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Atomistic versus collective phenomena in catalysis: Carbidic and graphitic carbon on Ni(771)
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Carbidic and graphitic carbon overluyers on Ni(771) have been prepared, characterized by Auger
electron spectroscopy, and investigated with scanning tunneling microscopy and low-energy electron
dilfraction. Ni(77l)-u vicinal Ni(l lO) surface —proves un ideal model catalyst to disclose major
dilTerences between the two carbonaceous phases: The carbidic phase exhibits a (4x I) superstructure
with isolated carbon atoms located ut inner regions of the Ni(l lO) terraces. Graphitic carbon, on the
other h;lnd, forms a macromolecular surface arrangement that preferentially decorates and thus inac-
tivates the catalytically active step sites.
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FIG. l. (a) Sphere models of the side and top views of a fcc
(771) surface (units in nm). (b) 6.5x5.7 nm-' STM topview of
clean Ni(771); to illustrate atomic resolution the linescan along
the close-packed row marked with 8 is shown in Fig. 3(d); tun-
neling voltage UI- = —24 mV, tunneling current IT =10 nA.

The hydrogenation of carbon monoxide is an important
step in the technological production of hydrocarbons from

coal. Transition metals, like Fe, Ni, Co, Ru, and Rh, ' are
well known to act as catalysts in the Fischer-Tropsch syn-

thesis of high-molecular-weight para5nic compounds
from CO. Among these metals, Ni selectively catalyses
the formation of methane (CO+3H2=CH4+ H20). -' In

previous studies of the kinetics of the CO hydrogenation
on dispersed catalysts' as well as the dissociation of CO
on single-crystal surfaces, at least two dilferent forms
of surface carbon have been identified: (i) a carbidic
phase, with unsaturated C 2p- orbitals, that seems to be
the active intermediate in the catalytic methane produc-
tion, and (ii) a graphitic phase, that inactivates the cata-
lyst (coking). Both phases are distinguished by the line

shapes they exhibit in their Auger electron spectroscopy'"
(AES) and electron-energy-loss spectroscopy (EELS)
spectra.

In this paper we report scanning tunneling microscopy"
(STM) results of carbidic and graphitic carbon on

Ni(771), which represent real-space imaging of how the
two carbon species affect the surface of a model catalyst.
We chose Ni(771) for this study, a vicinal Ni(110) sur-

face that in ideal bulk truncated form exhibits 1.23-nm-
wide (110) terraces and steps parallel to the close-packed
rows [see Fig. 1(a)]. On this model catalyst system, ma-

jor differences between the two carbonaceous overlayers
have been discovered: (i) The carbidic phase exhibits a
(4&1) superstructure located at inner areas of the (110)
terraces, near the ascent to the next terrace. (ii) The gra-
phitic phase forms a chemically rather inert surface ma-
cromolecule, which preferentially decorates catalytically
active step edges. Thus the STM images directly make
visible how the active step sites of catalysts are inactivated
when graphitic carbon is formed.

The experiments were performed in a UHV system that
has been described in detail previously. " Besides the
U H V scanning tunneling microscope the system is

equipped with a four-grid retarding field analyzer for
low-energy electron ditfraction (LEED) and AES, a
sputter gun, and facilities for heating and cooling the sam-
ple. The base pressure is better than 2x 10 ' mbar. The
sample was oriented by x-ray diffraction, cut by spark ero-
sion and mechanically polished; it was further prepared in

UHV by repeated cycles of Ne sputtering and heating to
1000 K until sharp LEED patterns were obtained. Figure
l(b) reproduces a topographical STM image of clean
Ni(771) at atomic resolution without employing filtering
techniques. In all the STM pictures presented here the
steps ascend from bottom right to top left; for better utili-
zation of the gray scale, however, the STM images have
been tilted in such a manner that step edges appear to be
at the same level. Figure 1(b) shows step configurations
with in average three close-packed rows on each (110)
terrace; the fourth row, which is part of the step to the
next terrace [see Fig. 1(a), side view], is not resolved. '

In Fig. 3(d) we present a line scan (8) along the direction
marked in Fig. 1(b) to illustrate atomic resolution within
the close-packed rows. The corrugation is about 0.01 nm
in agreement with STM studies on flat metal surfaces. "
The measured corrugation along [001] when crossing a
step is 0.12 nm in agreement with crystal geometry. The
carbidic overlayer was prepared by decomposition of CO
at substrate temperatures of 550 K and CO partial pres-
sures of 1 x 10 mbar; the carbidic phase can be
transformed to the graphitic form by annealing at 700 K.

