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The S-parameter Morse potential of interaction between car-
bon and the nickel surface was constructed. We studied the
adsorption and vibration of carbon atom on Ni(100) , Ni(110)
and Ni(111) single crystal low index surfaces and obtained the
data of adsorption sites, adsorption geometry, binding energy
and eigenvibration ezc., which were in good agreement with
the experimental results. Meanwhile, the influence of step de-
fect on Ni(100) surfaces for carbon adsorption was also inves-
tigated.
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Introduction

Chemisorbed carbon plays an important role as in-
termediate in many of the catalytic reactions involving the
production or reaction of hydrocarbons. Meanwhile, car-
bon deposits on surfaces can poison the catalyst in some
reactions. Thus, the investigations of interaction be-
tween carbon and catalyst are of great value. Since the
1970s, to the accompaniment of the development on sur-
face technique, most experiments have been performed
on this kind of system, such as LEED,? EELS,*¢
AES,® SEXAFS,”"® PED® and other techniques,®*® and
obtained a lot of useful data. On the other hand, many
theoretical treatments were also done, such as EMT, %15
ASED,'®"" DFT,"®" ab initio ,* BEBO,? and oth-
ers.? All the researches above have deepened our un-
derstanding of chemisorption of carbon and its role in the
catalytic formation of hydrocarbons.

* E-mail: qqawzx@263. net3

By using LEED'? and AES® two different types of
carbon adsorbates on Ni(100) and Ni(111) surfaces can
be identified: carbidic and graphitic carbon. The car-
bidic carbon consists of nearly non-interacting carbon
atoms while graphitic carbon resembles carbon in
graphite. Tbach et al.* and Lenard, et al.’ obtained the
eigenvibration data through EELS technique. Further-
more, Takatoh, et al .® measured carbon K-edge adsorp-
tion on Ni surfaces by electron energy loss fine spee-
troscopy (EELFS). Their results indicate that both car-
bidic and graphitic carbon can be formed on Ni(100)
and Ni(111), and the neares neighbor distance for C—
C and C—Ni were obtained respectively. The experi-
mental and theoretical studies by Blakely and co-work-
ers®!213-2! a]56 examined carbon adsorption on nickel.
They found that for Ni(100) the carbon coverage was di-
rectly related to the temperature and was well described
by a Langmuir model. The variation of the total binding
energy of a carbon atom to the Ni(100) surface in a cov-
erage range of 0.3—0.68 was less than 2% . In contrast
to the Ni(100) results, sharp changes in carbon cover-
age versus temperature were observed for Ni(111), indi-
cating the presence of a distinct carbon phase. Upon
cooling to temperatures below approximately 1080 K, the
carbon phase was identified as a monolayer of graphite
with a binding energy of 7.55 eV. Although an isolated
carbon adatom was not observed at lower temperature, an
estimated binding energy of < 6.93 eV was reported.
Onuferko, et al.,' Bader, et al.,” Arivaanitis, et al.®
and Kilocoyoe, et al.® also investigated C-Ni(100) sys-
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tem by means of LEED,SEXAFS and PED respectively.
Data for binding energy, height of carbon adatom above
nickel surface, the nearest neighbor C—Ni distance and
surface reconstruction were obtained. One of them’ took
accout into the distributions of the second layer nickel
atoms which had the nearest neighbor distance of 0. 196
nm with the carbon adatom and could not be resolved ex-
perimentally. But the results from Jacobsen, et al.'
and Darling, et al.’ by EMT method showed that bind-
ing energy, the nearest neighbor C—Ni distance and the
eigenvibration were varied with the hybridization strength
between carbon adatom and metal d-band. They also
found that in a p(1 x 1) surface structure, carbon-car-
bon interactions were weak, and a coverage of two car-
bon atoms per surface metal atom was necessary to ob-
serve strong interactions. Meanwhile, Burghgraef, et
al.'® and van Langeveld, et al.'” examined the charac-
teristic quality of C-Ni (111) system by ASED-MO
method. But there was great discrepancy between their
results. The DFT method was also employed on this sys-
tem by de Koster, et al.®and Klinke I, et al.,' and
their results indicated that the fec hollow site is the most
energetically favorable position for carbon chemisorption
on Ni(111) at all coverages. The relative stability is de-
scribed as follows: fcc hollow =~ hep hollow:s bridge>
top-on site. The barrier for carbon adatom migrating to
form graphatic carbon was =163.176 kJ/mol. Both the
C—C bond formation barrier and the C—Ni bond
strength were dependent on the valence-electron occupa-
tion. Isett, et al.? obtained the binding energy for C-Ni
(100) and C-Ni(111) system as well through BEBO
method. This method was also applied by Weiberg, et.
al. ;2 2 who got the energy data for C adsorbed at fec
hollow site and hep hollow site on Ni(111) surface. The
model of PCV was used by Frese Jr.? to calculate the
binding energies at zero coverage for H, O and C atoms
adsorbed on single crystal and polycrystalline metals, in-
cluding Si, Fe, Ni, Pt, Pd etc. He got the binding en-
ergy for carbon-single crystal of nickel for 6.47 eV.

