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Abstract

In order to understand the complex dissociation processes that occur on adsorption of hydrocarbons on surfaces, it is
necessary to understand the energetics involved. From investigations of the adsorption of various hydrocarbon species on
surfaces, it has been possible to calculate M—C bond energies. These could then be used to calculate the expected adsorption
heats for various possible adsorbed species on surfaces for the assignment of adsorbate states from measured heats in
conjunction with spectroscopic data. Heats of adsorption and sticking probabilities for C,H, and C,H, on Ni{110} at 300 K
have been measured. The initial sticking probability and heat of adsorption for C,H, are 0.8 and 190 kJ mol 1,
respectively, while those for C,H, are 0.78 and 120 kJ mol ~%. In both cases, CCH species are formed on the surface
initially, and for the adsorption of C,H,, CH, and CH are formed on the surface at higher exposures. Assuming the
presence of these species on the surface, a vaue of the Ni—C bond strength of 191 kJ mol ~* is found. This is in excellent
agreement with the average value of 204 kJ mol ~* calculated for hydrocarbon adsorption on the Ni{100} surface previously.
© 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction species can often be problematic. In order to
understand the complex dissociation processes
that may occur, it is necessary to understand the

energetics of the appropriate adsorption pro-

The study of the interaction of hydrocarbon
molecules with transition metal surfaces has

been the subject of many catalytic and surface
science studies in recent years [1]. In general,
many species are formed on the surface at room
temperature and the exact identification of these

* Corresponding author. Tel.: +44-1223-336338; Fax: +44-
1223-336362; E-mail: eld1000@cam.ac.uk

! Present address; Department of Chemistry, University College
London, 20 Gordon Street, London, WC1H OAJ, UK.

cesses and a knowledge of the relevant
molecule-surface bond energiesis essential. This
investigation is a continuation of an effort to
provide a database of M—C bond energies for
hydrocarbon surface reactions. This database, as
it becomes more complete, will be increasingly
helpful in the prediction of reaction products
and will help us to understand why certain
reactions proceed on one surface but not on
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another. In addition, it can be used to calculate
the expected heat of formation for various
species that could be formed upon adsorption of
molecules such as ethyne and ethene on a sur-
face. This, together with spectroscopic data,
helps with the assignment of measured heat of
adsorption values to the formation of various
Species.

Hydrocarbon adsorption is usualy irre-
versible and therefore, adsorption heats cannot
be obtained by isosteric methods. Single crystal
adsorption calorimetry [2,3] is thus the only
direct technique available for the measurement
of heats of adsorption for hydrocarbons on sin-
gle crystal surfaces. Here, we present measure-
ments of the sticking probability and heat of
reaction for ethyne and ethene adsorption on the
Ni{110} surface at 300 K. Hydrocarbon adsorp-
tion systems previously investigated using the
calorimeter include the adsorption of ethene on
Pt{110} [4], Pt{111} [6], Pt{100} [5], Ni{100} [7],
Pd{100} [7] and Rh{100} [8]. The adsorption of
ethyne has been investigated on Ni{100} and
Pd{100} [7] and Rh{100} [8]. Results obtained
by calorimetry on single crystal surfaces have
recently been reviewed [9].

1.1. C,H, /Ni{110}

Various studies of the adsorption of ethyne
on Ni{110} have been undertaken in the past
[10-15]. The majority of these studies were
performed at low temperatures where adsorption
of the ethyne molecule is entirely molecular.
Stroscio et al. [10] observed that the thermal
decomposition of ethyne was more complex
than that of ethene and this is supported by the
studies of Demuth [13]. Demuth performed ul-
traviolet photoelectron spectroscopy (UPS)
measurements of ethyne on Ni{110} and Ni{100}
at 300 K. On Ni{110}, CCH and adsorbed H
species were observed at low coverages (< 1.5
L exposure) and with increasing coverage, CH,
species were also seen on the surface [13]. No
evidence for atomic carbon could be found and

hence, it was postulated that CH, was formed
on the surface via the reaction:

C,Hyg) + Ha— HCCH,, .= CH, + CH,,

where HCCH,,, , is an unstable intermediate.
This reaction scheme was supported by the
observation that the high coverage species were
not formed from the initial CCH, species, and
the amount of H, desorbing during temperature
programmed desorption (TPD) decreased with
increasing exposure of the surface to C,H,. All
of the other studies of C,H, adsorption on
Ni{110} were performed at low temperature and
therefore, no information about species present
at 300 K is available.

