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C-C bond scission steps are often considered rate-determining in ethane hydrogenolysis. This paper is devoted
to the calculations of the activation energies of these steps using the unity bond index-quadratic exponential
potential method, formerly known as the bond-order conservation-Morse potential method. Binding energies
of atomic carbon with groups VIII and IB metals Ni(111), Pd(111), Pt(111), Rh(111), Ru(0001), Ir(111),
Fe(110), Cu(111), and Au(111) are estimated from experimental data on the chemisorption of various species
on these surfaces. The resulting estimates are corrected taking into account DFT data on CHx binding energies.
The strengths of carbon binding to the surfaces allow arranging the metals into the following series: Cu(111)
< Au(111) < Pd(111)< Ru(0001)< Pt(111)≈ Ni(111) < Rh(111)< Ir(111) < Fe(110). The values of
carbon binding energies range from 122.9 kcal/mol for Cu(111) to 192.5 kcal/mol for Fe(110). The activities
of these surfaces toward C-C bond scission increase in the same series.

1. Introduction

The exact mechanism of ethane hydrogenolysis is still
unknown, although most researchers agree that the Sinfelt-
Taylor mechanism is correct for many group VIII metals.1-14

Some believe that this mechanism is incorrect or inapplicable
to all metal surfaces.15 The Sinfelt-Taylor mechanism involves
the following steps: (1) chemisorption of H2; (2) ethane
dehydrogenation on a catalyst surface to form adsorbed C2Hx

species; (3) C-C bond scission in C2Hx (x ) 5-0) to form
CHy (y ) 0, 1, ...,x)

(4) CHy hydrogenation to form methane, which then desorbs
from the surface. Steps of the third type are most frequently
assumed to be rate-determining, while the others are pseu-
doequilibrium steps. In this mechanism, all of the C2Hx or CHy

species are at equilibrium with either reactants or products of
the reaction:

wherez is an active site.
Sinfelt generalized the data on ethane hydrogenolysis in

review papers.1,2 A main argument in favor of the above
mechanism is that hydrocarbons chemisorb on metallic surfaces
at substantially lower temperatures than those needed for
hydrogenolysis. As this takes place, hydrogen is evolved into
the gas phase. Further evidence is the data on H/D exchange
under hydrogenolysis conditions, which suggest that C-H bonds
are more reactive than C-C bonds, although the latter are

weaker by∼10 kcal/mol. The factors determining the heights
of the activation barriers are the strengths of the C-H and C-C
bonds and the binding energies (chemisorption heats) of
intermediate species to metal surfaces.

Sinfelt’s kinetic analysis of ethane hydrogenolysis within the
framework of the proposed mechanism for various transition
metals supported on SiO2 has led to the conclusion that the
number of hydrogen atoms in the C2Hx fragments in which the
C-C bond cleaves differs from one surface to another (see Table
1). This analysis assumes a lack of competition between ethane
and hydrogen for active sites on the surface; Boudart criticized
such an approach.16

A slightly different version of the C-C bond scission step
was considered in several papers:2,17,18

For instance, Mahaffy and Hansen suggested a rate-determining
step of a slightly different type for the reaction over iridium
films:

Chen and Goodwin18 proposed the same rate-determining step
for ethane hydrogenolysis over Ru/SiO2.

Frennet et al.15 criticized the idea that C-C bond scission is
the rate-determining step for all transition-metal surfaces. They
believe that the steps of CHx hydrogenation can also be rate-
determining, and they provided evidence from data on deuterium
exchange in methane. They concluded that (i) deuterium
exchange in ethane always occurs at substantially lower
temperatures than hydrogenolysis (with the exception of iron
and cobalt), (ii) the rates of deuterium exchange and hydro-
genolysis are very close on W, Ni, Rh, Ru, Re, and Pd, while
the rate of hydrogenolysis is somewhat lower on Ni, Re, and
Pd and somewhat higher on Rh, Ru, and W, (iii) deuterium
exchange in methane is much slower on Fe, Co, and Cu, for
which methane adsorption is slow or does not occur at all, as
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in the case of Cu, and (iv) on a platinum surface, hydrogenolysis
is slower than deuterium exchange.