The analysis above shows that the nature of the in-
teractions between C and Ni surface needs a further in-
vestigation and examination both experimentally and the-
oretically. Furthermore, the discrepancy among various
theoretical methods makes it very necessary for a deep-
ened research.

In order to make a fine understanding of the mecha-
nism of carbon atom adsorption on metal surfaces, it is

necessary for us to get the specific characteristic of all
the critical points. The S-parameter Morse potential of
interactions between an atom and metal surface was per-
formed on H-Ni surface system in our previous studies,?
and the results were in good agreement with experimental
data. Its advantages lie on the independence between the
parameters and the metal surface structure. That is to
say we can deal with different metal surfaces with the
same parameters. So this method can be used to deal
with metal surfaces with defect. In this paper we made a
further study of C-Ni surface system, and obtained thes-
pecific characteristic of all the critical points. At the
same time we also examined the influence of step defect
on Ni surfaces for carbon adsorption. All the work will
get ready for a further study of hydrocarbons or other
polyatomic molecular adsorption on metal surface.

Theoretical model and calculation method

If the interaction potential U( R) between adsorbed
atom and solid surface is regarded as the sum of the in-
teraction potential V; (R) between the adsorbed atoms
and surface atoms, then

U(R) = 3¥(R) ()

where i is valid to the whole cluster, V;(R) can be ex-
pressed by Morse potential as follows:

Vi(R) = D;{exp[ - 2B(R; - Ry)] - 2exp[ - B(R; -
Ro) 1} (2)

where D; = Dcos {;, D is binding energy, R; is the
distance between adsorbed atom and surface atom, ¢ is
the correcting angle between the adsorbed atom and the
normal line of the nickel surface and can be described as
follows: ¢; = cos'l( Zl;: 812
distance between the adatom and the metal surface, Q,
and @, are simulating parameters. §8 and R, are the pa-

) , where h; is the vertical

rameters for equilibrium distance of vibration.

Metal nickel belongs to fcc lattice with the lattice
constant ag =0.352 nm. Considering both the local geo-
metrical symmetry in point group and the whole surface
lattice displacement, we simulate the metal surface by a
nickel cluster with 12(1) x 9(w) x 5(h) layers of cell
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atoms, which have 540-nickel atoms. Through the opti-
mum seeking of the simulating parameters ( see Table
1), we obtained the characteristics (see Table 2) of car-
bon atom adsorbed in fcc hollow site (H), hcp hollow
site (H'), bridge site (B) and top-on site (T) (see
Fig. 1) on Ni(100), Ni(110) and Ni(111) surfaces
respectively, which are in good agreement withthe exper-

pseudo-3-folded hollow site and S is the transitional state
between LB and H; site. The influence of step surface of

C-Ni{ n(100) x (111)-[011]} (see Fig.2) system for
carbon adsorption is also gathered in Table 2.