1.2. C,H, /Ni{110}

Various studies of the adsorption of ethene
on Ni{110} have been performed using electron
energy loss spectroscopy (EELS), low energy
electron diffraction (LEED), TPD, angle re-
solved ultraviolet photoelectron spectroscopy
(ARUPS) and near edge X-ray absorption fine
structure (NEXAFS) [10-12,16-18]. Again,
most of these measurements were made at low
temperature, and show that ethene adsorbs
molecularly at low temperatures with no decom-
position [10,12,16,17]. However, EELS mea
surements show that at room temperature ethene
decomposes to form a CCH species and ad-
sorbed H [10]. Further heating causes the forma-
tion of CH species and finally, above 500 K, a
carbide layer is formed on the surface. TPD
shows that molecular ethene desorbs from the
surface at 270 K [10].

1.3. C,H, and C,H, on Ni{100}

There is one calorimetric study of the adsorp-
tion of ethyne and ethene on the Ni{100} surface
at 300 K [7]. In this case, for both adsorbates,
first CH, and then CCH, species were seen on
the surface with increasing coverage. At very
high coverage, molecular species were seen on
the surface. The initial adsorption hests for
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ethene and ethyne were 203 and 264 kJ mol ~ %, 2. Experimental
respectively. These were used to obtain a mean

value of ~ 204 kJ mol~* for the Ni—C bond The calorimeter and recent improvements to
energy. the instrument design have been described in
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Fig. 1. Sticking probability (A) and heat of adsorption (B) for the reactive adsorption of ethyne on Ni{110} at 300 K. The dotted line in the
sticking probability curve is a Kisliuk fit to the data, with s, = 0.81 and K = 0.23. Possible species that are formed on the surface at various
coverages are marked on the adsorption heat curve. The CCH species formed on the surface is assumed to bond to the surface via both o
and w interactions. The w interaction is represented on the figure by an arrow which indicates transfer of electron density from the = bond
in the CCH species to the surface. The full circles in the heat of adsorption figure indicate an average of 10 data points (data points are
indicated by x). The error bars show the corresponding statistical errors in the averaging process.
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detail previously [2,3], and only a brief overview released by the molecules during adsorption
of the technique is given here. Molecules from a results in a temperature rise in the crystal, moni-
pulsed, supersonic molecular beam source are tored remotely by a mercury—cadmium-—tel-
directed at a 200 nm thick single crystal surface luride detector. After each run, the detector is
which is freely supported in vacuum. The heat calibrated by measuring the heat rise of the

Sticking Coefficient

cova b by b by b b biaggl i

Differential Heat [k]/mol]
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Fig. 2. Sticking probability (A) and heat of adsorption (B) for the reactive adsorption of ethene on Ni{110} at 300 K. Possible species that
are formed on the surface at various coverages are marked on the figure. As before, the CCH species formed on the surface is assumed to

bond to the surface via both o and = interactions. The full circles in the heat of adsorption figure indicate an average of 10 data points (data
points are indicated by X). The error bars show the corresponding statistical errors in the averaging process.
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sample due to a laser beam of known power
impinging on the sample with the same spatial
and temporal profile as the molecular beam.
The beam intensity is calibrated by a spinning
rotor gauge in an accumulation tube which can
be moved into the beam path. The sticking
probahility for each gas pulse is measured using
the King and Wells reflection detection method
[19]. All measurements were performed in an
ultra-high vacuum chamber with a base pressure
of <8x 10~ mbar. The Ni{110} crystal was
cleaned by gentle argon ion sputtering and an-
nealingto ~ 600 K until no contamination could
be detected using Auger and sharp LEED spots
could be observed.

Each set of data shown in this paper is the
result of an average of six individual experimen-
tal runs. The scatter between the runs is re-
flected in the scatter of the data points and in
the error bars and reflects the reproducibility of
the experiment. The lines shown through the
data points are a best fit using an averaging
spline through the appropriate points and serve
as a guide to the eye. We follow the usua
convention and define the differentia heat, g, as
the negative of the measured enthalpy change.

3. Results

The sticking probability and heat of reaction
as a function of coverage for ethyne on Ni{110}
a 300 K are shown in Fig. 1. The initia
sticking probability is 0.8 + 0.02 and it drops
continuously until a steady state sticking proba-
bility of 0.06 is achieved above ~ 0.7 ML
coverage. The initial heat of reaction of ethyne
on Ni{110} at 300 K is 190 + 15 kJ mol ~*. This
decreases virtually linearly until a coverage of
approximately 0.4 ML is reached, at which
point the differential heat is ~ 140 kJ mol .
At this point, there is a marked change in slope
and the heat then linearly decreases until a
steady state value of 50 kJ mol ! is reached
above 0.7 ML coverage.