Figures 2(a) and 2(b) show AES spectra of the two
carbon species detected on Ni(771). Figure 2(a) is ob-
tained after CO dissociation at a substrate temperature of
550 K. The spectrum exhibits peaks at 251, 259, and 270
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FIG. 2. AES spectra of (a) carbidic and (b) graphitic carbon
on Ni(771) (primary energy E„2keV). AES spectra redrawn
I'rom Ref. 12 of (c) Ni3C and (d) graphite.

eV as also found for carbon prepared under similar condi-
tions on other Ni surfaces, ' as well as on other Fischer-
Tropsch metals. " Because of the similarity of the carbon
AES line shape with that of Ni3C [Fig. 2(c), redrawn
from Ref. 12] this carbon phase has been termed "carbid-
ic." Figure 2(b) displays the carbon AES spectrum after
annealing the sample at temperatures above 700 K. It
now exhibits one prominent peak at 270 eV and resembles
the spectrum of pure graphite [Fig. 2(d), redrawn from
Ref. 12]. In agreement with previous studies on Fischer-
Tropsch metals, '" we attribute this carbon species to the
"graphitic" form. On Ni(771) the carbidic phase exhibits
a (4X I) superstructure in the LEED pattern [Fig. 3(c)].
[Notice that our (m x n) notation refers to the lattice unit
cell of the (110) terraces. ] The intensity of the fractional
LEED spots is comparable to the substrate spots even at
small carbon coverages indicating a distortion of the Ni
lattice. The appearance of the carbidic phase is accom-
panied by a sharpening of the reflections. The graphitic
phase does not lead to additional spots in the LEED pat-
tern with respect to the clean surface.

Figure 3(a) shows a topographic STM image of a
Ni(771) surface region covered with carbidic carbon. Ac-
cording to the calibration of our piezoscanners, the aver-
age terrace width is 1.25 nm, which indicates the forma-
tion of predominantly single width terraces in accordance
with LEED. On each terrace structures with a periodicity
of I.O nm along [110]are detected in correspondence with
the (4X I) in the LEED pattern. Compared with surface
regions of clean Ni(771), where the regular step arrange-
ment is frequently interrupted by kinks [see also Fig.

l(b)], uniform straight-lined step edges are formed over
long distances in the carbon-covered regions. Carbidic
carbon obviously stabilizes the formation of regular steps
as confirmed by the sharpening of the LEED spots upon
formation of the (4X I ) superstructure. Figure 3(b)
shows the carbidic phase at higher magnification together
with carbon-free areas of the (110) terraces. To enhance
contrast this image has been statistically differentiated. '

The STM frequently resolves six protrusions on the
(4X I ) areas, three-by-three lying opposite each other [see
marked circle and line scan A in Fig. 3(d)]. The vertical
corrugation of these protrusions is approximately 0.02,
0.03, and 0.02 nm, respectively. The lower part of Fig.
3(b) contains clean parts of (110) terraces. These areas
can be used to determine the position of the carbidic over-
layer relative to the substrate lattice. Figure 3(b)
definitely shows that the carbidic phase is located at the
inner parts of the (110) terraces, near the ascent to the
next terrace. Notice that the step edges, which are com-
monly accepted to be active sites for chemical reactions, '

are not coi ered by carbidic carbon.
Figure 4(a) depicts a topographical STM image of a

surface region covered with graphitic carbon. Compared
with the carbidic phase the structure is completely
different. The step configuration again is rather uniform,
but now the periodicity along [110] is 0.25 nm, i.e., equal
to that of the close-packed rows of the Ni(110) terraces in

accordance with LEED. Club-shaped structures, =0.6
nm long, extend over the first two close-packed Ni rows
starting at the step edges, as clearly seen in the line scan
of Fig. 4(b); they frequently exhibit angles of =120' at
their ends as found in the honeycomb configuration of
graphite [see, e.g. , the marked circle in Fig. 4(a)]. These
structures are continued by 0.3-nm-long units, again often
with hexagonal shapes. As our central result we point to
the fact that in contrast to carbidic carbon the graphitic
phase occupies catalytically active step edges [see the line

scan of Fig. 4(b)], making the well known cataly-st inac
tii ation by coking directly iisible.

