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Adsorption of methane has been studied in ultrahigh vacuum environments on single crystalline Ni(100) as well
as on Ni nano-particles on mica substrates. Experimental techniques have been X-ray and ultraviolet photo-
electron spectroscopy (XPS and UPS) and temperature programmed desorption spectroscopy (TPD). In ac-
cordance with previous observations only physisorption of CH, is observed on pure nickel at temperatures below
130K for exposures in the high vacuum regime. TPD in the temperature range from 200 to 300 K shows that
chemisorption of methane takes place when the sample work function is lowered by about 0.7 eV by a surface

treatment, which presumably exposes the surface to atomic hydrogen. The lowered work function enables
charge transfer from the Ni conduction band to the methane affinity level which subsequent leads to dissociative

chemisorption.

1. Introduction

Methane is in addition to being a greenhouse gas an important re-
source for the ammonia synthesis and for production of higher hydro-
carbons [1-3]. A comprehensive understanding of surface reactions
involving methane requires detailed studies of adsorption and deso-
rption from various surfaces.

Absence of electric dipole or quadrupole moments and a high acti-
vation barrier for dissociative adsorption renders methane very non-
reactive at metallic surfaces. Energy may be supplied to the gas by
heating the sample [4-6]. The sticking coefficient of methane on var-
ious nickel surfaces is known to be extremely low and little adsorption
is observed for exposures at pressures in the high vacuum regime
[7-12]. The weak adsorption interactions have been modelled by
density functional calculations [13,14]. Decomposition reactions of
methane on nickel surfaces have been studied using pressures in the
1 Torr range [10], and activation energies have been obtained. Theo-
retical modelling of vibrational excited methane on nickel surfaces
suggests that mode specific effects may be important for chemical re-
activity [15]. Density functional calculations have shown that adsorbed
C may be bonded with surface as well as subsurface atoms on stepped
Ni surfaces upon exposure to CH; [16]. The methane sticking prob-
ability was found to be diminished by the presence of low coverage of K
on Ni(100) and surfaces. This somewhat surprising finding was ex-
plained by an increased barrier for dissociation in the presence of K.
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Density functional calculations show that a dipole moment is induced in
the transition state of the molecule and that the barrier for dissociation
is given by the interaction between the induced dipole moment and the
electrostatic field of the potassium atom [17]. Another study concluded
that small amounts of sulfur on Ni(100) poison the methane dissociation
reaction by a site blocking mechanism, which is consistent with a direct
rather than a precursor mediated process [18]. Previous results suggest
that the high pressure requirement can be bypassed in reactions where
the dissociative adsorption of the reactant is activated by raising the
kinetic energy of the impinging molecule [9,19].

The work function is a fundamental property of a metal surface, and
work function changes are routinely used in the study of adsorption of
atoms and molecules [20,21]. The present investigation concerns non-
activated adsorption of methane on Ni surfaces in which the work
function has been lowered by a surface modification prior to the ad-
sorption of methane. The surface modification is argued to be caused by
adsorption of atomic hydrogen. It is observed that desorption of me-
thane occurs in the temperature region between 200 and 300K after
non-activated exposure at low temperature.

2. Experimental
Temperature programmed desorption (TPD) spectra were obtained

by using a shielded and differentially pumped Prisma quadrupole mass
spectrometer (Pfeiffer). The mass spectrometer was positioned close to
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Fig. 1. TPD (mass = 15 amu) after exposure of 10 L methane to Ni(100): Top spectrum is for hydrogen pre-treated sample, and bottom spectrum is for pure sample.

the sample surface during measurements to discriminate against spur-
ious desorption from the sample support, and to obtain reproducible
intensities that could be compared for different runs. Spectra were
obtained from masses 2, 15, 18, 28, and 44 amu (atomic mass unit)
simultaneously for all experimental runs. Mass 15 amu is a fragmen-
tation product of methane which constitutes about 40% of the total
mass spectrometer signal, and is recorded since there are no other
significant fragmentation products at this mass. X-ray photoelectron
spectrocopy (XPS) and ultra-violet photoelectron spectrocopy (UPS)
measurements were recorded using a SES2002 spectrometer (Scienta)
in conjunction with a monochromatized Al Ka X-ray source (Scienta)
and a UVS300 He discharge lamp (Specs) which provided photons of
energy hv = 21.2 eV. The sample work function was estimated by sub-
tracting the width of the UPS from the photon energy using a sample
bias of —5V. The Ni(100) crystal was cleaned by repeated Ar sput-
tering, flash heating and oxygen annealing. The quality of the Ni single
crystal was verified by measuring a sharp FCC(100) low-energy elec-
tron diffraction (LEED) pattern. The fabrication of Ni nano-particles on
muscovite mica substrates was made as previously reported [22]. A
flood gun or a naked tungsten filament placed near the sample surface
was used for charge neutralization during the photoemission

measurements on the insulating samples. The tungsten filament was
also used in the process of exposing the samples to atomic hydrogen, as
discussed in the next chapter. Atomic force microscopy (AFM) mea-
surements were performed in the peak force-tapping mode in air, using
a ScanAsyst probe on a Nanoscope IV microscope (Digital Instruments).
The AFM images were recorded at atmospheric conditions after the TPD
runs had been completed.

