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The adsorption and decomposition of acetylene on clean and
K-covered Co(0001)
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We have studied the adsorption of acetylene on clean and K-covered Co(0001) by XPS, TDS and XPD. Acetylene is adsorbed
molecularly at room temperature on clean Co(0001) with its molecular axis lying in the plane of the surface. The decomposition
takes place at 410 K and goes likely via a vinylidene intermediate. Further heating results in the decomposition of the molecule to
“graphitic” and “‘carbidic” carbon via the desorption of hydrogen. Potassium induces an additional acetylene adsorption state
which is filled after the one found on clean Co(0001). The desorption of molecular acetylene and ethylene is induced by potassium.
The desorption temperature of potassium is increased by 80 K due to acetylene when compared to the desorption of pure potassium
monolayer. The decomposition of acetylene leads again to graphitic and carbidic carbon, but the relative amount of carbidic carbon

isincreased due to the presence of potassium.
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1. Introduction

The adsorption of acetylene on metal surfaces has
been studied as a case study of the interaction of hydro-
carbons with the catalyst surfaces. The adsorption and
decomposition of acetylene has been extensively charac-
terized by vibrational spectroscopy (for a compilation of
data see ref. [1]), but also thermal and electronic proper-
ties have been reported on metals used either for
Fischer-Tropsch synthesis or hydrogenation/dehydro-
genation reactions. Recently, also semiquantitative
structural information has been reported on Ni(110) [2]
and a full structural analysis on Ni(111) [3].

Generally, below room temperature acetylene is
adsorbed molecularly with its C—C axis parallel to the
surface. The thermal decomposition may take several
routes depending on the initial coverage and the sub-
strate, and a variety of hydrocarbon intermediates have
been reported. Only small amounts of carbon are de-
sorbed as hydrocarbons, and a carbonaceous overlayer
is left on the surface after the completion of hydrogen de-
sorption, typically around 500-600 K.

Much of the surface studies dealing with potassium
deposition on transition metals derive their motivation
from the use of potassium in the hydrogenation cat-
alysts. The bulk of these studies have focussed on the
effects of potassium on CO adsorption, but one cannot
ignore the interactions between potassium and hydro-
carbons when formulating a complete picture of the
hydrogenation reactions on promoted catalysts. These
studies are, however, very limited in number. The coad-
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sorption of acetylene and cesium has been studied on a
Pd(110)(2 x 2) surface [4]. The authors report a cesium-
induced stabilization of vinylidene species, attributed to
the formation of (111) facets upon the adsorption of
cesium onto the missing-row reconstructed Pd surface.
Furthermore, ethylene formation is promoted by
cesium. The coadsorption of ethylene and potassium on
Pt(111) has been studied to some extent [5-8]. These
studies reveal that in the presence of potassium a new,
loosely bound (m-bonded) adsorption state for ethylene
is created at the expense of the di-o-bonded ethylene
found on the clean surface. The decomposition path of
ethylene is also affected, including stabilization of an
ethylidene (=CH—CH3) species.

It has been proposed [9,10] that potassium increases
the resistivity of a catalyst surface towards poisoning by
inactive carbon species. The inactive carbon is some-
times termed ‘‘graphitic’ since it exhibits similar charac-
teristics to bulk graphite. Another form of carbon is
often named “‘carbidic” due to similar analogy to metal
carbides. The carbidic carbon is also called the ““active”
form of carbon since it will react with hydrogen to form
hydrocarbons[11].

In this paper we report on studies of acetylene
adsorption and decomposition on clean and K-covered
Co(0001) surfaces. We will show that after the acety-
lene decomposition the clean surface is partially cov-
ered with a carbonaceous overlayer composed mainly
of ““graphitic” carbon. On the potassium-covered sur-
face, the relative amount of ‘“‘carbidic” carbon after
the acetylene decomposition has increased compared
to the case of clean surface. The results are compared
to post-reaction surface studies on K-covered Co



44

[9,10], Fe [12] and Ni [13] model catalysts after CO
hydrogenation reactions.

