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Abstract—C—C bond scission steps, which are often considered as rate-determining in ethane hydrogenolysis,
are studied by the Unity Bond Index—Quadratic Exponential UBI-QEP method. The binding energies of atomic
carbon with Group V111 and 1B metal surfaces Ni(111), Pd(111), Pt(111), Rh(111), Ru(001), Ir(111), Fe(110),
Cu(111), and Au(111) are estimated using experimental data on the adsorption of various species on these sur-
faces. These estimates are corrected using data from density functional theory (DFT) on the adsorption heats
of the CH, species. Meta surfaces are arranged in the following series according to the binding strength of a
carbon atom: Cu(111) <Au(111) < Pd(111) < Ru(001) = Pt(111) < Ni(111) = Rh(111) <1r(111) < F&(110). The
values of chemisorption heats range from 121 kcal/mol for Au(111) to 193 kcal/mol for Fe(110). The activity
of these surfaces toward C—C bond scission increases in the same series. The results of this work suggest that
the most probable C—C bond scission precursors are ethyl, ethylidyne, adsorbed acetylene, CH,CH, CH,C, and
CHC. Theoretical data obtained by different methods are compared and found to agree well with each other. An

overview of experimental data on ethane hydrogenolysis mechanismsis given.

OVERVIEW OF EXPERIMENTAL DATA

The general mechanism of ethane hydrogenolysis (the
Sinfelt-Taylor mechanism), which is proposed by most
researchersincludes the following main steps[1-3]:

(1) Chemisorption of H,;

(2) Dehydrogenation of ethane on the catalyst sur-
face to form adsorbed C,H, species,

(3) C—C bond scission in C,H, (x = 5-0) to form the
CH, species (y = 3-0);

(4) Hydrogenation of CH, to form methane, which
then desorbs from the surface.

The most frequent assumption is that the C—C bond
scission step israte-determining and that other stepsare
at pseudoequilibrium [2, 3]. Therefore, any C,H, or
CH, species is at equilibrium with either the reactants
or the products of the reaction:

(:2H6+(6—X)Z<4—> CZHXZG—X+3_05X)H21 (I)

CHyz,_y+2-05y)H, == CH,+ (4-y)z, ()

where z is an adsorption site.

Sinfelt generalized ethane hydrogenolysis data in
[1]. One of the main arguments in favor of the above
mechanism is that hydrocarbons are chemisorbed on
metal surfaces and form gaseous hydrogen at tempera-
tures much lower than those required for hydrogenoly-
sis. This fact indicates that C—H bonds are much more

reactive than C-C bonds, athough the latter are
~10 kcal/mol weaker. Factors that determine the
heights of activation barriers are not only enthalpies of
bond breaking but also binding energies (adsorption
heats) of intermediate species with metal surfaces.

Analyzing the data on ethane hydrogenolysiswithin
the framework of the above mechanism, Sinfelt cameto
a conclusion that, for different transition metals sup-
ported in SIO,, the number of hydrogen atoms in the
C,H, speciesthat break C—C bondsisdifferent [1, 4, 5]:

Metal Co Ni, Ru, Os, Ir Rh, Pd, Pt
X 4 2 0

This analysis assumed the absence of competition
between hydrogen and ethane for surface sites. This
assumption was claimed to be contradictory to experi-
mental observations and criticized by Boudart [6].

Mahaffy and Hansen [ 7] studied ethane hydrogenol -
ysis on iridium films over wide ranges of the partial
pressures of each reactant at 80-205°C. They assumed
that hydrogen atoms and hydrocarbon fragments are
adsorbed on the active sites of the same type. Mahaffy
and Hansen proposed a mechanism according to which
adsorbed ethyl and Hz are formed. The C—C bond in
ethyl is cleaned under the action of Hz. A competing
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step is further ethyl dehydrogenation via a-elimination
to form ethylidene:

(1) CH3CHgge) + 22 == CH;3CH,z + Hz,
(2) H,+ 2z = 2Hz,
(3) CH3;CH,z+z = CH;—CHz + Hz,
(4) CH3;CH,z+Hz = 2CH,z,
(5) CH3z+ Hz == CHyg + 22.

Experiments show that the concentration of methyl
on the iridium surface can be neglected, because it is
small compared to the concentrations of ethyl and eth-
ylidene. According to data on H-D exchangein ethane,
equilibriumisnot achieved in steps (1)—(3) and (5). The
authors [ 7] mentioned though that deuterium exchange
was investigated briefly. They also found that ethylene
poisons the catalyst surface and inhibits hydrogenoly-
sis, whereas ethylidene is observed on the surface, but
its effect is less significant. Thus, the proposed mecha-
nism differs substantialy from the Sinfelt-Taylor
mechanism, which is assumed most frequently.

Guczi et al. [8] studied ethane hydrogenolysis cata-
lyzed by nickel powder at 170-320°C at various partial
pressures of ethane and hydrogen, as well as H-D
exchange in ethane and methane. Their data are consis-
tent with the Sinfelt—Taylor mechanism, and the C—C
bond scission (the rate-determining step) occurs in
more dehydrogenated species than C,H,(ads).

More recently, Gudkov et al. [9] studied ethane
hydrogenolysis on PY/SO, and Pt-Fe/SIO, at
250-350°C and different ratios of the partial pressures
of ethane and hydrogen. The authors assumed that C-C
bond scission isarate-determining step, but the number
of hydrogen atoms in C,H,(ads) and the apparent acti-
vation energy depend on the ratio between the partial
pressures of ethane and hydrogen. In hydrogen excess,
the C—C bond is cleaved in CH;CH,(ads), whereas in
ethane excess this occurs in CHCH(ads). Other steps
are at pseudoequilibrium. Gudkov et al. [9] noted
that the apparent activation energy strongly depends
on the conditions of its measurement. The authors
did not exclude the possibility of C—C bond scission
in other adsorbed fragments, but they consider that
CH;CH,(ads) and CHCH(ads) are the most important.