Table 1 Simulating parameters

. : D (eV) B(nml) Ry (nm) A (nm) Q. (nm)
imental results. For C-Ni(110) system, LB denotes L5 20.0 0.188 0.1%2 0.091
long-bridge site and SB the short-bridge site. Hs is the
Table 2 Critical characteristics of C-Ni surface system
£ (V) F (meV)
i N
System Site A p (eV) z (nm) i R(C-Ni) (nm)
C-Ni(100) H 5 0 7.69 0.020 104.07x 2 46.55 0.177x 4, 0.197
B 2 1 4.96 0.132 78.05 80.90 0.182x2
T 1 2 3.36 0.179 92.09 0.179
C-Ni(111) H 3 0 6.23 0.116 66.56, 66.60 77.34 0.185x3
H 3 0 6.4 0.115 67.08x2 77.25 0.184x3
B 2 1 5.58 0.131 82.52 84.29 0.181x2
T 1 2 3.68 0.178 95.28 0.178
C-Ni(110) H 1 2 6.47 0.056 95.24 0.180
H3 3 0 6.55 0.054 38.75, 33.56 88.86 0.195x2, 0.182
S 2 1 6.51 0.054 37.20 92.14 0.195, 0.181
LB 4 0 7.18 0.018 105.77, 52.98 66.74 0.177x2, 0.189x2
SB 2 1 4.51 0.133 77.07 79.07 0.182x2
T 1 2 2.97 0.180 88.38 0.180
C-Ni H; 5 0 9.22 0.018 114.26, 116.06 48.98 0.176 x2, 0.179x 2, 0.194
{n (100) x H, 5 0 7.76 0.020 104.48, 104.82 47.36 0.177x2, 0.178x 2, 0.196
(111)-[011]} H; 5 0 6.47 0.179 58.93, 50.83 86.85 0.145,0.178, 0.180, 0.191x2
A
y[o1i] Y[t10]
LB
{ ] B
3 -
\__J XM110] L/ \_Jxpon™
Ni(100) Ni(i11) Ni(110)

Fig. 1 Model for Ni(100), Ni(111) and Ni(110) swrface{O:Ni atom; @: adsorption site) .

Results and discussion
Carbon adsorption on flat nickel surfaces

We list our calculations in Table 2, where N de-

notes the number of the nearest neighbor Ni atoms
around C adatom (Rcy <0.20 nm), Ej the binding
energy, z the distance of C above the surface and f the
eigenvibration. In Table 3 we compare our results with
data from literatures either experimentally or theoretical-

ly.
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Y[o11]

(111) terrace(100)

Fig. 2 Model for C-Ni{n(100) x (111)-[011]} system
(O:Ni atom; @: adsorption site) .

A carbon atom has three freedom degrees when it
moves on nickel surface, the interaction potential U( R)
constitutes a four-dimension potential energy hypersur-
face U(x, y, z), which has four kinds of critical
states. The characteristic of these states can be de-
scribed by the number A of negative eigenvalues from
Hessian matrix. The state with A =0 is the critical point
of minimum energy and A = 1 the saddle point, while the
points with A =2 or A =3 have the maximum energy ei-
ther locally or wholly. When C adsorbed on Ni surface,
the system has no negative eigenvalue towards Z axis, so
there are only three kinds of critical points in the sys-

Table 3 Comparison with literature

System EMT* ASED-MO  CFSO-BEBF®  DFT Experimental This paper
E, (100) H 6.50, 8.10 7.43 7.35%, 7.37%° 7.69
(eV) 7.558
(111) H 6.40, 8.25 8.59' 6.63 6.178% 6.8", <6.95 6.23
3.827 6.68" 6.24
H 8.74% 5.97%
3.947
zZ (100) H 0.03 +0.012! 0.020
(nm) 0.02+0.02
0.025 + 0.005°
Rew  (100) H 0.191,0.185 0.180 + 0.0015! 0.177x 4
(nm) 0.182+0.005 0.197
0.189 +0.005°
0.185+0.006°
(111) H 0.183,0.177  0.201% 0.180% 0.190° 0.185%3
0.2007 0.179%
H 0.201% 0.189" 0.184x3
0.1977
F (100) H 1as, 140 148.4 146.5°
(meV) (111) H 185, 175 164.5 177.3
H 1eP 177.%

tem. The stable adsorption state is denoted by A =0, the
diffusing transitional state by A = 1 and the diffusing
peak by A=2.