Dumesic and co-workers4 modeled ethane hydrogenolysis
over Pt, Pd, Ir, and Co supported on SiO2. They proposed the
following mechanism:

This mechanism assumes that the immediate precursors of C-C
bond scission are the fragments-CH2sCH2-, dCHsCH2-,
anddCHsCHd. Three pathways (routes) were considered: A
(steps 1-3, 6, 10, and 11), B (steps 1-4, 7, and 9-11), and C
(steps 1-5 and 8-11). Pathway C and C-C scission in C2H2

are not operative for the four cited metals. Either pathway A or
pathway B may dominate depending on the metal and condi-
tions.

Ko and Garten14 published evidence for strong metal-support
interactions under hydrogenolysis conditions. They studied this

reaction over a series of metal catalysts, Fe, Co, Ni, Ru, Rh,
Pd, Os, Ir, and Pt, supported on TiO2. Their comparison to
Sinfelt’s1 data for the same metals supported on SiO2 revealed
that the use of a different support alters the catalytic activity
pattern. An analysis similar to Sinfelt’s suggested that the degree
of ethane dehydrogenation before C-C bond scission also
changes when one switches from SiO2 to TiO2. These authors
compared two series of specific activities of the group VIII
metals, one of which corresponds to the SiO2 support (according
to Sinfelt’s data), Os> Ru > Ni > Rh > Ir > Co > Fe > Pt
> Pd, and the other is for TiO2,14 Ru > Os> Rh > Ni > Ir >
Co > Pd > Pt≈ Fe.

In both cases, Ru, Os, Rh, and Ni are more active and Co,
Fe, Pt, and Pd are less active. Iridium shows moderate activity.
Supported metal surfaces may show different activities due to
the participation of the support in the reaction mechanism or
due to other reasons. The activities of different planes of single-
crystal surfaces may also differ. Ethane hydrogenolysis was
found to be structure-sensitive as indicated in the activity series
reported by Rodriguez and Goodman.19 Single-crystal surfaces
can be arranged in the following series according to the turnover
frequency: Ir(110)-(1×2) > Ir(111) > Ru(0001)> Ni(100) >
Re(0001)> Ni(111) > W(100) > Pt(111). As can be seen,
iridium planes become more active than nickel and platinum
planes, but platinum preserves its relative position in the activity
series.

Table 1 summarizes various proposals regarding precursors
of C-C bond scission for different surfaces. These data are
incomplete and somewhat controversial. In most cases, the
Sinfelt-Taylor mechanism was assumed when the most prob-
able precursors were inferred. However, it is clear that accurate
kinetic models for simulating the process should involve several
possible C-C bond scission precursors.

In this work, we carried out calculations to identify the most
probable precursors by tracing the trends in activation energies
for these steps on a larger set of metal surfaces than has been
considered before. These activation energies correlate with the
values of the energies of atomic carbon binding to surfaces,
which are also very important for catalysis. Although the ethane
hydrogenolysis activity series for metals is known from experi-
ments, theoretical support is desirable, since experimental data
may be inaccurate. Hence, a combination of experimental and
theoretical evidence is needed to gain reliable knowledge of
relative activities and carbon binding strengths over many metal
surfaces, which is important for both theory and practice.

For this purpose, we used the unity bond index-quadratic
exponential potential (UBI-QEP) method, formerly known as
the bond-order conservation-Morse potential (BOC-MP)
method.20,21The calculation scheme was as follows: (i) Using
published experimental data, estimate the binding energies of
atomic carbon on low-index planes of transition-metal single-
crystal surfaces. (ii) Using the data obtained at the first stage,
calculate the binding energies for the C1-C2 species on these
surfaces. (iii) Using the data obtained at the second stage,
calculate the activation energies of C-C bond scission. In all
calculations, we assume the zero-coverage limit for surfaces.
This condition corresponds to the experimental data that we
use.

