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Dissociative chemisorption of methane on Ni(100) and Ni(111)
surfaces with preadsorbed potassium in the coverage range 0-0.12
monolayer (ML) has been measured at 475 and 500 K. The results
show that the methane sticking probability is strongly diminished by
the presence of potassium. An explanation for this surprising inhi-
bition has been sought by performing large-scale density functional
theory calculations of the dissociative chemisorption of methane on
Ni(100) and Ni(111) surfaces with and without preadsorbed potas-
sium. The calculations show that the barrier for dissociation of
methane is increased by about 0.2 eV when 0.125 ML potassium
is preadsorbed on both nickel surfaces. In the transition state of
the dissociating methane molecule a dipole moment is induced. It
is shown that the increase of the barrier is largely given by the
interaction between the induced dipole moment in the transition
state and the electrostatic field induced by the potassium adatoms.
(© 1999 Academic Press

1. INTRODUCTION

The chemisorption of methane on transition metal sur-
faces has attracted much attention in recent years. From a
technological point of view a major motivation for this inter-
est is that the chemisorption of CHy, is the rate-determining
step in the catalytic transformation (reforming) of the main
component of natural gas into a mixture of hydrogen and
carbon monoxide (syngas). Hydrogen and syngas are very
important feedstocks for the larger part of the chemical in-
dustry. The mechanism of the strongly activated chemisorp-
tion of methane on transition metals is also from a scien-
tific point of view of great current interest and has been
studied and discussed in several papers (1-8). Industrially
the most common way of transforming methane into syn-
gas is through the steam or carbon dioxide reforming reac-
tions (9), which are usually carried out by means of nickel
catalysts. The performance of supported transition metal
catalysts is often improved by adding other elements or
compounds, so-called promoters. Very often alkali metals,
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usually potassium, are added to nickel steam reforming
catalysts (9). It is found that the addition of alkali can sup-
press the reactions leading to carbon formation, which must
be avoided because it can destroy the catalyst particles and
block the reactor. Kinetic studies have indicated that the
adsorption of steam on the catalyst support is enhanced by
the presence of alkali and it is speculated that spillover of
steam or OH groups to the nickel particles may play an
important role (9).

Alkali metals or alkali compounds are used as impor-
tant catalyst promoters for many other reactions and this
has motivated numerous studies of the chemisorption of
a range of molecules such as Hj, N2, CO, NO, H,0, and
CO; on a number of metals with preadsorbed alkali metal
atoms. Most of these studies are described in recent re-
views (10-14). The mechanism of the promotion or poison-
ing of the chemisorption and reaction of various molecules,
in particular, CO, N, and H,O, by alkali adatoms has been
discussed in several papers (15-17). However, very little in-
formation about the impact of preadsorbed alkali atoms on
the chemisorption of methane on transition metal surfaces
is available in the literature. In an account of molecular
beam studies of the chemisorption of methane on Ni(111),
Ceyer et al. (18) briefly mention that preadsorbed potas-
sium has no influence on the chemisorption of methane
on Ni(111). This remark is quite surprising for two reasons.
First, itis known that the addition of alkali to the nickel cata-
lyst decreases the steam reforming rate strongly (9, 19). Sec-
ond, significant reactivity changes due to alkali have been
observed for all other transition metal chemisorption sys-
tems for which the influence of alkali has been investigated
(10-14).

In the present paper we report and discuss measurements
of methane chemisorption at 475 and 500 K on Ni(100)
and Ni(111) with preadsorbed potassium as well as den-
sity functional theory (DFT) calculations of the activation
barrier for the dissociative chemisorption of methane on
Ni(100) and Ni(111) surfaces with and without preadsorbed
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potassium. The experimental results show that preadsorbed
potassium has a significant inhibiting influence on the
chemisorption of methane on nickel. The DFT calculations
show that the barriers for the dissociative chemisorption
of methane on Ni(100) and Ni(111) strongly increase when
0.125 monolayer (ML) of potassium is preadsorbed. They
also show that a significant dipole moment is induced when
the CH4 molecule approaches the surface and that the inter-
action of this dipole with electrical field from the potassium
can explain the increase of the barrier.