Interesting data were obtained for the Ni/Al,O; cat-
alyst [10]. Tanaka et al. advanced three hypotheses on
the rate-determining step, which can be reactions of
types (2), (3), and (4) in the Sinfelt—Taylor mechanism
above. They carried out several experiments on (a)
ethane hydrogenolysis on pure nickel surface, (b)
ethane hydrogenolysis on the carbon-deposited surface
(carbon was deposited on the surface by admitting CO
before the main reaction), (c) ethane self-hydrogenoly-
siswithout adding hydrogen, and (d) ethylene hydroge-
nation together with ethane hydrogenolysis. Experi-
mental dataobtained in[10] suggest that the rate-deter-
mining step is C—C bond scission. It was shown that

(1)
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self-hydrogenolysis occurs with an induction period
and accelerates substantially when hydrogen is added;
then, it returns to the rate observed after the induction
period before adding hydrogen. According to the data
obtained with labeled CO, most of carbide-like carbon
is hydrogenated to form methane and the rest of it does
not decelerate the hydrogenolysis at 200°C. Broadly
speaking, carbide and non-carbide phases of carbon
behave differently. The authors summarized their find-
ings by proposing the following mechanism. Ethaneis
dehydrogenated to form C, fragments on the surface,
which slowly decompose into the CH, fragments
(x>0). The latter is rapidly hydrogenated to form
methane. CO and some of ethane molecules form car-
bide-like carbon, which is hydrogenated to methane
somewhat more slowly than CH,, but this process is
till fast. The other portion of carbon (the non-carbide
phase) formed from CO or methane is hydrogenated
very sowly to form methane.

Zaera and Somorjai [11a] studied ethane hydro-
genolysis and deuterium exchange on the Pt(111) sin-
gle-crystal surface at 200-350°C and atmospheric pres-
sure. The apparent activation energies for these two
processes are 34 and 19 kcal/mol, respectively. Thedis-
tribution of deuterated products had a U-like shape with
maxima at d;- and ds-ethane (as well as on supported
platinum catalysts, foils, and films). Low-energy elec-
tron diffraction (LEED) and thermal desorption spec-
troscopy were used to detect the presence of ethylidyne
CH,C on the catalyst surface. The rate of hydrogenoly-
sis was found to be three orders of magnitude lower
than the rate of deuterium exchange. This allowed
Zaera and Somorjai to conclude that the steps preced-
ing C—C bond scission are not rate-determining. The
authors assumed that hydrogenolysis and partly deute-
rium exchange occur via a common intermediate,
which is ethylidyne. Step (1V) is assumed to be rate-
determining:

z;,CCH;+4z — 27,CH + Hz av)

This reaction can hardly be asingle kinetic step. Its
detailed mechanism may differ. One of the variantsis
the cleavage of a bond in ethylidyne and hydrogen
exchange between two C, fragments. Another mecha-
nism is ethylidyne dehydrogenation, C—C bond scis-
sion and further hydrogenation of carbide. Other vari-
ants are also possible.

Salmeron and Somorjai [11b] studied acetylene and
ethylene on the Pt(111) surface. After their partial des-
orption these hydrocarbons started to dissociate and
evolve hydrogen into the gas phase in portions. There-
fore, hydrogen peaks were observed at severa temper-
atures, which corresponded to certain apparent activa-
tion energies. For acetylene, four peaks were observed:
219 £ 5°C (E, ~ 21 kecd/moal), ~277°C (E, ~ 33 kca/mal),
~366°C (E,~ 39 kcal/mol), ~440°C (E, ~ 44 kcal/moal).
In the case of ethylene, these four were supplemented
with an additional peak at ~24°C (E, ~ 18 kca/mal).
Salmeron and Somorjai proposed to interpret their find-
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ings from the standpoint of possible occurrence of the
reactions

CxHy HCXHy—l-‘I_ 1/2H2(g$), (V)

and each reaction of this sort corresponds to a certain
hydrogen desorption peak. Reaction (V) includes C-H
bond scission and hydrogen recombination. Isomeriza-
tion reactions are also possible. Because four peaks
were observed for acetylene, Salmeron and Somorjai
conjectured (taking into account other data) that C—C
bond is cleaved at 219-440°C and vinylidene CH,=Cz,
is formed. Fragments that are formed cleave C-H
bonds.

Salmeron and Somorjai’s study [11b] showsthat the
C—C bond iscleaved at certain ratesin several C, frag-
ments rather than in one in the studied temperature
range. The additional peak for ethylene can be due to
the formation of ethylidyne and further C—H bond dis-
sociation init.

Chen and Goodwin [12] studied ethane hydrogenol-
ysison Ru/SIO, at 160-180°C by steady-state isotopic
transient response kinetic analysis (SSITKA). Their
results showed that the surface coverage of C, frag-
ments is much lower than for C, fragments, although
the latter are more reactive. The C—C bond scission is
the slowest step in this system. The coverage by C,
intermediates does not change with an increase in tem-
perature, whereas the coverage by C; fragments
increases. The authors postulated that the C-C bond
scission step is as follows:

CH,CH,z + Hz <= 2CHz. (V)

Smale and King [13] assumed that the C—C bond is
cleaved in the fragment with the stoichiometry C,H,
and that this step is rate-determining in the case of
Ru/SiO.,.

Engstrom and Goodman [14] studied the hydrogenol-
ysis of ethane and other saturated hydrocarbons on the
low-index plane surfaces Ir(111) and 1r(110)-(1 x 2) at
177-427°C. They showed that the activation energies
on these two surfaces differ substantially and that the
mechanisms for them are different, but both of them are
of the Sinfelt—Taylor type. Two temperature ranges can
be identified, which are characterized by different
apparent activation energies and preexponential factors
for each of these planes. The authors connect the values
of the preexponential factor and the stoichiometry of C,
intermediates where the C—C bond is cleaved: the
higher the dehydrogenation degree of the C, fragment,
the higher the value of the preexponential factor. Eng-
strom and Goodman [14] believed that, in the case of
the close-packed 1r(111) surface, the most probable
intermediate where the C-C bond is cleaved is
ZCH,CH,z. In the case of the rougher surface
Ir(110)-(1 x 2), on which high-coordination adsorption
sitesareavailable, z,CHCHz, isformed which isbound
to four adsorption sites. Partial coverages with hydro-
carbon fragments were observed on both surfaces after
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the reaction. The addition of hydrogen only results in
the formation of methane. A kinetic model derived
from the Sinfelt—Taylor mechanism described well the
kinetics over a wide range of temperatures and ethane
and hydrogen partial pressures. This study shed some
light on the main sources of structure sensitivity
observed in hydrogenolysis. Substantial difference in
the apparent activation energies for different tempera-
ture regions assumes the formation of several (rather
than one) intermediates in which the C—C bond is
cleaved. The ideathat the C—C bond is cleaved in only
one type of fragments is oversimplification, and good
kinetic description is accidental in this case.