In C-Ni(100) system, the surface lattice has a Cy,
local geometrical symmetry in point group. It can be
seen from our results that there are three different kinds
of critical points for the C-Ni(100) system corresponding
to three types of non-equivalent adsorption states. The
top-on site is the peak point for carbon diffusing on sur-
face while the hollow site is the most stable adsorption
site energetically, and the transitional state between

them is the bridge site. The hollow site in Ni(100) sur-
face has a local geometrical symmetry in group point of
C4,. The eigenvibrations parallel to the surface of C
adatom are 104 meV corresponding to the irreducible
representation E in C,, point group and the one perpen-
dicular to the surface is 46.55 meV which belongs to the
full-symmetrical Al representation in Cy4,. The datum of
48.4 meV from EELS* experiment is corresponding to
Al expression. The binding energy of C adsorption on
Ni hollow site is 7.687 eV and the carhon adatom has
four nearest neighbor Ni atoms conjugated with Ry =
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0.177 nm. All the results from our calculations are in
fine agreement with EELS, LEED and PED experimental
data.!"2*5719 It can be seen that at low coverage car-
bon atom is inclined to diffuse from top-on site or bridge
site to hollow site. Namely, the favorable adsorption site
for C atom is the site of the highest geometrical symme-
try, which agrees with the literature as well.

Ni(111) surface is the most compact surface of the
three, which has C3, local geometrical symmetry ir. point
group. As for C-Ni(111) system, there are also three
different kinds of critical points corresponding to three
types of non-equivalent adsorption states respectively.
The characteristics for top-on site (T) and bridge site
(B) are the same as mentioned above. Considering the
structure of Ni(111) surface, although H’and H are dif-
ferent types of adsorption sites , the difference between
their characteristics of critical points is very little from
our calculations. The discrepancy for binding energy is
0.013 eV, for eigenvibration less than 1 meV and for
R¢y;0.001 nm. All the discrepancies are too little to
distinguish by experiments, so H' and H sites can be
considered equivalent approximately, which is consistent
with the DFT results.’®!® On the other hand H'and H
sites were proved to coexist in the Ni(111)-(1 x 1)
structure by LEED experiment.> The adsorption state in
H site has Cj, local geometrical symmetry in point
group. The adsorbed C atom has three nearest neighbor
Ni atoms with R¢y; =0.185 nm and the bonding energy
is 6.23 eV. These data are consistent with the experi-
mental results very well.®”>"'® Moreover, the eigenvi-
brations parallel to the surface of C adatom are 66.6
meV, corresponding to the irreducible representation E
in C3, point group. And the one perpendicular to the
surface is 77.3 meV which belongs to the full-symmetri-
cal Al representation in Cs, .

Ni(110) surface, the structure of which is relative-
ly a little complex, is a zigzag surface constituted by

Ni(111) and Ni(111) surfaces. So it is inevitable for
the similarity of the characteristics between Ni(11G) and
Ni(111) surface. The Ni(110) system has C», local ge-
ometrical symmetry in point group. Our calculations in-
dicate that there are six different kinds of critical points
for the C-Ni(110) system corresponding to six types of
non-equivalent adsorption states (see Table 1). The
characteristics of top-on site (T) and shot-bridge site
(SB) are similar to the T and B sites mentioned above