2. EXPERIMENTAL

The experiments were carried outin an UHV system, de-
scribed previously (4), with two UHV chambers. One cham-
ber is equipped with facilities for X-ray photoelectron spec-
troscopy (XPS) and temperature-programmed desorption
(TPD) and the second, for low energy electron diffraction
(LEED). The second chamber is also equipped with an ion
sputter gun, a commercial potassium source (SAES), and
connections to a gas inlet system. The XPS facility is essen-
tially identical to the standard VG ESCA 3 spectrometer. A
Balzers quadrupole mass spectrometer, type QMG 420 C, is
used for the TPD experiments. LEED patternsare recorded
by means of reverse view LEED optics, Model RVL 6-120
(Princeton Research Instruments Inc.). Very pure gases,
methane and argon (Alphagaz, >99.9999%), were used.
The gases were further purified by passing through an ac-
tivated nickel catalyst and the cleanliness of the gas was
tested as described previously (4). The methane exposures
were made by rapidly backfilling the second chamber to the
desired pressure, which was measured with a capacitance
pressure gauge (MKS baratron). Nielsen etal. (20) reported
that during exposure a well-defined methane temperature
equal to the sample temperature can be obtained either by
using a gas pressure equal to or larger than 3 mbar or by
using a thermal finger. The second chamber was fitted with
such athermal finger, which was used when small exposures
were required. It consists of a copper cylinder (diameter
34 mm) with a built-in heating element and thermocouple
and mounted on a linear motion device.

2.1. Cleaning of the Crystal

The nickel crystal slabs (diameter 10mm, thickness
2mm) with (100) and (111) surface orientations (4-0.5°)
were cleaned by cycles of high-temperature oxidation and
reduction followed by argon ion sputtering at 1373 K. The
temperature of the crystal was measured with a chromel/
alumel thermocouple spot-welded to the backside of the
crystal. After many cycles and a subsequent brief anneal-
ing at 1100 K, the coverage of impurities was finally be-
low the limit of detectability (~0.01 ML) (1 ML =1.61 x
10%° atoms m~2 for the Ni(100) and 1.85 x 10*° atoms m—2
for the Ni(111) surface, respectively).
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2.2. Determination of Coverages

The amounts of carbon, potassium, and oxygen on the
sample surface before and after adsorption were monitored
by means of XPS using Al K« radiation from a dual anode.
A relatively large pass energy of the analyzer, 100 eV, has
been used during data acquisition because high signal/noise
ratio is more important than high-energy resolution in the
present studies. The XPS peak arearatios of the C 1sand the
K 2s peaks to the Ni 3p peak, Rc ni and R i, were used for
the determination of the carbon and potassium coverages,
respectively. The areas of the XPS peaks were determined
after subtraction of a nonlinear background using the al-
gorithm suggested by Shirley (21). Although this method is
based on amodel, which has been shown not to be physically
correct (22), it gives satisfactory results when used for a lim-
ited energy region covering one peak (23). By consistently
using the same region in all the area determinations for the
same peak, the ratios Rc nj and Rk ni give reasonably accu-
rate, relative measures of the carbon and potassium cover-
ages, respectively. The factor used for the conversion of the
Rc ni ratio into coverage was determined by measuring the
XPS ratio after C saturation of the surface by chemisorp-
tion of CH,4 and C,H, at temperatures >425 K. The surface
structures of Ni(100) and Ni(111) saturated with carbon
are p4g (24) and c(5+/3 x 9)rec (25) corresponding to car-
bon coverages of 0.5 and 0.44 ML, respectively. The conver-
sion factors for potassium were determined by adjusting the
K coverage to obtain sharp LEED patterns corresponding
to the c(4 x 2) Ni(100)-K structure (26) and the p(2 x 2)
Ni(111)-K structure (27). Both structures correspond to a
potassium coverage of 0.25 ML. Unfortunately, the Al Koz 4
satellite of the K 2p peak coincides with the C 1s peak, which
gives a false carbon coverage contribution approximate of
the same size as the potassium coverage. We correct for this
contribution by subtracting the carbon peak area, measured
after potassium deposition on the clean surface and before
CH, exposures, from the carbon peak areas measured after
each methane exposure.