Frennet et al. [15] criticized the idea that the C-C
bond scission is a rate-determining step on all metal
surfaces, except Fe and Ru (Sinfelt’s hypotheses). They
supposed that the hydrogenation of C, fragments can
also be rate-determining. The authors studied deute-
rium exchange in methane and summarized their find-
ings and literature data as follows:

(1) Deuterium exchange in ethane always occurs at
lower temperatures than hydrogenolysis does (except
for Fe and Co).

(2) The rates of deuterium exchange in ethane and
hydrogenolysis are very close on W, Ni, Rh, Ru, Re, and
Pd. Therate of hydrogenolysisis somewhat lower on Ni,
Re, and Pd and somewhat higher on Rh, Ru, and W.

(3) Deuterium exchange in methane is much faster
on Fe, Co, and Cu, for which methane adsorption is
very slow or does not occur at al (Cu).

(4) Inthe case of platinum, hydrogenolysisis dower
than deuterium exchange.

According to Frennet et al. [15], these data suggest
that the formation of methane in hydrogenolysis cannot
be excluded as a rate-determining step, and that the
rate-determining step can differ depending on the metal
surface.

Dumesic and co-workers[16] carried out a series of
mechanistic studies on ethane hydrogenolysis over P,
Pd, Ir, and Co catalysts supported on SiO,. They pro-
posed the following mechanism:

(1) H, + 2z = 2Hz,

(2) CH3—CH; + 2z == CH;—CH,z + Hz,
(3) CH;—CH,z + 2z == Hz + zCH,—CH,z,
(4) zCH,—CH,z + 2z =— Hz + z,CH-CH,z,
(5) z,CH-CH,z + 2z = Hz + z,CH-CHz,,

(6) zCH,~CH,z + 2z =—= 2CH,z,,

(7) z,CH-Ch,z + 2z == CH,z, + 2CHz;,

(8) z,CH-CHz, + 2z =—= 2CHz,,
(9) CHz; + Hz = 2z + CH,z,,

(10) CH,z, + Hz = 2z + CH;z,
(11) CH;3z + Hz == 2z + CH,.

(VI)
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This mechanism assumes that the C—C bond is cleaved
in three fragments. -CH,-CH,—, =CH-CH,—, and
=CH-CH-=. The authors considered three routes: route
A (steps 1-3, 6, 10, and 11), route B (steps 14, 7, and
9-11), route C (steps 1-5 and 8-11). It was found that
route C (the formation of CHz,—CHz, before C—C bond
scission) does not work. Routes A and B can dominate
depending on the metal and reaction conditions. The
activation energies estimated using the unity bond
index—quadratic exponential potential  (UBI-QEP)
method are shown in Table 1.

Further modeling of ethane hydrogenolysiswas car-
ried out using density functional theory (DFT) calcula
tions [2, 17]. In our opinion, the data of that work are
unreliable. For instance, they agree with microcalori-
metric measurements, which are not unambiguously
interpretable and which overestimate chemisorption
heats and underestimate the activation energies of C-C
bond scission.

Rodriguez and Goodman [18] studied ethane hydro-
genolysis on Pt(111) a T = 277-367°C, P, =

0.5-4torr, and Py, = 80-270 torr. They found that the

C—C bond is cleaved in the adsorbates with the stoichi-
ometry C,H, and C,H; (possibly in ethylidyne). This
agrees with [11] but contradicts Sinfelt’s data, accord-
ing to which the number of hydrogen atomsin the case
of P/SIO, iszero[1, 5].

Martin reported data for Ni/SiO, [19], which aso
contradict Sinfelt's findings. Martin believes that
ethane is completely dehydrogenated on nickel before
the C—C bond breaks. The addition of copper deceler-
ates the process due to nickel site blocking or because
of simpledilution of active nickel sites by inactive cop-
per sites.

Wang et al. [20] obtained the apparent activation
energies for C—C bond scission in the hydrogenolysis
of ethane, ethylene, and acetylene on Ir and Pt sup-
ported on n-Al,O;. In the case of iridium, the apparent
activation energies for the hydrogenolysis of these
three compounds were found to be the same accurate to
1 kcal/mol (36 kcal/mol for ethane and ethylene and
37 kcal/mal for acetylene). In the case of platinum, the
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apparent activation energy isthe samefor acetylene and
ethane (53 and 54 kcal/mol, respectively) and
17 kcal/mol lower for ethylene. Based on these data,
the authors concluded that C,H,(ads) is a common
intermediate in al three processes. The C-C bond
breaks in this intermediate on iridium. In the case of
platinum, the processislessclear: either C,H, isfurther
dehydrogenated or isomerized to ethylidyne in which
the C—C bond breaks.

Ko and Garten [21] published data on strong metal—
support interactions. They studied ethane hydrogenoly-
sison Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt supported on
TiO, and compared the results with Sinfet's data[1, 5]
for the same metals supported on SIO,. It isinteresting
that not only metal activity depends on support, but also
the degree of dehydrogenation in the fragments where
the C—C bond bresks differs for TiO, and SO, if the
data are analyzed in the same manner (Table 2). The
authors reported two series of specific activities for the
Group VIII metals one of which corresponds to SiO,
(Sinfelt’s data):

Os>Ru>Ni>Rh>Ir>Co>Fe>Pt>Pd,

and the other correspondsto TiO, (Ko and Garten's
data[21]):

Ru>0Os>Rh>Ni>Ir>Co>Pd>Pt~Fe

In both cases, Ru, Os, Rh, and Ni arethe most active
and Co, Fe, Pt, and Pd are less active. Iridium is mod-
erately active. These data are valid for supported cata-
lysts. For single-crystal surfaces, the picture is differ-
ent. According to data generalized by Rodriguez and
Goodman [22], the activity (in terms of the turnover
numbers) decreasesin the series

Ir(110)-(1 x 2) > Ir(111) > Ru(001) > Ni(100)
>Re(001) > Ni(111) > W(100) > Pt(111).

Iridium in this series becomes more active than
nickel and ruthenium. Platinum remainsthe least active
surface.