2.Experimental

The experimental setup has been described previously
[14]. Briefly, the experiments were performed in an ion-
pumped UHV chamber equipped with facilities for X-
ray photoelectron spectroscopy (XPS), X-ray photoelec-
tron diffraction (XPD), low-energy ion scattering
spectroscopy (LEIS), thermal desorption spectroscopy
(TDS), low-energy electron diffraction (LEED) and
metal depositions. Mg K, radiation was used through-
out the XPS measurements in this paper. The hemisphe-
rical electron analyzer was typically operated at 18 eV
pass energy to obtain the best possible resolution when
measuring the C 1s line. For XPD measurements the
pass energy was set to 75 eV to reduce data collection
time.

Potassium deposition was accomplished by a stan-
dard getter source. Before each deposition the K flux
was allowed to stabilize for 4 min. Acetylene (99.5% pur-
ity) was admitted to the chamber through a leak valve.
Exposures were monitored by a quadrupole mass
spectrometer and calibrated against an ion gauge read-
ing assuming a sensitivity factor of 2.0 relative to nitro-
gen, as suggested by Takaoka et al. [4].

The Co(0001) sample had a nominal purity of
99.999%. The initial preparation and cleaning have been
documented elsewhere [15,16]. Routinely, the sample
was cleaned by 1 hour sputtering with 1 keV Ar™ ions fol-
lowed by 5 min annealing at 650 K.

3. Results and discussion

3.1. The adsorptionof acetylene on clean and K-covered
Co(0001)

Fig. 1 displays the intensity of the C 1s photoelectron
line as a function of exposure on clean and K-covered
(0 = 0.3) Co(0001) surface at 320 K temperature. We
found that the C 1s line intensity saturated already after
3 L exposure. The main impurities during the gas expo-
sure were H, and CO, probably resulting from the
exchange reactions on the chamber walls and in the ion
pump. The impurity exposures remained, however,
below 0.1 L. The small exposure required for saturation
suggests a high initial sticking coefficient, and potassium
preadsorption does not affect the uptake rate. A small
increase (about 25%) in the adsorption capacity is caused
by potassium.

To estimate the acetylene coverage, we may compare
the C Isintensities measured from the surfaces saturated
with C,H, and CO. In the latter case the CO molecules
form a (v/3 x v/3)R30° overlayer corresponding to a
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Fig. 1. The intensity of the C 1s photoelectron line versus the C;H,
exposure on clean (fx =0) and K-covered (x =1/3) Co(0001)
surface.

coverage of 1/3[17,18,16], and the comparison yields a
saturation coverage of 1/3 also for acetylene assuming
the adsorption is molecular. Scaling of the K 2pand C 1s
intensities in the coadsorption case by the sensitivity fac-
tors is in support of this, suggesting approximately one
acetylene molecule per one potassium atom.

The evolution of the C 1s lineshape during acetylene
adsorption is shown in fig. 2a for clean Co(0001) and 2b
for K-covered Co(0001). Onclean Co(0001), the C 1sline
has only one asymmetric component whose binding
energy is 283.6 eV at low coverages and 0.2 eV higher at
saturation coverage. We attribute these binding energy
values to the molecularly adsorbed C,H,. On K-covered
Co(0001), a 0.6 L exposure gives rise to a C 1s line with a
similar shape as with clean Co(0001). The binding energy
is now 283.3 €V, i.e. there is a 0.3 eV downshift due to
potassium. This binding energy coincides with the one
corresponding to carbidic C on cobalt, and it could thus
imply acetylene dissociation. We, however, attributeit to
potassium-affected molecular acetylene, since an
increase in the exposure causes the line to shift smoothly
to 283.7 eV. Together with the shift, a tail on the high
binding energy side evolves which can be explained by a
broad C 1s component centered at 285.3 eV. Since a
higher binding energy for an adsorbed gas molecule cor-
responds to less electronic perturbation compared to gas
phase, the tail most likely results from potassium-
affected acetylene molecules which are loosely bound to
the surface. This interpretation is in accordance with
acetylene adsorption on Cs/Pd(110) [4] and with ethy-
lene adsorption on K/Pt(111) [5-7] and Cs/Pt(111) [5].
In all of these cases, the alkali metal induced a new
adsorption state for the hydrocarbon exhibiting a smal-
ler interaction energy with the substrate.