2.3. Procedure

Before each series of CH4 chemisorption measurements,
the crystal was cleaned by argon ion sputtering at 975 K fol-
lowed by annealing at 1100 K, deposition of potassium, and
another annealing at 550 K. The temperature of the crystal
was then kept constant (475 or 500 K) and the chamber was
rapidly backfilled with CH,4 to the selected pressure. The
exposure was finished by rapidly pumping down. The cov-
erages were determined by XPS measurements. Exposures
and coverage determinations were continued until a suffi-
cient number of points were obtained to determine the ini-
tial sticking probability by model fitting. In some cases the
exposure steps were continued close to carbon saturation
of the surface. Exposure times were always 1 min or more
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in order to minimize the exposure error. To obtain a suffi-
cient number of adsorption points close to zero exposure
for the clean surface and for low K coverages, low methane
pressures (of the order of tenths of millibars) were used. In
these cases, the thermal finger, heated to the sample tem-
perature, was placed close to the sample surface (<1 mm) to
ensure that the effective temperature of the gas molecules
hitting the surface was equal to the surface temper-
ature (20).

3. EXPERIMENTAL RESULTS

3.1. Initial Sticking Coefficients

Figure 1 shows some of the results obtained for methane
chemisorption on Ni(100) without and with predeposited
potassium versus the logarithm of the methane exposure
(measured in ML, i.e., number of CH4; molecules hitting
the surface per surface nickel atom). Figure 2 shows similar
results obtained for Ni(111). An impression of the repro-
ducibility of the results can be gained from the two sets of
results shown for the initially clean Ni(111) surface. The ini-
tial sticking coefficients are determined by the slope at zero
exposure of an adsorption model fitted to the chemisorption
results. The model used for the Ni(100) results corresponds
to blocking of the adsorption site and the nearest neigh-
bor sites. This model, which was used previously to derive
initial sticking coefficients from methane chemisorption re-
sults on clean Ni(100) (4, 20), has been shown to give a good
description of the Ni(100) chemisorption results at least up
to a carbon coverage of 0.3 ML (20). However, it does not
give a good description of the Ni(111) chemisorption re-
sults, as indicated by the different appearances of the re-
sultsin Fig. 1 and 2. However, in agreement with Holmblad
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FIG.1. CH4 chemisorption on Ni(100) vs methane exposure (ML)

(logarithmic scale) at 500 K. Potassium coverages: 0.0 ML (O), 0.016 ML
(e), 0.026 ML ([0), 0.046 ML (), 0.069 ML (A), 0.073 ML (¥), and
0.108 ML (). The curves are calculated using the nearest neighbors block-
ing model described in the text.
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FIG.2. CH,4 chemisorption on Ni(111) vs methane exposure (ML)
(logarithmic scale) at 500 K. Potassium coverages: 0.0 ML (O), 0.0 ML
(e),0.054 ML ((J), and 0.081 ML ([0). The curves are calculated using the
Langmuir model described in the text.

et al. (28), it is found that a first order Langmuir expres-
sion gives a satisfactory fit to the experimental results on
Ni(111). The fact that these models are convenient for the
determinations of the initial sticking coefficients does not
prove, however, that the atomic behavior implied by the
models are faithful descriptions of reality. Other mathe-
matical functions might be quite as useful for this purpose.
Figures 3 and 4 show the initial sticking coefficients derived
from the 475 and 500 K results, respectively. The horizon-
tal error bars are reflecting the spread of the R ni values
measured simultaneously with the points of the methane
chemisorption curve.

3.2. Carbon Saturation Coverage

Some of the methane chemisorption measurements, plot-
ted inlogarithmicscale in Figs. 1 and 2, were continued close
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FIG. 3. The initial sticking coefficient, sy (logarithmic scale), for CH,
chemisorption on Ni(100) ((J) and Ni(111) (O) at 475 K vs potassium
coverage. The solid lines are guides to the eyes.
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FIG. 4. Same as Fig. 3, but for CH,4 chemisorption at 500 K.

to saturation. It turns out that the carbon saturation cov-
erage is influenced very little by the potassium coverage in
the range considered, i.e., 0-0.12 ML, in contrast to the ini-
tial sticking coefficient. Also C,H4 adsorption at 475 K with
0.1 ML potassium preadsorbed resulted in almost the same
carbon saturation coverage as without potassium. Experi-
ments with the opposite order of deposition showed that
carbon saturation did not prevent K deposition.