PROBLEM STATEMENT

The above overview shows that the C—C bond scis-
sion in surface compounds plays an important role in

Table 1. Activation energies (in kcal/mol) of C—C bond scission in various species according to [16]

Metal (reaction) CH,CHyz — 2CH,z CHCH,z — CH,z + CHz CHCHz — 2CHz
Pt (forward) 28.3 304 24.3
Pt (reverse) 27.7 25.6 317
Ir (forward) 25.9 28.0 21.9
Ir (reverse) 281 26.0 32.1
Pd (forward) 285 30.6 245
Pd (reverse) 275 254 315
Co (forward) 27.7 29.8 237
Co (reverse) 26.3 24.2 30.3
KINETICS AND CATALYSIS Vol. 42 No.3 2001
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hydrogenolysis process. Whether or not these steps are
rate-determining, it is interesting to trace the trends in
activation energies across different transition metals
and C, fragments. With this goal, we used the
UBI-QEP method [23, 24]. The genera caculation
scheme was as follows:

(I Using published experimental data, we estimated
the binding energies of atomic carbon to low-index sin-
gle-crystal planes of transition metals and compared
them to data obtained by other methods.

(1) Using the data obtained at the first stage, we cal-
culated the chemisorption heats of C,—C, molecules
and radicals on these surfaces.

(111 Using the data obtained at the second stage, we
calculated the activation energies of C—C bond scis-
sion.

In all calculations, we assumed that the surface is
clean (free from adsorbates). The same condition was
valid for theinitial experimental data.

CALCULATION SCHEME

The main source of the estimates of atomic carbon
binding energies Q. is data on CO chemisorption heats
(Qco). The metal—carbon bond energy Dyc (Dyc =
Qo) and the heat of adsorption Qg are related by the
following formula:

( OC)2
Qco = —Q, 1
o QOC DCO ( )

where D is the C-O bond strength (257 kcal/mol);
Dyc isrelated with Q. by the formula

_ Qc
Qoc = (2—1/n)’
where n is the number of metal atoms bound to the

atom A. In the case of atomic carbon adsorbed on the
(111) fcc or (001) hep lattice surface, n = 3.

In the general case,

__Qa
Qon = (2-1/n)’
where Q,, and Q, isthe metal-A bond energy and the
binding energy (chemisorption heat) of atom A.

For monocoordinated chemisorbed molecules AB
that are perpendicular to the metal surface and bound to

2

3)

Table 2. Stoichiometry of speciesin which C—C bond scis-
sion occurs on different metals and supportsin ethane hydro-
genolysis

Metal
Support
Ni Ru Rh Pd
S O2 [4] C2H2 C2H2 C2 C2

ZEIGARNIK, MYATKOVSKAYA

it viathe atom A, there are several calculation schemes
depending on the assumed binding strength to the metal
surface.

In the case of strong binding of an adsorbate X (X =
CH;CH, CH,C, CH,, CH) viathe atom A (in our case
A =C) the equation

Qx = Qi/(QA + D), “4)

is used, where D,g is the sum of the energies of the
bonds between the atom that binds X to the surface (the
contact atom) and the rest of adsorbed molecule. For
CH;CH, CH;C, CH,, and CH, D,g is 173, 83, 183, and
81 kcal/mol, respectively; Q, = Qc. The data on bond
energies are taken from [25].

In the case of medium-strength binding [23, 24], the
formula

0 Qs N QO
[Qoa/N+Dpg  Qa+ Dpg’
|S u%d X = CH3CH2 and CH3, DAB =
293 kcal/mol, respectively.

The binding strengths of the AB moleculesbound to
the surface viaatoms A and B (M—A---B-M). The for-
mula[23, 24]

o, = ab(a+b) + Dyg(a—b)*
X7 ab+Dpg(atb)

is used for the calculation, where

a = Qoa(Qoa +2Qos)/(Qoa + Qos)’ )

Qx = 05 )

283 and

(6)

and

b = QSB(QOB +2Qoa)/(Qoa *+ QOB)Z- (8)
InEq. (6), Dag isthe energy of C-C bond: D¢y, oy =

157, Den,c = 165, Dcy—c = 178 keal/mol [23]). The

values of Q,, and Qg informulas (7) and (8) are deter-
mined by the equation (in our case, A and B are carbon
atoms)

Q = Q—SC
%® 7 Quc+ Dy’
where D; is energy required to cleave the bonds
between the contact atoms and “free” atomsin thefrag-
ment A or B. The values of D; (kcal/mol) for different
adsorbates that take into account the distribution of
bond energies in the molecules are given below [23]:
D¢y, = 183 keal/mol and D¢y, = 81 keal/mol.

For homonuclear adsorbates A, (-CH=CH-,
—C=C-, and —-CH,—CH,-) Eq. (6) can be simplified:
0, = — 9
A2 7 BQpu + 16DA2'

)

(10)
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For CH,CH,, CHCH, and CC, DA2 is the energy of
a bond between CH,, CH, or C and the respective
remaining part of the molecule in the gas phase:
Den,-cn, =355, Depecn = 311, Depi—c = 145 keal/mol;
Qua = Q¢ isthe bond energy of the contact atom.

The UBI-QEP method allows one to calculate the
activation energies of reactions. To calcul ate the activa-
tion energy of the dissociation reaction

ABgs — Augs + Bus
the equation

E = 0.5[AH + QA Qgs/(Qa + Qg)], (11)

is used in which AH is the reaction enthalpy on the
metal surface calculated from the thermodynamic cycle
desorption—gas-phase reaction—adsorption:

AH = Qup + D —Qp — Q. (12)

Inthisequation, D isthe enthal py of the analogous gas-
phase reaction estimated from bond energies:

D = Dug—D, — Dp. (13)

The activation energy of the reverse reaction is cal-
culated from the condition

Ereverse = Efon/vard —AH. (14)

If the activation energy was negative, then we intro-
duced thermodynamic correction: this activation
energy is set to zero and the activation energy of the
reverse reaction is set equal to the reaction enthal py.

(VIII)

ads

RESULTS OF CALCULATION
Carbon Chemisorption Heats

Cu(111). For Cu(111), we know only one experi-
mental value related to Q. This is chemisorption heat
of carbon monoxide Qqo = 11.9 kcal/mol [26]. This
value corresponds to Q¢ = 103 kcal/mol. Other data are
also available, but they do not refer to the zero coverage
of the surface, which is used in this work. The Cu(100)
surface is the closest to Cu(111), for which the follow-
ing values are known: Qo = 13.2 £ 0.3 kcal/moal [27]
and Qcp = 13.5 kcal/mol [28]. Data for the (100) plane
can aso be used, but with care, since ethane hydro-
genolysisisastructure-sensitivereaction [29]. Here we
assumed that Q. for Cu(111) calculated as a mean of
three values of binding energies of atomic carbon
obtained using formula (1) and three experimental val-
ues of the CO adsorption heat: Q. = 107.1 kcal/moal.