J. Vaarietal. / Adsorption and decomposition of acetylene on Co(0001 ) 45

T T [ [ I | T [ T T T !
~ C,H,/Co(0001) A - CoH,+K/Co(0001) B
: :
2 2
ll-l_J L
> =
) »
o o
200 288 286 284 282 280 200 288 286 284 282 280
BINDING ENERGY (eV) BINDING ENERGY (eV)

Fig. 2. The evolution of the C s lineshape during acetylene adsorption on the clean (A) and K-covered (B) Co(0001).

3.2. The decomposition of acetylene on clean Co(0001) the C 1s line to shift to 0.7 eV upwards. Further heating

splits the line into two distinct components at 283.3 and

Fig. 3 shows the XP spectra of the C 1s region aftera  284.6¢V. The total intensity of the C 1s line remains con-

saturation exposure of C,H; at 320 K and after heating stant suggesting no significant desorption of hydrocar-
to 570 K in 50 K steps. At 320 K the C 1s spectrum con-  bons or bulk diffusion of carbon atoms.

sists of a single peak at 283.8 eV. Heating to 420 K causes Fig. 4 displays the thermal desorption spectrum of
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Fig. 3. The photoelectron spectra of the C 1s region after a saturation exposure of C,H, at 320 K followed by heating to 570 K in 50 K steps. The
various peak positions are labelled as A (molecular acetylene), V (the proposed vinylidene intermediate), G (graphitic carbon) and C (carbidic
carbon).
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Fig. 4. The thermal desorption spectrum of hydrogen after a saturation
exposure of C;H; on Co(0001) at 320 K. The heating rate was 2 K/s.
No other species were found to desorb.

hydrogen after a saturation exposure of C,H, on
Co(0001) at 320 K. The spectrum has a peak at 410 K,
and above that, the desorption continues with a smaller
rate up to 550 K. In agreement with XPS, no hydrocar-
bon desorption was observed. A similar hydrogen de-
sorption spectrum has earlier been reported for
acetylene on polycrystalline cobalt [19].

The XPD measurements of the C 1s line are summar-
ized in fig. 5. The measurements were performed after a
saturation exposure of C;H; at 320 K (corresponding to
C 1s binding energy of 283.8 ¢V) and after heating to
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Fig. 5. The XPD data of the C Is line after a saturation exposure of
C,H; at 320 K and after heating to 420 K.
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420 K (corresponding to C 1s binding energy of
284.5 eV). The experimental angular dependencies were
removed by measuring the XPD data of a potassium
monolayer. At 320 K we find no forward focussing
effects in the C Is data within the angular range avail-
able. At420 K, i.e. just above the maximum in the hydro-
gen desorption of fig. 4, the XPD data shows a forward
focussing peak at normal emission with a signal-to-
background ratio of 8%.

The above observations are interpreted as follows.
Starting from XPS at 320 K, we assign the binding
energy of 283.8 eV to molecularly adsorbed C,H; on
Co(0001). This value falls between the two known states
for atomic carbon on Co(0001), called ‘“‘graphitic”
(284.8 eV) and “‘carbidic’ (283.1 eV) [20]. Since the C 1s
line has only one component, there is but one chemical
state for carbon. The XPD of the C 1s line shows no for-
ward focussing peak, and we thus conclude that the
283.3 eV binding energy corresponds to a flat-lying
C,H,; molecule on Co(0001) as is also observed on
Ni(111)[3].

At 420 K, the C 1s line has shifted to 284.5 eV.
Although the hydrogen desorption peak temperature of
410 K is close to the one reported earlier for H, on
Co(0001) [21], the concomitant shift in the C 1s binding
energy suggests acetylene decomposition. The XPD
measurement now reveals enhanced C 1s emission along
the sample normal, which is taken as evidence for a verti-
cally bonded C, hydrocarbon fragment. Such a species
could be, for example, vinylidene (=C=CH,) which is
formed from acetylene by isomerization. According to
bond-order-conservation calculations [11] the isomeri-
zation of acetylene to vinylidene is exothermic in the che-
misorbed state on transition metals. Note that the XPD
data does not exclude other possible intermediates. On
polycrystalline cobalt, a CH fragment has been sug-
gested [19]. On Fe(100), CH and CCH as well as vinyli-
dene intermediates have been claimed [22]. Since we do
not observe ethylene desorption on clean Co (suggesting
a reaction between acetylene molecules), we consider
unlikely the formation of an ethylidyne intermediate,
CCHs.