The steady state sticking probability, and heat,
arise due to the desorption of molecules that
occurs between pulses of the molecular beam.
This leads to an apparent non-zero sticking and
heat with increasing coverage. Saturation cover-
age is taken to be the point where the steady-
state sticking and heat first occur, here at 0.7
ML coverage. The saturation coverage found is
slightly higher than that of Weinelt et al. [15]
who estimated it to be between 0.52 and 0.56
ML.

The sticking probability and differential heat
as a function of coverage for the adsorption of
ethene on Ni{110} at 300 K are shown in Fig. 2.
Here, the initial sticking probability is 0.78 +
0.04. The sticking decreases surprisingly slowly
with increasing coverage until a rather high
steady state sticking probability of 0.65 is ob-
served above 0.5 ML coverage. The differentia
heat for this system has a very similar shape to
that of the sticking, with an initial heat value of
120 + 15 kJ mol ~*. There is a steady decrease
in the heat of adsorption down to a steady state
heat value of 80 kJ mol ~* above 0.5 ML cover-

age.

4. Discussion
4.1. C,H, /Ni{110}

Previous measurements of the adsorption of
ethyne and ethene adsorption on the Ni{100}
surface [7] show that CH and CCH species are
formed, and calculations based on the formation
of these species gave an average Ni—C bond
strength of 204 kJ mol . Using this value for
the Ni—C bond strength, it is possible to calcu-
late the expected heat of adsorption for the
species that may form on Ni{110} on adsorption
of ethyne at 300 K. Previous measurements on
various Pt surfaces [5,9] show that very similar
Pt—C bond energies are found on the various
surface planes of Pt, whatever the species
formed, which supports the notion of using the
average value of the Ni—C bond energy derived
from Ni{100} to calculate the expected adsorp-
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tion energies for various species on Ni{110}.
Table 1 shows the expected heats of adsorption
for various species that could form on Ni{110}
upon adsorption of ethyne. An example of how
these values are calculated is shown for the
formation of CH on the surface upon adsorption
of ethyne. The reaction that occurs is:

CoH o) 2(M,CH),

The Ni—C bond strength can be calculated in
two different ways from the calorimetric data.
These two methods are reviewed in a recent
paper by Brown et al. [9] and Gross et al. [20].
Here, the magnitude of the Ni—C bond strength
is derived from the analysis of the reaction
enthalpy for each possible species formed. This
is known as the average bond energy (abe)
method, and the heat of reaction observed is the
difference in energy between the energy liber-
ated by bond formation, and the energy required
to break bonds. Values for C=C, C=C, C-C
and C—H are taken to be 962, 720, 376 and 412
kJ mol %, respectively [21]. The Ni—H bond
strength is 266 kJ mol ~* which is calculated
from the dissociation energy of H, (436 kJ
mol ~*) and the metal—H, bond strength deter-
mined by TPD to be 96 kJ mol ~* [22]. In this
reaction, six Ni—C bonds are formed and one
C=C bond is broken. Hence, the heat of reac-

tion, AH,,, is given by:
AH,, =D(C=C)-6D(Ni—C)
= —262kJmol ~* '

Calculationsfor the formation of other species
on the surface were performed in a similar
manner. From Table 1, the species with the
energy closest to the measured zero coverage

heat of 190 kJ mol ~* for C,H, on Ni{110} are
di-c ethyne and CCH + H. Adsorbed CH
species and CH, species are not formed. The
formation of adsorbed CCH + H species is
strongly supported by the UPS study of Demuth
[13] which demonstrated the presence of CCH
on the Ni{110} surface at low exposures (< 1.5
L). There is also agreement with the experi-
ments for ethyne adsorption on Ni{100}, where
CCH was observed on the surface at higher
coverages [7]. The heat at the onset of CCH
formation was estimated to be 160 kJ mol ~* on
the Ni{100} surface. More detailed spectro-
scopic investigations would clearly be helpful in
confirming the exact nature of the species on
the Ni{110} surface, since calculations imply
that several different species could form.

There is some discussion concerning the na-
ture of adsorbed CCH on Ni [7]. It has been
suggested that the structure of CCH on Ni{100}
is comparable to that in the organometallic com-
plex 0sy(CO)g(n—H)(M ;—m?>—~CCH) where the
C-C mw electrons interact strongly with the d
electrons of two metal atoms [23]. This requires
an estimate of the w interaction which depends
on whether the adsorbate species contains a
triple or a double bond between the C atoms.
The formation of such a species on Ni{110}
would account for the difference between the
observed initial heat of adsorption (190 kJ
mol ~*) and the value calculated (224 kJ mol ~*)
based on the assumption that three o bonds
(and not one, as with the = bonded complex)
were formed (see Table 1).