When UBI-QEP theory is employed to calculate the activa-
tion energies of elementary steps in heterogeneous catalysis,
the usual approach is based on conjecturing the strengths of
metal-X bonds (X ) C, H, O, N, etc.) and comparing the
calculated values to the available experimental data. In this
paper, we proceed in a bootstrap fashion: we first calculate the

TABLE 1: Immediate Precursors of C-C Bond Scission in
Ethane Hydrogenolysis over Different Surfacesa

catalyst/
surface

precursor of C-C bond
scission (stoichiometry or

structure) ref

Co/SiO2 CH2CH2 1-3
Co/SiO2 CH2CH2 or CH2CH 4
Ni/SiO2 CHCH 1-3
Ni/SiO2 C2H0 12
Ni/TiO2 C2H4 14
Ni powder C2Hx, x < 4 6
Ru/SiO2 CHCH 1-3
Ru/SiO2 C2H3 8
Ru/TiO2 C2H2 14
Ir(110)-(1×2) C2H2 10
Ir(111) C2H4 10
Ir/η-Al2O3 CHCH 13
Ir/SiO2 CHCH 1-3
Ir/SiO2 CH2CH2 or CH2CH 4
Os/SiO2 CHCH 1-3
Os/TiO2 C2H4 14
Pd/SiO2 C2H0 1-3
Pd/SiO2 CH2CH2 or CH2CH 4
Pd/TiO2 C2H2 14
Pt(111) C2H4 or C2H3 (possibly CH3C) 11
Pt/η-Al2O3 C2H0, CHC, or CH3C 13
Pt/SiO2 C2H0 1-3
Pt/SiO2 CHCH or CH3CH2 9
Pt/SiO2 CH2CH2 or CH2CH 4
Rh/SiO2 C2H0 1-3
Rh/TiO2 C2H0 14

a Summary of the available literature data.

(1) 2z + CH3-CH3 a CH3-CH2z + zH

(2) 2z + H2 a 2zH

(3) CH3-CH2z + 2z a zH + zCH2-CH2z

(4) zCH2-CH2z + 2z a zH + z2CH-CH2z

(5) z2CH-CH2z + 2z a zH + z2CH-CHz2

(6) zCH2-CH2 z + 2z a 2z2CH2

(7) z2CH-CH2z + 2z a z3CH + z2CH2

(8) z2CH-CHz2 + 2z a 2z3CH

(9) z3CH + zH a 2z + z2CH2

(10) z2CH2 + zH a 2z + zCH3

(11) zCH3 + zH a 2z + CH4
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strengths of metal-carbon bondson the basis of the aVailable
data on binding energies(stage i), and then fill in the values of
the missing binding energies (stage ii). To the best of our
knowledge, such a method has never before been applied to a
large set of metal surfaces.

2. Theoretical Method

The main source for estimating the binding energies of carbon
QC is the data on the heats of CO adsorption (QCO). The metal-
carbon bond energyDMC ()Q0C) is related to the heat of CO
adsorptionQCO by the following formula:

whereDCO is the C-O bond energy (257 kcal/mol).DMC and
QC are related by the formula

In formula 2a,n is the number of metal atoms to which carbon
binds. If carbon adsorbs on the (111) fcc or (0001) hcp surface,
thenn ) 3.

In the general case

whereQ0A andQA are, respectively, the energy of the metal-A
bond and the binding energy (chemisorption heat) of A.

For monocoordinated chemisorbed AB molecules that bond
to the surface via atom A, the choice of appropriate formula
depends on the assumed strength of adsorption on the metal
surface.

Strong binding of an adsorbate X (X) CH3CH, CH3C, CH2,
CH) with the surface via the A atom (in our case, A is carbon)
corresponds to the formula

DAB is the sum of bond energies between the atom that binds
to the surface and the rest of the molecule. For CH3CH, CH3C,
CH2, and CH,DAB ) 173, 83, 183, and 81 kcal/mol, respec-
tively; QA ) QC. The data on bond energies are taken from ref
22.

If binding is of medium strength,20,21 then the following
formula should apply:

X ) CH3CH2 and CH3 and DAB ) 283 and 293 kcal/mol,
respectively.

