orientation of the methyl group. Zero
point energy corrections lower all of these barriers by about
0.11 eV.21,22 As this correction is roughly the same for all of the
barriers computed here, we will not include it in the reported
values for Ea.

The energetics for recombinative desorption in these experi-
ments are not favourable. The adsorbed methyl groups are not
mobile at 150 K, and the barrier to formation of methane is
large. The adsorbed H are mobile, but using the DFT values
computed at 1

4 ML (the 2 � 2 supercell) we find that formation
of H2(g) from 2 equilibrated adsorbed H atoms is uphill by
0.71 eV, including zero point energies. The dissociative adsorp-
tion of methane is only weakly exothermic, by 0.02 eV, for H
and CH3 at infinite separation. Thus, the laser off threshold for
H2 recombination via a hot atom process is Et = 0.7 eV, ignoring
any energy loss to phonons or other degrees of freedom, and
this type of process is not likely to be the source of an energy-
dependent saturation coverage.

We have computed Ea for several different coverages. In all
cases the dissociating H is oriented along a bridge site. What
we call the product state is the last image in the NEB calcula-
tion, corresponding to the dissociated H on the neighbouring
top site. Figures showing the geometry of these transition and
product states, along with tables of corresponding geometric
and energetic data, can be found in ref. 21 and 22, where this
particular reaction path is denoted as D2. For the 2 � 2
supercell, Ea = 0.93 eV and the product energy Ep = 0.31 eV.
As we decrease the coverage from 1

4 ML to 1/9 ML and 1/16 ML
by using 3 � 3 and 4 � 4 supercells, Ep drops to 0.23 and
0.19 eV, and as expected, Ea drops to 0.89 and 0.86 eV,
respectively. Extrapolating, we estimate that the barrier is about
0.84 eV in the limit of zero coverage. While this certainly
suggests an increase in Ea with coverage, the situation is
artificial in the sense that the methane and all of its repeated
images are dissociating at the same time. We thus consider the
case of dissociation in the presence of pre-adsorbed H and CH3,
using our large 4 � 4 supercell to minimize the repulsion
between the dissociating methane and its repeated images.

Fig. 5 CH3(ads) saturation coverage as a function of initial CH4 sticking prob-
ability S0(laser-off) and S0(n3). Both the laser-off and the n3-data fall on a common
curve relating the saturation coverage to the reaction probability of the incident
methane. This suggests that the saturation coverage is simply a function of CH4

reactivity, irrespective if the dissociation is activated by translational energy Et or
by n3-excitation, consistent with a coverage dependent reaction barrier height.
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To simulate an initial coverage of 1/16 ML, we pre-adsorb one
methyl at a top site, and one H at an fcc site two hollows away,
in one quadrant of our 4 � 4 cell. There are three sites in the
cell where dissociative adsorption of a second CH4 is most
energetically feasible, corresponding to the three ‘‘empty’’
quadrants of our 4 � 4 cell, and these have product energies
Ep = 0.23, 0.38 and 0.46 eV. For dissociation at these three sites,
we find Ea = 0.90, 0.94 and 1.04 eV, respectively. If we pre-
adsorb two methyl groups and two H atoms, in two adjacent
quadrants of our cell, we similarly find two remaining sites with
relatively low barriers to dissociation left open. These have
product energies Ep = 0.34 and 0.69 eV, and corresponding
dissociation barriers Ea = 0.92 and 0.99 eV. Pre-adsorbing 3
methyls and 3 H leaves only one site in the 4 � 4 cell open, with
Ep = 0.47 eV and Ea = 0.92 eV. Thus, we observe a significant
increase in Ea with coverage, and these are minimum values, as
we have only considered the lowest energy pathways available.

All of the above configurations correspond to situations
where the carbon atoms are at least two lattice spacings apart,
and no H atoms reside in any of the hollow sites adjacent to the
carbons. Going beyond this leads to even larger increases in Ep,
and correspondingly, Ea. We have considered three such situa-
tions. In the first, we dissociate methane over a top site, in a 3�
3 supercell, with a pre-adsorbed H atom in the adjoining fcc
hollow. There are three fcc sites in which to put this H, and we
choose the lowest energy configuration where the H is on the
fcc hollow furthest away from the dissociating C–H bond. We
find that Ep increases to 0.45 eV, while the barrier increases by
0.2 eV to 1.10 eV. We also consider the dissociation of methane,
again in a 3 � 3 supercell, with a pre-adsorbed CH3 group in a
neighbouring top site. We again take the lowest energy case
where the pre-adsorbed methyl is furthest away from the
dissociating H. We find Ep = 0.61 eV and Ea = 1.14 eV,
corresponding to an increase in the barrier height of 0.24 eV.
Finally, we find these effects to be roughly additive, and it is
very unfavourable, energetically, to go beyond a coverage of
1
4 ML. This coverage corresponds to one methyl on every other
Pt atom, in a 2 � 2 array, with the H atoms in fcc hollows in a
staggered 2 � 2 array. We have attempted to insert a fifth H and
CH3 into a 4 � 4 supercell already containing 4 methyls and 4 H
atoms, and the lowest Ep we have found is about 1.73 eV, for the
sudden case where the pre-adsorbed species remain fixed. The
corresponding barrier is likely to be so large as to prevent
dissociation at coverages above 1