With exposures of ethyne above 1.5 L on the
Ni{110} surface, Demuth [11] observed the pres-
ence of CH, on the surface formed via the

Table 1

Expected heats of adsorption for various possible species that could be formed on Ni{110} upon adsorption of ethyne

Species 2CH, CCH,+H, CH,+C, quad-o di-o Measured heat at
(three o bonds) ethyne ethyne Zero coverage

Adsorption heat 262 224 262 230 166 190

(kJmoal~1)

The Ni—C bond strength is assumed to be 204 kJ mol ~%, the average value determined from investigations of hydrocarbon adsorption on

Ni{100} [7].
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reaction shown earlier. The calorimetric data
shown in Fig. 1 show a marked slope change at
a coverage of 0.4 ML, and it is postulated that
this is due to the formation of the CH, species
seen on the surface by Demuth. The heat of
reaction at 0.4 ML is 140 kJ mol ~*. Assuming
then that CH, and CH species are formed on
the Ni{110} surface above 0.4 ML coverage, the
reaction heat of 140 kJ mol ~* can now be used
to estimate the Ni—C bond energy for the forma
tion of CH, and CH species. Using the reaction
scheme shown earlier and the values for Ni—H,
C=C and so on given earlier, this reaction
yields a Ni—C bond strength of 191 kJ mol ~ %,
in excellent agreement with the value of 204 kJ
mol ~* derived for the Ni—C bond strength for
hydrocarbon adsorption on Ni{100}. It is some-
what less than that which would result if the
formation of CH and CH, occurred on the
surface at low coverage, due to repulsive inter-
actions between the newly formed CH and CH,
species and the CCH species aready present on
the surface.

Having calculated a value for the Ni—C bond
energy for hydrocarbon adsorption on Ni{110},
it is now possible to go back and calculate the
expected w interaction energy for the CCH
species formed initially upon adsorption of
ethene on the Ni{110} surface. Assuming that
one ¢ bond and two m bonds are formed, an
estimate of the = interaction energy of the
adsorbed CCH species can be made. A Ni—C
bond energy of 191 kJ mol ~* (the value calcu-
lated for the formation of CH and CH, on the
Ni{110} surface) gives a m interaction energy of
70-190 kJ mol ~1. This shows good agreement

with the value derived for CCH formation from
ethyne on Ni{100} (75-196 kJ mol ~%) [7].

Above 0.7 ML coverage, steady state sticking
and heat are observed, with the steady state heat
of adsorption of about 50 kJ mol . This is
identified with the adsorption of a w bonded
ethyne species on the surface. This species has a
short lifetime on the surface at 300 K and
desorbs before the next gas pulse is dosed onto
the surface. This species was aso seen at high
coverage on Ni{100} with an adsorption heat of
between 40 and 50 kJ mol ~* [7].

The sticking probability for the adsorption of
ethyne on the Ni{110} surface in the initia
phase shows precursor mediated behaviour
which has been fitted by the Kidliuk expression
[24] as shown in Fig. 1. Fig. 1 shows that there
is a deviation from the Kidliuk fit at coverages
above approximately 0.4 ML, where CH and
CH,, species begin to be formed on the surface;
with the generation of new species, such a
deviation is to be expected. The Kidiuk fit
gives a saturation coverage of 0.52 ML, but
above this coverage the heat of adsorption curve
has not reached steady state, demonstrating that
true saturation is achieved at a higher coverage.
The actual saturation coverage is around 0.7
ML of ethyne, counting its fragments as one
species. Above this coverage a steady state
sticking probability of 0.06 is observed.

4.2. C,H, /Ni{110}
The adsorption of ethene on the Ni{110} sur-

face is more straightforward than that of ethyne.
Table 2 shows the expected heats for various

Table 2

Expected heats of adsorption for various possible species that could be formed on Ni{110} upon adsorption of ethene

Species 2CH,+2H, CCH,+H, HCCH, di-o Messured heat at
(three o bonds) (three o bonds) ethene Zero coverage

Adsorption heat 212 174 122 64 120

(kJmol~1)

The Ni—C bond strength is assumed to be 204 kJ mol ~?, the average value determined from investigations of hydrocarbon adsorption on