4. DENSITY FUNCTIONAL THEORY CALCULATIONS

4.1. Calculational Details

The self-consistent DFT calculations were performed us-
ing the generalized gradient approximation (GGA) to de-
scribe exchange and correlation effects (29, 34). The ionic
cores are described by ultrasoft pseudo-potentials (30) gen-
erated within the PW91 approximation. The electron den-
sity is determined self-consistently by iterative diagonaliza-
tion of the Kohn-Sham Hamiltonian, Fermi population of
the Kohn-Sham states (kgT =0.1 eV), and Pulay mixing
of the electronic density (31). Plane waves with a Kinetic
cutoff at 25 Ry are used to expand the wave functions. All
total energies are extrapolated to zero electronic tempera-
ture. In each case we used the PW91 exchange-correlation
functional in the self-consistent determination of the elec-
tron density and then calculated the total energy using the
more accurate RPBE functional (34). Due to the variational
property of the total energy functional, this gives rise to
marginal errors compared to a calculation using the RPBE
functional all the way through (34).

The Ni surfaces are modeled by a periodic array of slabs
separated by ~9 A of vacuum. Rigid Ni slabs in the bulk
geometry are used to represent the substrates with the cal-
culated lattice constant a; = 3.5182 A. The results are for
two layer slab calculations except for test runs using four
layer slabs for single points as indicated below. (2 x 2) and
(2 x 4) surface unit cells were used giving CH, coverages of
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TABLE 1

Selected Bond Distances and Angles for the Transition State

Ni(111) Ni(100)
C-H1 (A) 1.59 1.59
C-H2 (A) 1.10 1.10
C-H3 (A) 1.10 1.10
C-H4 (A) 1.10 1.10
C-Ni (A) 2.08 2.05
H1-C-H2 (°) 71.0 73.2
H3-C-H4 () 115.4 116.2
H2-C-H3 (°) 112.0 112.3
H2-C-H4 (°) 111.8 112.3
a () 84.4 83.0
6 () 52.0 52.8

0.25 and 0.125 ML respectively. The Brillouin zones were
sampled by 18 (16) and 8 (8) k points (number of Ni(100)
points in paranthesis).

4.2. Results

The transition state for dissociation of methane on
Ni(111) has previously been characterized by density func-
tional theory calculations (32). Using the reported tran-
sition state geometry as a starting point for calculations,
values for the dissociating C-H bond length were chosen
whereas the remaining degrees of freedom of the methane
molecule were allowed to relax. Using this approach to sam-
ple the potential energy surface around the reported tran-
sition state it was possible to localize the saddle point. The
geometry of the transition state given in Table 1 is in good
agreement with the work by Kratzer et al. (32). The inter-
action energy for selected configurations is given in Fig. 5

1.60
Ni(111) + K
1.40
Ni(100) + K
% Ni(111)
E 1.20
<
L Ni(100)
1.00 -
0.80 ' | I | I | I
1.20 1.40 1.60 1.80 2.00
d(C-H) (&)
FIG.5. AE vs C-H bond length for Ni(100) and Ni(111) without and

with 0.125 ML potassium coverage, where AE is calculated in accordance
with Eq. [1].
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FIG.6. (2 x 2) surface unit cells with one K atom in the cell. Left,
Ni(111); right, Ni(100).

where

AE = ErormicHy — Etotini) — EToTCHa isolatedy-  [1]

For the Ni(100) surface, the same approach was used and
the calculated energies are included in Fig. 5 and the geom-
etry for the saddle point in Table 1. A comparison of the two
geometries shows many similarities and for both surfaces,
the dissociation takes place on top of a surface Ni atom.
The dissociating C-H bond forms an angle of 52.0° and
52.8° with the surface normal through carbon for Ni(111)
and Ni(100), respectively. The bond is stretched from the
bond length of 1.09 A in the isolated CH4 molecule to 1.59 A
in the transition state. The distances from C to the surfaces
are 2.08 and 2.05 A.