4 ML. This is consistent with the
experimental data in Fig. 2, 3(b) and 5.

c. Adsorption model

Clearly, Ea can increase significantly as coverage increases, but
how do we quantitatively relate the DFT data and the experi-
mental y vs. D uptake curves? Consider the following model for
adsorption, where, given our arguments against recombinative
desorption, we set y(CH3) = y(H) = y:

dy
dD
¼
X
j

PjðyÞSjðEt; nÞ (7)

The index j labels all of the possible environments that might
exist for dissociation at a coverage y. These include, for
example, dissociation over a top site with no adsorbates in
the vicinity, dissociation where there is one adsorbed CH3 two
sites away, and so on. Pj is the probability for each configu-
ration, at a coverage y, and Sj is the dissociative sticking
probability for this configuration, which depends upon Et and
whether or not the n3 stretch is excited, v = 1 or 0, respectively.
The y = 0 sticking data are well described by the empirical
expression:

S0(Et,v) = bea(Et+cv) (8)

where c = Z(n3) hn3 and a least squares fit to the data in Fig. 3
yields a = 0.172 (kJ mol�1).

It is reasonable to approximate

Sj (Et,v) = bea(Et+cv�Dj) = S0e�aDj (9)

where Dj is the increase in dissociation barrier height for
configuration j, relative to the zero coverage case. This approxi-
mation is based on the assumption that while the barrier
height may change with adsorbate coverage, the morphology
of the potential energy surface in the vicinity of the TS is not
otherwise modified appreciably. We have successfully used this
‘‘energy-shifting’’ approximation to average S over surface
impact sites and lattice atom displacements.23,24 Unfortu-
nately, it is only feasible to compute Dj for a few of the
hundreds of configurations likely to be important. However,
we can get a rough estimate of the magnitude of Dj and how it
varies with coverage by making the following approximation:

dy
dD
¼
X
j

PjðyÞSj Et; nð Þ � S0

X
j

PjðyÞe�aDj � S0ð1� yÞ2e�aDav

(10)

where Dav(y) is, roughly speaking, the average Dj at a coverage y,
and (1 � y)2 is the probability of finding two open adjacent top
sites, allowing for dissociative sticking. We use eqn (10) to
extract Dav(y) from the experimental data by computing dy/dD
from the eqn (3) fits. Using the fit value for a and the
experimental values for S0, we get the curves in Fig. 6. As the
uptake curves shown in Fig. 2 saturate, Dav(y) can spike to large
values. However, for both the laser off and the n3 data there is a
continuous and roughly linear increase in Dav(y) with y, and
both datasets give the same slope. Our DFT calculations are in
good agreement with these curves. In our studies with a 4 � 4
supercell, we found that for initial adsorbate coverages between
1/16 and 3/16 ML the barrier increased by values in the range
0.04–0.18 eV. These values agree well with the extracted data,
keeping in mind that Dav(y) is a rough average and that the
computed DFT values correspond to the smallest of what is
likely to be a broad distribution of barriers. At higher coverage,
where an incident methane is more likely to collide with a Pt
atom adjacent to an adsorbed H atom or CH3, we computed
(minimum) barrier increases of 0.20 and 0.24 eV, respectively,
in good agreement with Dav(y) at higher values of y. Again,
these barriers were for adsorbate positions away from the
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dissociating H, and other configurations of the molecule are
likely to lead to even higher barriers.

Two questions remain: can we put together an approximate
but first principles model for dissociative sticking based on the
DFT data, and is such a model capable of reproducing a
saturation coverage that varies with the incident energy and
vibrational state of the methane? The Langmuir model of
eqn (3) fits the data well, but requires that a different ysat be
fit to each dataset (Et, v). This ysat is often interpreted in terms
of site blocking, and indeed, eqn (3) is a solution of

dy
dD
¼ S0ð1� ZyÞ2 (11)

where Z = ysat
�1 is the number of sites ‘‘blocked’’ by the

adsorbed H and CH3. Eqn (11) corresponds to a lattice model
where two adjacent sites are required for dissociation, and each
adsorbate blocks Z sites. Of course, this is a semi-empirical
model designed to fit curves that saturate rigorously at y =
Z�1o1. In reality, except for the top sites containing the
adsorbed CH3, no other top sites are physically blocked by
the adsorbates. The actual physics is that Z = 1 and the barrier