Ni{100} [7].
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species that can be formed on the Ni{110} sur-
face when C,H , is adsorbed. Asin Table 1, the
value for the Ni—C bond energy was taken to be
204 kJ mol ~*. The table suggests that HCCH,,
species are formed on the Ni{110} surface when
ethene is adsorbed, but there is no evidence for
the presence of this species from previous stud-
ies. EELS measurements by Stroscio et al. [10]
show that ethene decomposes at 300 K to give
adsorbed CCH and H on the surface. No other
decomposition products were seen on the sur-
face with increasing coverage, athough CH
species were observed above 400 K. It is, there-
fore, concluded that CCH is formed on the
Ni{110} surface when ethene is adsorbed at 300
K. The shape of the heat of adsorption implies
that this is the only species adsorbed on the
surface. The initial heat of 120 + 15 kJ mol ~*
compares well with the measured heat of reac-
tion of 133 kJ mol ! for ethene on Ni{100} at
the onset of CCH formation, where it was con-
cluded that  bonding is an important contribu-
tion [7]. This suggests that the CCH species
formed on Ni{110} also has a large m interac-
tion with the surface. Assuming that one o
bond and two m bonds are formed, an estimate
of the m interaction energy of the adsorbed
CCH species can be made. A Ni—C bond en-
ergy of 191 kJ mol ~* (as derived earlier for the
formation of CH and CH, species on the
Ni{110} surface) gives a m interaction energy of
between 62 and 183 kJ mol~! depending on
whether the adsorbed CCH species contains
C=C or C=C. This is in excellent agreement
with the & interaction energy values derived for
Ni{100} [7] (62—183 kJ mol ~* for ethene ad-
sorption). Crystallographic investigations are re-
quired to determine the exact nature of the
bonding of CCH to the Ni{110} surface and this
would then alow a more exact calculation of
the interaction energy of the Ni surface with the
hydrocarbon species.

Saturation of the Ni{110} surface apparently
occurs above 0.5 ML coverage and beyond this
coverage, a steady state heat of 80 kJ mol !
and a surprisingly high sticking probability of

0.65 are measured. The very high steady state
sticking probability at arelatively high coverage
can be explained by the presence of a highly
mobile (and therefore very efficient) extrinsic
precursor state. This precursor state leads, dur-
ing a 50 ms 1% monolayer gas pulse, to the
adsorption of ethene as a w bonded species
(giving the observed steady state adsorption
heat) which, at coverages above 0.5 ML, then
desorbs before the next pulse of gas is dosed
onto the surface. Thus, the steady state sticking
probability is very high. The initial adsorption
may also be precursor mediated, but here an
intrinsic precursor state is involved. This leads
to the formation of CCH on the surface. Since
the sticking probability falls with increasing
coverage from 0.78 at zero coverage to 0.7 at
0.4 ML, we conclude that trapping into the
intrinsic precursor state at empty sites is more
efficient than trapping into the extrinsic precur-
sor state at filled sites.

5. Conclusions

For both the adsorption of ethene and ethyne
on the Ni{110} surface at 300 K, the presence of
CCH species at low exposures on the surface is
postulated. For the adsorption of both hydrocar-
bon species, it is concluded that CCH is partly
o and partly 7 bonded to the surface, as is the
case for CCH species formed on Ni{100} [7]. At
higher exposures of ethyne to the surface, CH,
and CH species are formed. In both cases, a
more complete analysis of the interaction ener-
gies could be made if further spectroscopic
evidence for the species present on the surface
was available. A calculation of the Ni—C bond
energy assuming the presence of CH, and CH
species on the Ni{110} surface gives a value of
191 kJ mol ~*. This is dlightly smaller than the
value derived previously for adsorption of hy-
drocarbons on the Ni{100} surface[7]. We would
expect the M—C bond energy to be larger on
Ni{110} than on Ni{100} due to the lower coor-
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dination of the metal atoms in the {110} surface.
However, this does not take into account any
surface relaxation energy. This will be much
larger for the {110} surface than for the {100}
surface due to the highly corrugated nature of
the {110} surface and therefore, counterbalances
the effect of surface coordination leading to a
lower M—C bond energy for adsorption on the
{110} surface.

For the adsorption of both ethyne and ethene
on Ni{110}, we have been able to eliminate
some surface products from contention by cal-
culating the expected adsorption heats for vari-
ous possible reaction products (see Tables 1 and
2). However, because initial adsorption in both
cases resulted in the formation of a o—m bonded
species, it was not possible to calculate exactly
the adsorption heat for the CCH species. This
highlights the need to use spectroscopic data in
addition to calculating the expected adsorption
heats to allow the assignment of adsorption
heats to surface species.

For the adsorption of ethene on the Ni{110}
surface a very large steady state sticking proba
bility of 0.65 was observed, at an ethene cover-
age of 0.5 ML. This implies the presence of a
highly mobile extrinsic precursor state at high
coverages. Trapping at empty sites (probability
0.78) is more effective than at filled sites (prob-
ability <0.7).
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