Above 420 K the C 1s line splits into two components
at 284.6 and 283.3 eV which we assign to graphitic and
carbidic carbon, respectively [9,20]. The amount of car-
bidic carbon attains its maximum level at 570 K which,
according to the TDS data of fig. 4, corresponds to the
completion of the acetylene decomposition. We thus see
that the decomposition of an acetylene monolayer on
clean cobalt results mainly in graphitic carbon. Note
that the terms “graphitic’” and ““carbidic” are used in the
literature often because the two forms of atomic carbon
give rise to similar electronic and chemical characteris-
tics as bulk graphite or carbide [12,20,23]. The local
structure around the surface carbon atoms remains,
however, unclear.



J. Vaarietal. / Adsorption and decomposition of acetylene on Co(0001) 47

CoH+K/Co(0001)
B - m/e 2
e (x 0.1)
. L™
s v
&I .."\.'- ""J".‘_‘U-'-."."-"'.',W\’-:-'
< L S .
o Ry
(7} W b
d - i m/e 26
g — -':-. . .:..-*"n et %
E i S
o - P_._.-_-’.'_-_._ o m/e 27
8 A -'"-"'-"-'"".""""-.-".'...‘.'.’1.'.1-2':'.:'\.-.'-_-'..-'\.-.-
u - -
o . gli#

m/e 39

¥ LA
: %A A Nt e
\; %’swﬁwﬁ Sy

L 1 1
400 500 600

TEMPERATURE (K)

PR

F
S
|

300

Fig. 6. The TDS spectra of H,, C;H,, C,Hj3 and K from the coadsorp-
tion system. For comparison, the desorption spectrum of a pure potas-
sium monolayer is included. The heating rate was 2 K /s.

3.3. The decomposition of acetylene on K-covered
Co(0001)

The effect of potassium on the adsorption of acetylene
was studied with a potassium coverage of 0.3, corre-
sponding to one monolayer of adsorbate [14]. The TDS

spectra of Hy, C;H; and K from the coadsorption system
are presented in fig. 6. The hydrogen desorption spec-
trum resembles the one measured without K. However,
there is significant acetylene desorption at mass number
26. The qualitative behaviour of this spectrum follows
the hydrogen desorption spectrum, with a main peak at
410 K and a shoulder around 500 K. We also observe
ethylene formation, monitored by measuring the mass
number 27 because of the CO background at mass num-
ber 28. According to the cracking pattern of ethylene,
there are side peaks at mass numbers 27 and 26 with
intensities of 63 and 61%, respectively. Since the peak for
mass 27 is around 390 K, the desorption spectrum for
mass 26 is slightly broadened on the low temperature
side by ethylene desorption.

Potassium desorption sets on above 400 K and attains
maximum rate at 480 K which means that a potassium
monolayer is stabilized by about 80 K on the surface due
to acetylene coadsorption. The loss of C 1s intensity
upon heating is about 25% which approximately corre-
sponds to the increase in the adsorption capacity induced
by potassium. The hydrocarbon desorption may thus be
assigned to the new, loosely bound adsorption state cre-
ated for acetylene by potassium. An alkali-metal-
induced (either K or Cs), loosely bound adsorption state
for ethylene has been reported on Pt(111) [5,6]. This is
attributed to a change in the bonding mechanism from
di-o-bonding to m-bonding.

Fig. 7 shows the XP spectra of the K 2p and C 1s
region at various temperatures after the adsorption of a
potassium coverage of 0.3 followed by a saturation
exposure of CoH; at 320 K. For reference, we also show
the K 2p lineshape measured from a K monolayer with-
out CoHy. Itis clearly seen that C,H; increases the K 2p
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Fig. 7. The XPS spectra of the K 2p and C Is region at various temperatures after the deposition of a potassium coverage of 0.3 followed by a satura-
tion exposure of C,H; at 320 K. Peak labelling as in fig. 3.
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linewidth as well as removes the asymmetry indicative
of a purely metallic monolayer, but no binding energy
shift is observed. These effects are taken as evidence of a
K-C,H; interaction. We may note that quite similar
effects on the K 2p lineshape were also observed due to
CO [14], and it was suggested that the role of CO was to
act as a buffer for the K-K repulsion. Acetylene may
also act as such a buffer, and the energy gain from this
buffering could give an explanation for the potassium-
induced slight increase in the adsorption capacity for
acetylene (which was also observed for CO).