Ni(111). In most UBI-QEP calculations, it is
assumed for Ni(111) that Qg =171 kcal/mol [23, 24,
30-33]. Thisisa*“calibrated” value close to the exper-
imental value for Ni(100): Q. = 169 kcal/mol [34]. It
was reported for Ni(111), that Q = 160 kcal/mol [34].
We will show below that the higher the binding energy
of atomic carbon, the lower the activation energy of
C-C bond scission. Thus, the fact that Ni(100) is more
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active in ethane hydrogenolysis [29] agrees well with
the higher binding energy of carbon on Ni(100) and
contradicts the idea that the same value of Q. can be
used for both Ni(111) and Ni(100).

For CO/Ni(111), the following values of the chemi-
sorption heat were reported: 29.4 [35], 35.6 [36], 31
[37, 38], 30.3 [39], and 27 kcal/mal [40]. On the aver-
age, they correspond to Q. = 176 kcal/mol.

About the same chemi sorption heatswere observed for
COI/Ni(100): 26 [41], 30.3 [42], 30.8 [43, 44], 26 [45],
29.1[37], 27.4 [46], 28.4[47], and 32.9 kcal/mol [48].
They give the average value Q; = 170 kcal/mol, which

is close to the experimental one. Thevalue Qc , = 12 for

Ni(100) [49, 50] gives a substantialy lower value of the
carbon binding energy: Q¢ = 152 kca/mal.

If we take al the experimental values for Ni(111)
and Ni(100) and obtain the values of Q. using formulas
(D), (2), and (10), then the mean value is 170 kcal/mal.
We adopted this value assuming that the structure sen-
sitivity can be neglected in our calculations and con-
sider that we deal with surfaces consisting of the (111)
and (100) planes. This assumption is rational taking
into account that the sensitivity of the Q. value to the
errorsin Qgo. A difference of 1.5 kcal/mol in Qg trans-
lates into a difference of ~5 kcal/mol in Q. if we deal
with the hesats of the order considered above.

Pd(111). For Pd(111), wetook only threevery close
values for Qqo: 34 [51], 33.9 [52], and 35.3 kcal/moal
[53]. The values for CO/Pd(100) are noticeably higher
and we had to ignore them. The average val ue obtained
by formulas (1) and (2) is Q. = 188 kcal/mal.

Pt(111). For Pt(111), we took only the Qo values
26 [54], 32.3 [55], 33 [56, 57], 29.2 [58], and
34.9 kcal/moal [59] and analogous values obtained for
Pt(100): 32 [60, 61] and 27.4 [62]. There are also some
chemisorption heat data for hydrocarbons and radicals
on this surface, but they gave either unbelievably low
values of Q. or seemed unreliable. The average value
obtained for Pt(111) is Q- = 177 kcal/moal.

Ru(001). For this surface, four experimental vauesare
known: Qo = 29 kca/mol [63], Qo = 28 kcal/mol [64],

Qc,n, = 11.6 kea/mol [69], and Qc 4, = 10-11 keal/mol

[66]. The two latter values correspond to substantially
lower values of carbon binding energy and contradict to
each other. Hence, we excluded them from consider-
ation taking into account that the main body of calcula-
tions were based on Q.o. The average value obtained
for this surface is Q¢ = 168 kcal/mal.

Rh(111). The only usable value that we had was
Qco =30kcal/mol [67]. Thisvalue correspondsto Q =
174 kcal/mol. Of course, the use of a single value is
unreliable and requires further refining as new datawill
appear.

Ir(111). For Ir(111) and 1r(100), we know three values
of Qg 35%1 [68], 34.1 [69], and 35.8 kca/moal [70].
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Fig. 1. Correlation plot of chemisorption heats obtained by
the DFT and UBI-QEP methods.

The average value obtained with these data is Q¢ =
190 kcal/mol.

Fe(110). The only usable experimental value for
Fe(110) is Qgo = 35.8 kcal/mal [71] giving Q; =
193 kcal/moal.

Au(111). The data for Au(111) was based on Qcyy, =
30 kcal/mal [32]: Q¢ = 131 kcal/mol.

Thus, we obtained the values of Q. corresponding
to different surfaces. These data are summarized in
Table 3. Usually, calculations are compared to experi-
mental data assuming that the experiment is areliable
source of information and the calculation is only a
model, which reflects the reality to a certain degree. In
our opinion, both experiment and cal culation may bein
error, and there are many sources for such errors. The
binding energies calculated above reflect experimental
data available to date. These data would be more reli-
able if one would manage to correlate them with some
physically sensible theoretical indices that characterize
the metal—carbon bond strength on the above surfaces.

Unfortunately we know of no absolutely reliable
theoretical data on the metal—carbon binding energies
for Group V111 and I B metals. The most compl ete set of
datacan befoundin[72, 73]. In these works the chemi-
sorption heats of CH, were calculated using density

Table 3. Carbon chemisorption heats
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functional theory for the (111) surfaces of Ru, Os, Ir,
Rh, Ni, Pd, Pt, Cu, Ag, and Au using the bond energies
edimates by the trangtion state method. The VWN-B-P
functional was used (Vosko-Wilk—Nusair's correc-
tion/Becke's gradient correction/Perdew gradient cor-
rection). Although these data are inexact, they are
rather plausible. The absolute values of calculated
binding energies of atomic carbon on Group IB metals
are lower than analogous values for CH. Therefore, we
used only the values of Q. The hollow position of CH
between three metal atoms calculated in [72, 73] was
the most stable (the surface was modeled by the two-
layer (3,7)-clusters):

Data were corrected as follows. We calculated the
binding energies of CH using the formula (4) and data
obtained for Q.. Then, we constructed a correlation
plot with the CH chemisorption heats obtained by the
DFT and UBI-QEP methods on the axes (Fig. 1). The
latter values corresponded the results of experiments.

Becauseitisa priori unknown which of the dataare
more reliable we took the values corresponding to the
intercepts obtained by dropping perpendiculars on the
trend line from the points corresponding to different
metals. The values thus obtained compromise with the
experiment and theory. Then, we calculated Q. back
from the newly aobtained balanced value (Table 3).

In further calculations we used both initial and cor-
rected data.