The binding energies of dicoordinated AB molecules bound
to the surface via atoms A and B (M-A‚‚‚B-M) are calculated
using the formula20,21

where

and

In formula 4,DAB is the energy of the C-C bond: DCH2sCH )
157,DCH2dC ) 165, andDCHdC ) 178 kcal/mol.20 The values
Q0A and Q0B in formulas 5 and 6 are calculated using the
equation (where in our case, A and B are carbon atoms)

whereDi is the energy required for the scission of bonds between
the contact atom and other atoms in fragment A or B. Below
are the values ofDi (kcal/mol) for different adsorbates taking
into account the partitioning of bond energies in the molecules:
20 DCH2 ) 183 kcal/mol andDCH ) 81 kcal/mol.

For homonuclear adsorbates A2 (-CHdCH-, -CtC-, and
-CH2sCH2-), formula 4 can be simplified:

For CH2CH2, CHCH, and CC,DA2 is the energy of C-C bond
scission between CH2, CH, and C, respectively, and the rest of
the molecule in the gas phase:DCH2sCH2 ) 355, DCHdCH )
311, andDCdC ) 145 kcal/mol.Q0A ) Q0C is the binding energy
of a contact atom.

The UBI-QEP method enables calculation of the activation
energies of reactions on surfaces. For the dissociation reaction

the following equation is used:

where ∆H is the enthalpy of reaction on the metal surface
calculated from the thermodynamic cycledesorptionf gas-
phase reactionf adsorption:

In this case,D is the enthalpy of the analogous gas-phase
reaction estimated from the bond energies:

The activation energy of the reverse reaction is calculated using
the condition

If a calculated activation energy is negative, then a thermody-
namic correction should be introduced: the negative activation

QCO )
DMC

2

DMC + DCO
(1a)

Q0C≡ DMC )
QC

2 - 1/n
(2a)

Q0A )
QA

2 - 1/n
(2)

QX )
QA

2

QA + DAB
(1)

QX ) 0.5( Q0A
2

Q0A/n + DAB
+

QA
2

QA + DAB
) (3)

QX )
ab(a + b) + DAB(a - b)2

ab + DAB(a + b)
(4)

a ) Q0A
2

Q0A + 2Q0B

(Q0A + Q0B)2
(5)

b ) Q0B
2

Q0B + 2Q0A

(Q0A + Q0B)2
(6)

Q0B )
Q0C

2

Q0C + Di
(7)

QA2
)

9Q0A
2

6Q0A + 16DA2
(8)

ABadsf Aads+ Bads

E ) 0.5(∆H +
QAQB

QA + QB
) (9)

∆H ) QAB + D - QA - QB (10)

D ) DAB - DA - DB (11)

Ebackward ) Eforward - ∆H (12)
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energy is set to zero, and the activation energy of the reverse
reaction is set to the absolute value of the reaction enthalpy.

3. Results and Discussion

3.1. Carbon Binding Energies.The binding energy of atomic
carbon is an important characteristic of surfaces. The UBI-
QEP model requires this value as input. Bradford showed that
this value is also pivotal to determine the catalyst efficiency,
chain growth probability, and selectivity to C2 and higher
hydrocarbons in CH4 homologation over supported metal
catalysts.23 The most comprehensive source of carbon binding
energies is a chapter by Benziger inMetal-Surface Reaction
Energetics.24 This paper revises these data on the basis of the
information available to date and calculations of carbon binding
energies from adsorbate binding energies.

3.1.1. Cu(111). The binding energy of carbon for Cu(111) is
known to be lower than for the group VIII metals. An
experimental value that can be used to calculate the binding
energy of a carbon atom isQCH3 ) 29 ( 2 kcal/mol,25 which
corresponds toQC ≈ 128.8 kcal/mol. The range of surface
coverages to which this value is applicable is uncertain, but
sinceQCH3 should decrease with the coverage,QC ) 128.8 kcal/
mol can be considered a lower limit. On the other hand,QCO )
11.9 kcal/mol26 predicts a lower value ofQC ) 102.6 kcal/mol
for coverages lower than 1/3 monolayer (ML). The surface that
is most similar to Cu(111) is Cu(100), for which the following
experimental values are available:QCO ) 13.2( 0.3 kcal/mol,27

QCO ) 13.5 kcal/mol,28 QC2H4 ) 8 ( 2 kcal/mol,29 QC2H5 ) 33
( 6 kcal/mol.30 The data for the (100) plane can also be used,
although with care, since ethane hydrogenolysis is a structure-
sensitive reaction.19,31 Binding energies for alkyl radicals and
ethylene cited here refer to uncertain coverage ranges and give
much higher values. Because in further parametrization CO is
the main reference adsorbate, we took only three values for CO
adsorption, which predict an average value ofQC ) 107.0 kcal/
mol.