The next step is to investigate the effect of potassium. The
position of potassium on the surfaces is first optimized using
(2 x 2) lateral unit cells and two layer slabs. The Ni atoms
are kept in the bulk geometry with no relaxation or recon-
struction. For Ni(111), the ontop position of K is slightly
favored with a distance of 2.81 A to the surface, whereas K
on Ni(100) prefers the fourfold hollow site 2.70 A from the
surface (Fig. 6). For both surfaces the distances and posi-
tions agree very well with experiments (27, 35, 36).

The (2 x 2) unit cell is too small for investigations of
the effect of coadsorbed potassium on the energy barriers.
Therefore, calculations with one K and one CH, atom in the
(2 x 4) lateral unit cells (Fig. 7) were performed. The potas-
sium atoms are given the positions determined previously
whereas for CH, the dissociating C-H bond is given fixed

FIG. 7.
molecule in the cell. Left, Ni(111); right, Ni(100).

(2 x 4) surface unit cells with one K atom and one CH,
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values and the rest of the degrees of freedom of methane
are allowed to relax. The energies for fixed C-H bond dis-
tances calculated using Eq. [1] are given in Fig. 5. For the
two surfaces the effect of potassium on the transition state
energy has about the same magnitude. Potassium increases
the transition state energy and thus has a deactivating effect
as observed experimentally.

We have checked that the methane—surface interaction
energy at the transition state only depends marginally on
the size of the unit cell. Calculations for the (2 x 4) unit cell
without K give energy barriers that are lowered by 19 and
23 meV for Ni(100) and Ni(111), respectively, compared to
the (2 x 2) unit cells. Using the results for the (2 x 4) unit
cells, the effect of coadsorbing potassium on the energy
barriers is 0.20 eV for Ni(100) and 0.21 eV for Ni(111).
The effects of using more layers in the calculation have
also been tested. A calculation with the dissociating C-H
bond distance fixed to 1.59 A on a four-layer slab in the
bulk geometry of the the (111) facet gives a relative energy
of this complex, where the rest of the methane degrees of
freedom are relaxed, which is 36 meV higher than for the
corresponding two-layer calculation. We conclude on this
basis that the error introduced by using only two layers is
quite small.

An analysis of the dipole moment of the transition state
complex without coadsorbed potassium

= / dF Aprs(P)z [2]

with Aprs(F) = pSENT— pNi shows that for both surfaces

the transition state complexes have significant dipole mo-
ments (Table 2). When a dipole with dipole moment x in-
teracts with an electric field ¢, the interaction energy is

AE = —¢gpu. [3]

We have calculated the maximum magnitude of the elec-
tric field induced by potassium, ¢@®, outside the sur-
face from the potassium-induced electrostatic potential
Aok = dni — ¢ni along a line perpendicular to the sur-
face and through the site of adsorption as described by
Mortensen et al. (37). The values for ¢g®* are given in
Table 2. The product ef®urs and the self-consistently

TABLE 2
Induced Dipole Moments and K-Induced Fields

Ni(111) Ni(100)

Induced dipole moments 15 (€A) 0.20 0.19
K-induced field

emax (VIA) —1.05 —0.89

eI i —0.21 -0.17

AETS = EJS, — EFS(eV) 0.21 0.20
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calculated AEs are also shown in Table 2. It is seen that
the absolute values of the two quantities not only show the
same trend when going from Ni(111) to Ni(100) but they
are also of the same magnitude. This indicates that the de-
activating effect of potassium is dominated by the simple
electrostatic interaction between adsorbed potassium and
the transition state complex.

5. DISCUSSION

The amount of CH,4 chemisorbed on the nickel surface
is, as in previous studies (4), determined by measuring the
area of the XPS C 1s peak. The measurement does not dis-
tinguish between carbon from the various possible surface
species, which may be present after chemisorption and de-
hydrogenation of CHj,. It is known, however, that at the
temperatures of the present experiments only C and CH
are left on the surface (38).