Chemisorption Heats
of Adsorbed Molecules and Radicals

Chemisorption heats were calculated using formu-
las (1)—(10). The results are summarized in Tables 4
and 5 for initial and corrected data, respectively. The
values of chemisorption hesats for ethane were not cal-
culated by the UBI-QEP method. For Au(111), wetook
the experimental value[74]. For Cu(111), thevaluewas
obtained by the extrapolation of the plot of physica
adsorption heat on Cu(100) vs. carbon chain length in

Qc: kea/mol | Cu(111) | Ni(111) | Pd(111) | Pt(111) | Rh(111) | Ru(001) | Ir(111) Fe(110) | Au(111)
Qz 107 170 188 177 174 168 183 193 131
Qé* 122 179 168 176 180 174 187 127
* Obtained from experimental data.
** Obtained after DFT correction [72, 73].
KINETICS AND CATALYSIS Vol. 42 No.3 2001
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Table 4. Chemisorption heats of CH, and C,H, calculated by the UBI-QEP method using experimental values
. Q, kcal/mol
Species D*
Cu(111) | Ni(111) | Pd(111) | Pt(111) | Rh(111) | Ru(001) | Ir(111) | Fe(110) | Au(111)
C - 107.1 170.1 188.0 176.9 1735 168.3 189.6 192.5 131.2
CH 81 61.0 115.2 1314 121.3 118.3 1136 132.8 1355 811
CH, 183 395 81.9 95.3 87.0 84.4 80.6 96.5 98.7 54.8
CH; 293 20.9 47.2 56.0 50.5 48.8 46.3 56.8 56.5 30.0
CH3CH3 674 6.2 7.7 7.7 7.6 7.0 8.8 7.7 8.7 57
CHs;—CH, 576 215 484 574 51.7 50.0 47.5 58.2 57.9 30.8
CH;—CH 466 41.0 84.3 97.9 89.4 86.9 83.0 9.1 101.4 56.6
CH,—CH, 538 6.1 14.9 18.0 16.1 155 14.6 18.3 17.2 9.1
CH;—C 376 60.3 114.3 1304 120.4 1174 112.7 131.9 134.5 80.4
CH,—CH 421 7.3 14.5 17.2 155 15.0 14.3 174 16.4 9.8
CH,—C 348 46.0 59.3 62.7 60.6 60.0 59.0 63.0 67.8 51.6
CH=CH 392 6.9 16.8 20.3 18.1 174 16.4 20.6 19.3 10.2
CH=C 259 28.8 36.9 40.0 38.0 374 36.6 40.2 391 315
c=C 145 13.7 32.0 38.2 34.3 331 314 38.8 36.5 20.0
* D isthe sum bond energiesin the corresponding species.
Table 5. Chemisorption heats of CH, and C,H, calculated by the UBI-QEP method using corrected values
Q, kcal/moal
Species D*
Cu(111) | Ni(111) | Pd(111) Pt(111) Rh(111) | Ru(001) Ir(111) Au(111)
C - 122.1 179.1 168.2 176.2 180.3 174.3 187.1 126.8
CH 81 734 123.3 1135 120.7 124.4 119.0 130.6 774
CH, 183 48.9 88.6 80.6 86.4 89.5 85.0 94.6 51.9
CHj 293 26.4 51.5 46.3 50.1 52.1 49.2 55.5 28.2
CH;—CHs; 674 6.2 7.7 7.7 7.6 7.0 8.8 7.7 57
CH3;—CH, 576 27.1 52.8 474 514 534 50.4 56.9 29.0
CH;—CH 466 50.5 91.1 829 88.9 92.0 875 97.2 53.6
CH,—CH, 538 79 16.4 14.6 159 16.6 15.6 179 85
CH;—C 376 72.7 122.4 112.6 119.8 1235 1181 129.6 76.6
CH,—CH 421 8.8 15.8 14.3 154 16.0 151 17.0 9.3
CH,—C 348 49.6 61.0 59.0 60.5 61.2 60.1 62.5 50.6
CH=CH 392 89 185 16.4 17.9 18.7 17.6 20.1 9.6
CH=C 259 304 384 36.6 37.9 38.6 37.6 39.8 31.0
c=C 145 175 35.1 31.3 34.0 355 334 37.9 18.8

* D isthe sum bond energiesin the corresponding species (kcal/mol).

normal alkanes [74, 75]. For Pt(111), we took the
experimental value [74, 76, 77]. For C,H,/Rh(111), we
took a value that is 1 kcal/mol higher than the corre-
sponding experimental value for CH,/Rh(poly) [78].
For Ru(001), the value was obtained by the extrapola-
tion of the plot of physical adsorption heat on Ru(001)
vs. carbon chain length in normal alkanes[75, 79]. For
No. 3
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Ir(111), the experimental value was used [80]. For
Ni(111) and Pd(111), we used the same value as for
Pt(111) and Ir(111). For Fe(110), the value was taken
1 kcal/mol higher than for Ni(111).

The heats of chemisorption increase with an
increase in the values of the metal—carbon bond ener-
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Fig. 2. Trends in the changes of chemisorption heats for
CH,/Pt(111), calculated by UBI-QEP (solid line) and DFT
(dashed line) [81] methods.
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Fig. 3. Trends in the changes of chemisorption heats for
CH,/Ni(111), calculated by UBI-QEP (solid line) and DFT
(dashed line) [82] methods.

gies. The chemisorption heats of CH, CH,C, CH,, and
CH;CH exhibit the most pronounced growth. That is,
these chemisorption heats are the most sensitive to the
errors in the values of metal—carbon bond strengths.

It is hard to compare the UBI-QEP data obtained in
thiswork with data obtained by other methods because
the absol ute val ues can be unreliable even in the case of
high-level calculations. However, some comparisons
are possible. Thus, for instance Kua and Goddard [81]
obtained data for single-layer clusters consisting of
eight metal atoms by DFT (B3LY P) calculation and the
interstitial electron surface model that they have devel-
oped earlier. Single-layer clusters of ten atoms were
also considered. The chemisorption heats of adsorbates
in the most stable configurations CH; (on-top), CH,
(bridge), and CH; (hollow) differ from the UBI-QEP
data and even follow a different trend (see Fig. 2).
According to DFT, the chemisorption heat is equal to
the number of bonds between a carbon atom and the
surface (53 + 3 kcal/mol per each Pt—C bond). This
trend contradicts to the bond-order conservation idea.
Also, we find it dubious that carbon binds to the plati-
num surface more weakly than methylidyne.

Other chemisorption heats also differ considerably.
In the case of quantum mechanical calculations, the
binding energy increases more rapidly with and
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increase in the number of bonds with the surface than
in the case of UBI-QEP calculations.