It is interesting to speculate on structural details for the
two carbon overlayers on Ni(771) by referring to the bulk
structures of Ni3C and graphite, on the one hand, as sug-

gested by AES, and the structural information provided

by STM and LEED, on the other hand. In Ni3C hexago-
nal layers of Ni and C atoms alternate with different az-
imuthal orientations, the two-dimensional (2D) Ni lattice
being expanded by 6% compared with Ni(111); the car-
bon atoms in Ni3C occupy threefold hollow sites of the Ni

layers forming (J3XJ3)R30 superstructures as illus-

trated in Fig. 3(f). Assuming that the atomic configura-
tion on the Ni(110) terraces is similar to the one in NiqC,
the Ni lattice must undergo considerable local distortions
under adsorption of carbidic carbon as signalled by the
LEED intensities of the (I X4) superspots [appreciable
distortions of the Ni substrate are also known to be in-

duced by carbidic carbon on Ni(100) (Ref. 15)]. One

plausible configuration which meets the requirement to
account for the (I x4) periodicity observed with LEED
and STM is shown in Fig. 3(e). A number of features ob-
served in Fig. 3(b) [as indicated in the circle and line scan
& of Fig. 3(d)] correspond to such a structure. The oc-



ATOMISTIC VERSUS COLLECTIVE PHENOMENA IN. . . 1527

su T1

}

If
] R

(c)
A

I

3

8
1

5

(e)

FIG. 3. (a) 15&14 nm STM topview of the (4&1) superstructure of carbidic carbon on Ni(771). (b) Statistically diA'erentiated
8.0x7.5 nm STM topview of the carbidic phase together with carbon-free (110) terraces of Ni(771); Uq -—100 mV and lr 10
nA in both cases. Linescan along A is shown in (d); protrusions inside marked circle point to substrate distortions as modeled in (e).
(c) (4X I ) LEED pattern of Ni(771) covered with carbidic carbon (E„=67eV). (d) Line-scans along marked directions in (b) (A)
and Fig. 1(b) (B). Sphere models of the Ni-C configuration of (e) the "carbidic phase" on Ni(771) and (f) Ni&C; black and grey cir-
cles represent carbon and distorted Ni atoms, respectively; the next terrace is indicated by dotted circles.
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FIG. 4. (a) 4.8X5.0 nm' STM topview and (b) linescan [along A B in (a)] of graphitic carbon on Ni(771) (units in nm);
Ur 100 mV, I 10 nA. Notice that in contrast to carbidic carbon, Fig. 3(b), the graphitic carbon decorates the step edges and
thus inactivates catalytically active adsorption sites.
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currence of a diversity of other configurations in Fig. 3(b)
may be due to locally varying carbon concentrations or to
the well-known basic diSculty in imaging carbon over-
layers. ' Turning to the graphitic phase, we note that in

bulk graphite the width of the honeycombs is 0.246 nm,
which is only 1.2% smaller than the Ni-Ni distance along
the close-packed rows. A linear chain of slightly stretched
honeycombs in register with the Ni lattice along [110]
therefore appears to be realistic. The distance between
two honeycomb chains in graphite is 0.426 nm, which is

about 20% larger than the lattice parameter of Ni(110)
along [001] (aN; =0.352 nm). Due to the large mismatch
between the two lattices along [001] a 2D graphitic over-

layer coherent even over small distances cannot be expect-
ed to form on flat Ni(110). ' At the step edges of
Ni(771), with one end open for relaxation, a fragmentary
honeycomb arrangement extending over two close-packed
rows is observed [Fig. 4(a)]. Angles of 120' frequently
observed with the STM at the step edges as well as on the
terraces [see, e.g. , marked circle in Fig. 4(a)] support this
interpretation.

Summarizing our results, Ni(771) proved to be an ideal
substrate to uncover major differences between the two
carbonaceous phases: Carbidic carbon was found to yield
(4& I) LEED patterns; by simultaneously imaging over-

layer and substrate regions, STM revealed that the (4X 1)
structural elements are located at inner areas of the (110)
terraces, near the ascent to the next terrace. The graphi-

tic phase, on the other hand, preferentially decorates ca-
talytically active step sites and thus reduces the activity
and possibly the selectivity of catalysts. Regarding
structural aspects we combined our STM, LEED, and

AES results with data on bulk Ni~C and graphite to pro-
pose plausible models for the surface structures of the two
carbonaceous species: In the carbidic phase the carbon
atoms very likely distort the Ni lattice to form a structure
similar to that of Ni3C. The nearest-neighbor distance of
the carbon atoms then is about 0.45 nm, which is about
3 times the C-C bond length in organic compounds
(0.12-0.15 nm). This means that there is only weak

bonding between the carbidic carbons, thus explaining
their chemical reactivity against coadsorbates like hydro-
gen' or ~ater. " The carbon atoms of the graphitic phase,
on the other hand, seem to exhibit a structure similar to
the one found in graphite (C-C bond length is 0. 142 nm),
pointing to strong in-plane bonding. Consequently, in ad-

dition to decorating the active step sites, the graphitic
phase affects the catalytic activity of the metal in another
way: Its electronic properties are similar to those of or-

ganic macromolecules, which, in general, are inert against
chem ical at tacks.
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