The XPS and TDS data suggest that acetylene mole-
cules are attached to the Co substrate rather than
directly to the K promoter. This is because there is only a
minor decrease in the C 1s binding energy due to K, and
because the hydrogen desorption spectrum is almost
identical whether K is present or not. Furthermore, a
matrix-isolation study involving acetylene and alkali
metals [24] suggests only a van der Waals type interac-
tion between acetylene and potassium, which would lead
tono adsorption at room temperature.

The C 1s binding energy undergoes an upshift of
0.8 eV upon heating to 470 K, just as in the case of K-free
surface. We also observe a loss of intensity in the high
energy tail of the C 1s line, which suggests hydrocarbon
desorption. Upon further heating, some intensity
evolves around 283.3 eV, which is visually observed as a
broadening of the line. The total intensity of the C 1s line
decreases continuously as a function of temperature,
and at 570 K it has dropped nearly by a factor of two.
Comparing the C 1s lineshapes of the clean and K-cov-
ered surfaces at 570 K, one observes that potassium sig-
nificantly alters the chemical state of carbon resulting
from acetylene decomposition. In the case of clean Co,
the intensity ratio of the graphitic component to the car-
bidic component is about 2 : 1. With K added onto the
surface, the intensity ratio changesto 1 : 1.

Our measurements thus support the idea that one of
the promoter effects of potassium in hydrogenation cat-
alysts is the prevention of surface poisoning by inactive
carbon layers. The decrease in the C 1s line intensity as a
function of temperature, especially above the desorption
region of acetylene and ethylene, suggests potassium-
induced subsurface penetration of carbon atoms.

A similar potassium-induced effect is observed in a
CO hydrogenation study by Wesner et al. on potassium-
covered Co foil [9]. Using 100 kPa total pressure and
temperatures between 523 and 548 K, these authors
found after the reaction a predominantly graphitic car-
bon layer over an initially clean Co surface. With potas-
sium added on the surface, the hydrogenation reaction
led to enhanced carbon deposition, but the chemical
state of the carbon had changed to predominantly carbi-
dic. As a possible reason for this, the authors mention a
geometrical site-blocking by potassium, since on a clean
Co(0001) surface graphite can grow almost epitaxially.
An electronic effect on carbon by potassium was, how-
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ever, not excluded. On Ni [13], Campbell and Goodman
find that potassium decreases the activation energy for
carbidic carbon buildup, which leads to more carbon on
the K-promoted surface during reaction as compared to
clean Ni. As a contrast to Co and Ni, hydrogenation
reactions by Wesner et al. on Fe foils [12] revealed that
the formation of graphitic carbon was enhanced by the
presence of potassium.

4. Conclusions

Acetylene adsorbs molecularly on clean and K-cov-
ered Co(0001) at 320 K. The saturation coverage on
clean Co(0001) is about 0.3 and it is increased by 25% by
a monolayer of potassium. The initial sticking coeffi-
cientis not altered by potassium.

The decomposition of acetylene occurs at 400 K on
both clean and K-covered Co(0001). On the clean sur-
face, the decomposition may occur via a vinylidene inter-
mediate without hydrocarbon desorption. On the K-
covered surface hydrocarbon desorption is observed,
consisting of acetylene and a small amount of ethylene.
The origin of the hydrocarbon desorption is a new,
loosely bound adsorption state for acetylene created by
potassium.

The final product of acetylene decomposition is a car-
bonaceous overlayer. On the clean surface this layer con-
sists mainly of “graphitic’’ carbon with a small amount
of “carbidic” carbon. Potassium alters the decomposi-
tion in such a way that the relative amount of carbidic
carbon is higher. This implies a greater resistivity
towards poisoning by inactive carbon of a potassium-
promoted catalyst surface.
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