It is aso interesting to compare our (corrected)
results for Ni(111) with data obtained in [82] by the
DFT method for three-layer (7,3,3)-clusters of Ni with
13 atoms (Fig. 3). It can be seen that the shapes of
curves are the same as for platinum, but the curves are
closer to each other. It is interesting that according to
DFT calculation, the most stable is the tree-centered)
hollow position of CH, rather than bridging (two-cen-
tered) one. Somewhat more accurate results were
obtained for the C/Ni(111) system where the surface
was modeled by a five-layer slab [83]. The refined
value of the carbon binding energy is 156 kcal/moal. For
CH/Ni(111), the refined value is 150 kcal/mol [84].
Data obtained in [85] for CH,/Ni(111) agree well with
those reported in [82].

The agreement of calculations by the MRCCI
method [86] for Ni(111) using the clusters consisting of
10-20 atoms and data obtained in this work (Fig. 4) is
nearly ideal, but the chemisorption heat for C/Ni(111)
was not calculated in [86]. Based on the data for
CH,/Ni(100) obtained by the MRCCI method in [86],
we may assumethat the difference will be the most pro-
nounced for x = 0, where we expect that the chemisorp-
tion heat will be approximately 145 kcal/mol.

For Pd(111), DFT calculation was performed using
2-3-layer dabs and a surface coverage of 1/3 [87].
Although our data correspond to the zero-coverage
limit, the difference in the chemisorption heatsis small.
Figure 5 compares the results obtained by different
methods. Here, we also see analogous shapes of the
Curves.

Analysis of curves in Figs. 2-5 showed that DFT
and UBI—QEP data are described by different approxi-
mating curves. In both cases, the curves can be
described by third-order polynomials with alternating
negative and positive coefficients but alterations exhibit
“phase displacement.” Therefore, thebest fitisforx =1
and 2. The difference is moderate for x = 3, but it isthe
most pronounced for x = 0. Therefore, the most accurate
results for the chemisorption heats of other radicas and
molecule can be obtained by the UBI-QEP method if it

uses Qc that is calculated from DFT’s Qg (X=1, 2).

In all cases considered here except Pt(111), our cal-
culated data agree well with other calculations. Let us
additionally analyze the data from [81]. If we take two
chemisorption heat values for CH/Pt(111) and
CH,/Pt(111) from [81], and calculate the chemisorp-
tion heat for C/Pt(111) by the UBI-QEP method, then
we obtain Qc ranging from 199 to 225 kcal/moal, which
contradicts the experiment: in this case platinum
becomes the most active metal, whereasit is the one of
the least active metals in Group VI in ethane hydro-
genolysis.

When this study was already completed, wefound a
paper by Frese [88], in which carbon binding energies
KINETICS AND CATALYSIS  Vol. 42
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were estimated by the semiempirical polar covalence
model (PCM). This method was proposed by Sanders
and adapted by Frese for adsorption on surfaces. There
IS no quantitative agreement between UBI-QEP and
PCM methods, which predict completely different
bond energies, but the qualitative agreement is excel-
lent: in our calculations the carbon binding energy
increases in the series

Pd < Ru=Pt < Ni<Ir<Fe.
In the case of PCM, the activity seriesis
Pd <Pt=Ru<Ni=Ir<Fe.

Activation Energies of C—C bond Scission

Activation energies were calculated using formulas
(11)—(14). Thedatafor corrected values of carbon bind-
ing energies are summarized in Table 6. If the activity
of metals in ethane hydrogenolysis is estimated by the
values of activation energies (which is not fully cor-
rect), the metals are arranged in the following seriesin
which the activity decreases:

Fe>Ir>Pd>Pt>Rh>Ni=Ru>Au>Cu.

After correction, this series transforms as follows
Fe>Ir>Rh=Ni>Pt=Ru>Pd>Au>Cu.

After iron, for which the activity is not determined
by the C—C bond scission stepsin hydrogenolysis, irid-
ium isthe most active metal in both cases, whichiscon-
sistent with the activity series reported in [22]. In the
case of iron, carbon phases are probably formed very
intensively and this suppresses iron activity [21]. Low
activities of Group IB metals in ethane hydrogenolysis
predicted by our calculation agree with experiments.
According to our calculated data, nickel is more active
than ruthenium, and this conflicts with the experiment.
Therefore, either the activation energy of C—C bond
scission is a poor criterion or carbon chemisorption
heats were incorrectly estimated (most likely for Ru).
The latter hypothesis is more plausible because the
apparent chemisorption strength of ruthenium is usu-
ally higher than that of nickel. Therelatively high activ-
ity of platinum also contradicts experimental findings,
and this can also be attributed to the incorrect position
of ruthenium in the activity series.

Both chemisorption heats and the activation ener-
gies of steps largely depend on the carbon binding
strength on the metal surface. Figure 6 illustrates this
dependence. It isinteresting that the activation energies
of C—C bond scission in intermediates where both car-
bon atoms are bound to the surface are more sensitive
to the carbon binding strength than in the case of inter-
mediates that are bound via one atom. This means that
if one managesto provethat the bond scissionin ethyli-
dyne, ethylidene, or ethyl is an important step for
ethane hydrogenolysis on one metal, then this step
should be taken into account when considering the
reaction on similar metals. However, if it is necessary
to take into account C—C bond scission in C,H,(ads) or
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Fig. 4. Trends in the changes of chemisorption heats for
CH,/Ni(111) and CH,/Ni(100), calculated by UBI-QEP
and MRCCI [86] methods.
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Fig. 5. Trends in the changes of chemisorption heats for
CH,/Pd(111), calculated by UBI-QEP (solid line) and DFT
(dashed line) [87] methods.

C,H,(ads) for one metal, then it does not mean that
these steps will occur on other metals.