while H is the peak point for carbon diffusing on the sur-
face. Both H; and LB are stable sites for adsorption.
The binding energy for Hj is 6.548 ¢V which is close to
that of fcc hollow site of C-Ni(111) system, and there
are three nearest neighbor Ni atoms which are nearly e-
quivalent conjugated C atom with Rcy; = 0. 195 nm
(two) and 0.182 nm (one) respectively. Since the geo-
metrical symmetry of Hj is like the slightly distortional
C3,, the vibrations which should belong to the equiva-
lent irreducible representation E now split into two one-
dimension irreducible representations I" 38.75 meV and
33.56 meV respectively. But the variance between them
is too small to distinguish experimentally. From Table 2,
it shows that LB site has the lowest binding energy,
while the binding energy of H, S and Hj sites is very
similar to each other, so it is very easy for carbon to mi-
grate among them.

Carbon adsorption on Ni{ n(100) x (111)-[01i]} step
surface

The real surfaces of catalyst always have some de-
fect sites that are considered as the active centers in
many reactions. So it is necessary to examine the char-
acters of such system. In this section, we have investi-

gated the C-Ni { n (100) x (111)-[011]} adsorption
system (Fig. 2). From Table 2, we can see that due to
the existence of surface step defect, the geometrical
symmetry of the surface is destroyed and the four-folded
hollow sites in the Ni(100) terrace, H; and H,, are also
disturbed. The degree of distortion for H;, which is
much closer to the step, is greater than that of Hj site.
The binding energy for H; is 1.53 eV higher when com-
pared with the H site in Ni(100) plane and the variation
of eigenvibration parallel to the surface of C adatom is
much larger than that of the perpendicular one. All these
indicate that Hj is the most stable adsorption site of the
three. Meanwhile, there is relative little change of H,
site both for the binding energy and eigenvibrations.
Whether the carbon atom is adsobed at H; or Hj site, the
influence from the step causes it to depart from the cen-
ter of equilibrium place. As for Hy, which is the most
unstable site of the three, the binding energy is slightly
higher than that of fcc hollow site of Ni(111) plane, and
we did not get the stable adsorption state at Hj'site. In
order to get a more direct viewing, we have plotted the
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potential energy surface (PES) for carbon adsorption on

Ni{n (100) x (111)-[011]} step surface, describing
the status of a carbon atom diffusing along X axis (in ag

unit) with the height varying from 0—0.2 (nm). From
Fig. 3, we can see that the diffusing barrier for H;—H,
is about 4 eV which is more than twice of
the diffusing barrier for H—= H at Ni ( 100 ) plane . All

0.20
0.15
3
£ 010
. -4 .2 ——=
N \ ///
B '°"”'//s » = oIl
0.05 8 = e
/[IIIII , 9 ‘4 1/\7 \\\\ W
\\ umu \\‘ \ |\ 110
o \ 1 2 .0
flsh e by (W)
0.00
-2.5 -2.0 -1.5 -1.0 0.5 0.0

X (2ao)

Fig. 3 PES for C adsorption on Ni{ n(100) x (lll)-[Oli]} step surface (Energy unit in eV) .

the analyses above show that the adsorbed carbon atom
prefers to migrate from H, or Hj; site to H; site. Namely,
the probability for C adatom located at H; site is much
greater than that of other sites. This case is quite differ-
ent from Ni(100) plane, where the possibility for every
four-folded hollow site for carbon diffusion is equal. So
we suppose that adsorption places near the step like H,
may be the active centers in chemical reactions and the
adsorption of carbon may block them. Maybe this causes
the catalyst to be poisoned and impedes the process of
the whole reactions. Nevertheless, the influences of the
interaction between carbon atoms, the surface relaxation
and surface reconstruction or other factors may give a
more comprehensive explanation for carbon adsorption on
metal surface at low coverage, so that further studies are
necessary both theoretically and experimentally.

As a result, all the achievements above confirm the
feasibility of our method again, that is, we can employ
one set of optimum parameters to deal with different
metal surfaces of low index. This is not occasional since
we have already got satisfying results in our previous in-
Both the results
indicate that our method approaches the intrinsic nature

vestigations for H-Ni surface system.”

of interaction for carbon-metal system very well.
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