3. Results and discussion

For the presented data, methane was dosed at a substrate tem-
perature of 130K. The dose of 10L (Langmuir) was obtained by ex-
posing at a pressure of 1-10’Torr for a duration of 100s,
(1L = 1-107¢ s-Torr). The lower spectrum of Fig. 1 show TPD for ex-
posure to pure Ni(100). The spectrum is rather structureless, and the
small feature near a temperature of 140 K show desorption of physi-
sorbed CH,. The upper spectrum of Fig. 1 show TPD for a similar me-
thane dose on the same Ni(100) sample which had been pre-treated as
described below, presumably by exposure to atomic hydrogen. The CH,
desorption spectrum which is observed in the temperature range be-
tween 200 and 300 K corresponds to chemisorption of methane. Kinetic
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Fig. 2. UPS using the He-I line at hv = 21.2¢eV of the valence band region of pure Ni(100) (bottom spectrum) and Ni(100) after exposure to 10L methane (top

spectrum).
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Fig. 3. Ni 2p XPS core levels of Ni(100) before and after hydrogen surface
treatment. No significant changes are observed, which may support the as-
sumption that the surface treatment is by atomic hydrogen.

parameters may be estimated for the initial desorption by fitting the
low temperature edge of the TPD spectrum using the Polyani-Wigner
equation. The kinetic parameters depend on the coverage and the as-
sumption when extracting the parameters is that the coverage does not
change more than a few percent for the region of the pre-edge that is
being fitted [23,24,22]. For the top curve in Fig. 1 a desorption energy
of about 0.15eV is obtained. The vibrational prefactor is estimated to
be about 8.0 s7%.

The surface treatment of the Ni samples was performed by using the
charge compensation filament in front of the sample as XPS spectra
were recorded from the sample. The hydrogen atmosphere was from the
background pressure in the chamber and was estimated to be about
5-107°Torr during the XPS measurements. The exposure time was about
40 min. This treatment had a surprising dramatic effect on the mass 15
amu TPD spectra, as seen in Fig. 1. Since hydrogen is not detected by
XPS or UPS the main indication for atomic hydrogen on the surface is
given by a reduction in sample work function of about 0.7 eV following
the surface treatment. It is noted that a substantial change in work
function typically takes place for a coverage of only a fraction of a
monolayer. The work function of pure Ni(100) was measured to be
5.27 eV. Contamination by oxygen or carbon monoxide typically in-
creases the work function of a metal, by creating a surface dipole
pointing inwards on the surface [25,26]. A dipole pointing outwards
from the surface reduces the work function, and may be realized by
adsorption of electropositive elements, e.g. alkali metals or rare earths,
or hydrogen [27]. Fig. 2 show UPS spectra for clean Ni(100) (bottom
spectrum) and pre-treated Ni(100) with a 10L CH, exposure (top
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Fig. 4. The low kinetic energy cutoff in the UPS for pure Ni(100) (right cutoff) and hydrogen pre-treated Ni(100) (left cutoff). The sample was biased at a voltage of

—-5V.
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Fig. 5. AFM image of Ni nanoparticles on mica. The effective Ni coverage was 4
monolayers, and the sample was measured after annealing to 600 K and after
removal from the vacuum system.

spectrum). Structures from 6 to 10eV binding energy in the upper
spectrum may partly be due to a 6 eV Ni shake-up satellite [28] as well
as adsorption of residual gases in the vacuum chamber, mainly carbon
monoxide and water. In Fig. 3 are shown Ni2p,,, XPS before and after
surface treatment. No significant changes are observed, which
strengthen the interpretation of the surface treatment to be caused by
H-adsorption, since hydrogen is the only element that is not detectable

by photoelectron spectroscopy due to the very low photo-ionization
cross-section. The Ni 2p correlation satellite is seen at a binding energy
of 858 eV [28]. Measurements of the low kinetic energy cutoff in UPS,
which show the work function change are shown in Fig. 4, for pure and
pre-treated Ni(100).