Other important conclusions can be drawn if we
take into account that the carbon chemisorption heats
for Group VIII and IB metas range from 120 to
200 kcal/mol and that the steps with activation energies
of 50-60 kcal/mol cannot occur. Therefore, we can
restrict ourselves to considering a smdll region in Fig. 6.
In this region, C—C bond scission in intermediates that
do not contain hydrogen occur with zero activation
energies on al metals. It is likely that the complete
dehydrogenation of ethane does not occur because
most experimental data are consistent with the hypoth-
esis that C—C bond scission is a rate-determining step.
The activation energy of C-C bond scission in eth-
ylidene is about the same as in analogous steps with
ethyl. According to experimental data, ethyl transforms
to ethylidene very rapidly, especialy at high tempera-
tures. Therefore, the competition of C—C bond scission
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Table 6. Activation energies and reaction enthalpies (kcal/mol)

Reaction* D** | Cu(111) | Ni(111) | Pd(111) | Pt(111) | Rh(111) | Ru(001) | Ir(111) | Au(111)
Activation energies of forward reactions
CH;CH; — CH3 + CH4 88 41.4 9.2 13.2 10.2 8.4 115 6.2 37.2
CH4;CH, — CH3 + CH, 100 51.9 22.6 25.0 23.3 224 23.7 20.9 48.9
CH;CH — CH3+ CH 92 427 22.3 24.0 22.7 22.1 23.0 21.0 40.0
CH,CH, — CH, + CH, 172 82.2 27.8 329 29.1 27.2 30.0 24.0 76.7
CH;C — CH3;+C 83 14.4 7.4 8.7 7.7 7.2 8.0 6.4 13.8
CH,CH — CH, +CH 157 435 6.2 12.2 7.8 5.6 8.8 19 37.0
CH,C — CH,+C 165 43.6 8.8 14.8 10.4 8.1 115 4.3 36.9
CHCH — CH+CH 230 92.1 31.8 38.1 334 311 34.5 271 84.8
CHC—CH+C 178 29.4 0.0 0.3 0.0 0.0 0.0 0.0 26.4
CC—C+C 145 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Enthalpies
CH3CH3 == CH3 + CHj4 88 41.4 -74 32 -4.6 -9.2 -1.6 -15.4 37.2
CH3;CH, == CH3; + CH, 100 51.9 12.7 20.6 14.8 11.8 16.2 6.8 48.9
CH;CH == CH3; + CH 92 427 82 151 10.1 75 11.3 31 40.0
CH,CH, = CH, + CH, 172 822 113 255 15.1 9.7 175 0.7 76.7
CH;C == CH3+C 83 72 | =252 -188 | -235 | -26.0 | -224 | -30.0 4.6
CH,CH = CH, + CH 157 435 | =391 | -228 | =347 | -409 | -319 | -511 37.0
CH,C == CH,+C 165 436 | -417 | -248 | -37.2 | -436 | -342 | -54.2 36.9
CHCH == CH +CH 230 92.1 18 194 6.5 -0.1 9.6 -11.1 84.8
CHC==CH+C 178 129 | -86.1 | -67.2 | -810 | -881 | -77.7 | —99.9 4.8
CC=—C+C 145 -817 |-178.1 |-160.1 |-1734 |-180.1 |-170.2 |-191.3 | -89.8
Activation energies of reverse reactions
CHj + CH3 — CH4CHj4 88 0.0 16.6 10.0 14.8 17.7 13.1 21.6 0.0
CH;3 + CH, —= CH3CH, 100 0.0 9.9 4.4 8.4 10.6 75 14.1 0.0
CH3 + CH — CH4CH 92 0.0 14.1 8.9 12.7 14.6 11.8 17.9 0.0
CH, + CH, —= CH,CH, 172 0.0 16.5 7.4 14.1 175 125 233 0.0
CH;+C — CH4C 83 7.3 32.6 27.6 313 33.2 304 36.4 9.3
CH, + CH — CH,CH 157 0.0 45.3 35.0 42.6 46.5 40.7 53.0 0.0
CH,+C — CH,C 165 0.0 50.5 39.6 47.6 51.7 457 58.5 0.0
CH+CH — CHCH 230 0.0 29.9 18.7 26.9 31.1 25.0 38.2 0.0
CH+C — CHC 178 16.5 86.1 67.5 81.0 88.1 71.7 99.9 21.6
C+C—CC 145 81.7 178.1 160.1 173.4 180.1 170.2 191.3 89.8

* All species are adsorbed on the surface.

** Energy of bond breaking.

steps in these two surface compounds will be deter-
mined by their surface concentrations. A similar picture
is observed in the case of CH,C(ads) and CH,CH(ads).
The dissociation of the C—C bond in CH,CH,(ads) can

probably be excluded completely, assuming that the
activation energy of this process is too high. At the
same time, an anal ogous process with CHCH(ads) can-
not be excluded. It can occur in the case of metalswith
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Fig. 6. Dependence of the activation energies of C—C bond
scissionin various surfaceintermediates on the carbon bind-
ing energy.

higher metal—carbon binding energies. Furthermore, in
our calculations we did not take into account the possi-
bility of four o-bonds between C,H, and the surface.
For this type of adsorption, the C—C bond scission is
more favorable. We should also exclude ethane as a
possible candidate for C—C bond scission because of
steric factors. Note that ethylidyne, whose surface con-
centration isusually very high, dissociatesreadily. This
fact is hard to explain because the most stable configu-
ration of ethylidyne is its perpendicular position rela
tive to the surface, unlike many n?-adsorbates consid-
ered here.

Thus, ethyl, ethylidyne, adsorbed acetylene, CH,CH,
CH,C, and CHC are intermediates that are most impor-
tant for the kinetic description of the process and that
are theoretically most probable.

In all cases, the higher the metal—carbon binding
energy, the more favorable is C—C bond scission, but
the stability of surface species is aso higher. Metals
with higher adsorption strength are characterized by the
formation of ethylidyne species and thelike. These spe-
cies block active sites and decrease the true activity of
metals. Thus, thereis some optimum for the metal—car-
bon binding strength near which adsorption is neither
strong enough for efficient surface blocking nor weak
enough for the activation energy of C—C bond scission
to be high.

CONCLUSION

Thus, the UBI-QEP study of C—C bond scission,
which is often considered as a rate-determining step in
ethane hydrogenolysis, showed that metal surfaces can
be arranged in the following series where the binding
strength of carbon decreases Cu(111) < Au(11l) <
Pd(111) < Ru(001) = Pt(111) < Ni(111) = Rh(111) <
Ir(111) < Fe(110). The values of atomic carbon chemi-
sorption heats range from 122 kcal/mol for Au(111) to
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193 kcal/mol for Fe(110). The activity of metal sur-
faces toward C—C bond scission increases in the same
series. Therefore, the most probable intermediates in
which C-C bond scission occurs are ethyl, ethylidyne,
adsorbed acetylene, CH,CH, CH,C, and CHC. For sur-
faces with higher chemisorption strengths C—C bond
scission steps may not be rate-determining and the true
activity of these surfaces is not determined by the
chemisorption strength. The data obtained in this work
agree well with experimental data and data obtained by
other calculations. We plan to focus our further efforts
on refining the metal—carbon binding energies and on
the modeling of ethane hydrogenolysis.
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