to dissociation at unblocked sites increases with increasing
coverage, and there are many different environments for dis-
sociation, all with different barrier heights, as described by
eqn (7). That is, Sj is neither equal to 0 or to S0, but something
in between. While we have only examined a few of the many
possible adsorbate configurations of eqn (7), we can put
together the following model based on eqn (7)–(9), and our
DFT results. The lowest barriers correspond to the case where
there are no adsorbates on sites adjacent to the CH4 as it
dissociates. For this we need an open top site, with no methyl
groups adsorbed on the adjacent 6 top sites, and no H atoms in
the 3 adjacent fcc hollows. Since y(H) = y(CH3) = y, the
probability that the incident molecule finds these 10 open sites
is P1 = (1 � y)10. These are the types of configurations con-
sidered in our studies using the large 4 � 4 supercell. We found
that the barriers increased slowly with coverage, and we
approximate this increase as D1 = (0.65 eV ML�1)�y, where the
value 0.65 eV ML�1 is an average of our 3 lowest computed
values for initial coverages of 1/16, 1/8 and 3/16 ML. We thus
approximate S1 = S0 exp(�aD1), as in eqn (9). The probability of
finding the P1 configuration, but with either one CH3 or one H

Fig. 6 Mean increase in barrier height, Dav(y), as a function of coverage, extracted from the data in Fig. 2, using eqn (7) in the text, for (a), the laser-off case, and (b),
the laser-on case. The curves are color-coded to correspond to the curves in Fig. 2.

Fig. 7 Coverage as a function of dose, for (a), the laser-off case, and (b), the laser-on case. The lines correspond to the theory presented in the text, and the circles are
the data from Fig. 2. The lines and circles correspond to the color-coding in Fig. 2.
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adsorbed adjacent to the impact site, is P2 = 8 (1 � y)9 y. We have
shown that for these cases the barriers increase by about D = 0.22 eV,
and we write S2 = S1 exp(�aD). Similarly, the probability of finding
the P1 configuration, but with 2 adsorbates next to the impact site, is
P3 = 28(1 � y)8 y2, and we write S3 = S1 exp(�2aD). We include two
more terms in this sum, P4 and P5, though they don’t significantly
modify the results, plotted in Fig. 7 along with the experimental data
of Fig. 2. The agreement is remarkably good, given the simplicity of
the model. We use only the DFT data, the measured S0(Et, v), and the
parameter a extracted from the S0 data. More importantly, it is clear
that we can get saturation effects without invoking a blocking
parameter that is fit to the data for each (Et, v). It is likely that we
could tweak the model to get a better fit, but to accurately reproduce
the data would require that we remove the separability assumption
of eqn (9), computing potential energy surfaces for numerous
configurations j and computing Sj, an impossible task. It is perhaps
surprising that this assumption works as well as it does. Note that
this separability leads to a rate proportional to S0(Et, v) f (y), where f is
some function of the coverage. Given our value for a, f (y) drops by
about three orders of magnitude when the effective barriers increase
by about 0.4 eV. That is, the curves effectively saturate on experi-
mental timescales when the rate drops below some value Rmin = S0

exp(�aysat), and thus this first order model suggests that ysat is
proportional to ln(S0), the experimental result in Fig. 5. Given
eqn (9), ysat is also therefore proportional to Et, as illustrated in
Fig. 3(b). Thus this simple DFT-based model is qualitatively con-
sistent with all of the experimental observations.

Conclusion

We have measured the state-resolved sticking probability and
saturation coverage for CH4 dissociation on Pt(111) at a surface
temperature of 150 K as a function incident translational
energy and vibrational state. State specific n3 excitation
enhances CH4 dissociation on Pt(111) reaction with an efficacy
of 0.7 compared to translational energy. We observe that the
CH3 saturation coverage, ysat(CH3), increases with translational
energy and also upon n3-excitation indicating that ysat(CH3) is a
function of CH4 reactivity. This indicates that there is a product
coverage dependence of the activation barrier height.

DFT studies confirm these predictions. We compute barrier
heights for dissociation using large supercells containing one or
more adsorbates, and find significant increases in the activation
energies with increasing coverage. Our DFT results are consistent
with an increase in the coverage-dependent mean barrier height
that we extract from the experimental data. Moreover, simple
models for the coverage as a function of dose reasonably repro-
duce the data and the observed saturation coverages. This
saturation coverage is shown to increase with the log of S0, which
is proportional to the collision energy below saturation, in full
agreement with the experimental findings.
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