The effect of enhanced methane adsorption for pre-treated Ni is not
confined to the Ni(100) surface, and was initially observed for nano-
particles of Ni on muscovite mica substrates, since charge compensation
is needed to perform photoemission experiments on these insulating
samples [22,29]. The naked tungsten filament which was placed near
the sample surface was used for charge compensation. Fig. 5 shows an
AFM image of Ni which was deposited on the mica substrate and sub-
sequently annealed to 600K, and exhibits formation of Ni nano-parti-
cles. The effective Ni coverage in this image was 4 monolayers. In Fig. 6
are shown TPD results for an effective Ni coverage of 0.8 ML (mono-
layer). Desorption of methane from: Ni/mica (bottom curve), H-pre-
treated Ni/mica (middle curve), and H-pre-treated Ni/mica and an-
nealed to 600 K prior to the TPD experiment (top curve). Uncertainty in
the intensity of the different spectra in the figure makes a directly
comparison difficult. Methane was dosed at a temperature of 130 K
using a dosage of 10 L. The difference between the two upper spectra in
Fig. 6 are caused by a rearrangement of the Ni nano-structures as the
sample is heated to 600 K. It has been reported that FCC metals has a
tendency to form clusters of cubo-octahedral shape to minimize free
energy [30,31]. For such clusters the number of terrace, step, and kink
sites varies with the size of the cluster [32]. As the Ni/mica system is
annealed the clusters will grow in size and the distribution of available
adsorption sites may change to alter the desorption spectra [22].

The adsorption of methane on the pre-treated samples is argued to
be related to the reduction of the work function. The electron affinity of
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Fig. 6. TPD (mass = 15 amu) after exposure of 10 L methane to Ni/mica. Bottom curve: Pure Ni/mica. Middle curve: Hydrogen pre-treated Ni/mica (first tem-
perature ramp). Top curve Hydrogen pre-treated Ni/mica (second temperature ramp).

methane has been estimated to be in the order of 1eV [33,34]. A
qualitative explanation is proposed with reference to the schematic
energy level diagram which is shown in Fig. 7. The top diagram shows
energy levels of separated metal and molecule. As the molecule ap-
proaches the metal surface electronic levels are lowered by the influ-
ence of the image potential of the surface [35]. In the case of hydrogen
induced work function reduction (lower diagram) the affinity level of
the molecule comes close enough to the metal Fermilevel to facilitate
charge transfer, which is a crucial step for subsequent dissociative ad-
sorption. Conceivably, the adsorption process results in CH; species on
the surface. From the UPS in Fig. 2 it is evident that the Ni3d intensity
at the Fermilevel stays largely unchanged following the work function
reduction, thus retaining the reactivity and catalytic activity of nickel.

The details of the mechanisms leading to the work function reduc-
tion is not completely understood. Adsorption of CH, is not observed
when the charge neutralization is done by using a low energy flood gun.
This was tested on both the Ni crystal as well as the Ni/mica nano-
particle system. Also, no adsorption of CH,; was found when the hot
filament was used without using the X-ray source. This indicates that
the hot filament in conjunction with Al Ka X-rays is required to deposit
hydrogen on the Ni-surface in these experiments. It is noted that the

only indication of hydrogen on the surface is the reduction in the
sample work function and the observation that no other unexpected
elements are observed in XPS from the samples. It should also be noted
that exposure to H,, CO, H,0, or CO, prior to methane exposure had no
significant effect on the adsorption of methane.

4. Conclusions

Non-activated adsorption of methane was observed at pressures in
the high-vacuum regime for Ni samples that had been pre-treated by
using a hot tungsten filament during XPS measurements. It is argued
that the ambient hydrogen pressure of about 5-107°Torr during this
process was sufficient to expose the surface to atomic hydrogen, which
in turn resulted in a reduction in work function which facilitated charge
transfer to the methane affinity level and dissociative adsorption on the
Ni samples.

These findings may have relevance to adsorption processes in re-
actions that involves methane at high temperature and pressure, in that
radicals that alter the work function of nano-particles may be present.

Further work is needed to unravel the details of the surface treat-
ment that lowers the sample work function on Ni substrates.
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Fig. 7. Schematic energy level diagram as a molecule approaches a metal
surface. On top is shown energy levels for separate metal and molecule, and on
bottom is shown energy levels as the molecule approaches the metal surface.
The affinity level of the molecule comes close enough to the Fermilevel to fa-
cilitate charge transfer from the metal. ® is the work function and A® is the
reduction in the work function following the hydrogen treatment.
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