The present measurements of the very small sticking
probabilities in the range from about 5 x 1078 to below
10~ clearly show that small amounts of preadsorbed potas-
sium have a strong inhibiting effect on the chemisorption
of CH4 on Ni(100) and Ni(111). The initial sticking coef-
ficient of CH,4 on Ni(100) at 475 and 500 K decreases by
a factor of about 6 when the potassium coverage changes
from 0 to 0.05 ML and by a factor of about 12 on Ni(111)
for the same potassium coverage change. These changes are
far stronger than any simple blocking model predicts. The
factor should be 1.05 if only one site is blocked for each
adsorbed K atom, while if also nearest neighbor sites are
blocked for each randomly deposited K atom the theoret-
ical factor is 1.3 for the (100) and 1.1 for the (111) surface
(4, 39, 40). If also next nearest neighbor sites are blocked
the further increase of the factor amounts to only a few
percent (40). The change of the CH,4 dissociation barrier
of about 19 kJ/mol, when 0.125 ML potassium is deposited
on Ni(100) or Ni(111) as obtained by present DFT-GGA
calculations, is in good agreement with this strong inhibi-
tion. Even the absolute magnitude of the calculated effect
is reasonable compared to the experiments. An increase in
barrier of AEts =19 kJ/mol should result in a decrease of
the sticking probability of the order exp(— AE+s/kT) =0.01
at 500 K. This is in good agreement with what is found by
extrapolating the experimental results in Fig. 3 and 4 to a
K coverage of 0.125 ML.

The close agreement between the energy of the methane
dipole moment in the field induced by the K adatoms and
the calculated change of barrier strongly support the sug-
gestion that also in the present chemisorption system elec-
trostatic interactions can account for the observed influence
of alkali (15, 16). It may be surprising that methane in the
transition state gives rise to a relatively large dipole mo-
ment. The reason is that the closed shell activated complex
interacts repulsively with the electrons of the surface. This
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means that the surface electrons are pushed closer toward
the surface, giving rise to a net electron transfer toward the
surface. Thus the picture is different from the interaction
between, e.g., adsorbed potassium and adsorbed CO or N,
molecules, where the adsorbate dipole moment is due to
an electron transfer from the surface into the antibonding
orbitals of the molecule (15, 16).

We note that since the poisoning effect of potassium on
methane dissociation is due to the electrostatic field of the
potassium interacting with the induced dipole moment of
the methane transition state complex, the effect is far from
restricted to the geometries studied here. Any form of the
potassium where there is a net electron transfer toward
the surface will give rise to such an electric field and thus
to the poisoning. This includes cases where potassium is
coadsorbed with, e.g., oxygen or carbon. Other electropos-
itive adsorbates like Na, Cs, or Mg should give rise to the
same effect. The effect will also include methane dissoci-
ating at, e.g., defects, because the repulsion between the
surface electrons and the transition state complex pushing
electrons toward the surface will still be present. The fact
that the poisoning effect can be explained by a simple elec-
trostatic model thus allows us to suggest that the effect is
very general.

6. SUMMARY

The dissociative chemisorption of methane on Ni(100)
and Ni(111) with preadsorbed potassium in the range 0-
0.12 ML has been measured at 475 and 500 K. The potas-
sium adatoms, in the coverage range investigated, have very
little influence on the saturation carbon coverage after high
methane exposures, but they have a strong inhibiting effect
on the initial sticking probability.

The experimental results are interpreted by means of self-
consistent density functional theory (DFT-GGA) calcula-
tions. They show that the barrier for dissociation of CH,
is increased by 0.21 and 0.20 eV when 0.125 ML potas-
sium is preadsorbed on Ni(111) and Ni(100), respectively.
They also show that in the transition state of CH, disso-
ciation, a dipole moment of 0.20 and 0.19 eA is induced
in the Ni(111) and the Ni(100) surface, respectively. The
product of this dipole moment and the maximum value of
the field induced by the potassium adatoms is in excellent
agreement with the calculated change of the barrier when
potassium is preadsorbed, suggesting that the inhibition is
mainly determined by an electrostatic interaction.
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