3.1.2. Ni(111).In most of the previous UBI-QEP calculations
for Ni(111), the binding energy of carbon was set to 171 kcal/
mol.20,21,32-35 This is a well-calibrated value which is close to
the binding energy of carbon on Ni(100):QC ) 171.5 kcal/
mol.36

For CO/Ni(111), the following binding energies were re-
ported: 29.4 (for coverages below 0.1 ML) and 26.5 (for
coverages between 0.1 and 0.3 ML),37 35.6,38 31 ( 0.7,39 30 (
2.5,40 and 30.341 kcal/mol. If we neglect a high value of 35.6
kcal/mol and a low value of 26.5 kcal/mol, the binding energy
of atomic carbon based on CO isQC ) 174.0 kcal/mol.

The binding energies reported for CO on Ni(100) are 26.1,42

30.3,43 30.8,44,4526.1,46 29.1( 0.7,39 27.8,47 28.5,48 and 33.149

kcal/mol. They give an average value ofQC ) 170.7 kcal/mol,
which compares well to 171.5 kcal/mol.36 As will be shown
below, the higher the binding energy of carbon, the lower the
activation energy of C-C bond scission. Therefore, data on the
higher activity of Ni(100) in ethane hydrogenolysis31 suggest a
higher binding energy of carbon on Ni(100) than on Ni(111).
However, this is not the case if CO data are used to calculate
QC.

If we take all the above values and calculateQC using
formulas 1a and 2a, then the average value of the carbon binding
energy is 171.3 kcal/mol. Taking into account the above
arguments, we select this value for the carbon binding energy.
We have to neglect structure sensitivity in the calculations and
assume that for nickel we have a surface consisting of (111)
and (100) planes. Such a decision is also justified by the
sensitivity of QC to the value of CO the binding energy: a
difference of 1.5 kcal/mol for the CO binding energy translates
into a difference of about 5 kcal/mol for carbon.

3.1.3. Pd(111).For CO/Pd(111), three very close values are
known: 34,50,5134.8,52 and 35.353 kcal/mol. All values reported
for CO/Pd(100) in the literature are noticeably higher, and we
had to neglect them. The average value obtained by formula 1a
for the carbon binding energy is 189.2 kcal/mol.

3.1.4. Pt(111).For CO/Pt(111) we took 29.6,54 33.0,55 33.0,56

36.7,57 29.2,58 and 34.959 kcal/mol, as well as analogous values
for CO/Pt(100): 26,54 32.6,60 and 27.461 kcal/mol. On average,
the values for CO/Pt(100) give much lower binding energies;
therefore, we used only the above data for the Pt(111) surface
and calculatedQC for this surface: 184.8 kcal/mol.

3.1.5. Ru(0001).For the hcp (0001) surface of ruthenium,
three experimental binding energies are known:QCO ) 28 kcal/
mol,62 QC2H2 ) 11.6 kcal/mol,63 andQC2H4 ) 10-11 kcal/mol.64

The values for acetylene and ethylene binding energies represent
much lower binding energies of carbon, which do not agree
with each other. They refer to unknown coverages, and we
excluded them from consideration. A similar value is known
for Ru(1010),QCO ) 28 kcal/mol.65 Therefore, we used only
one value of CO binding energy for both Ru surfaces:QC )
166.6 kcal/mol.

3.1.6. Rh(111).The only available value isQCO ) 31 kcal/
mol.66 This corresponds toQC ) 176.8 kcal/mol. Of course,
the use of a single value is statistically unreliable; new data
will improve the situation.

3.1.7. Ir(111).For Ir(111), the values of the activation energy
of desorption (Ed) and isosteric heats of adsorption (qst) for CO
differ by 4-5 kcal/mol. In our calculations we assumed that
these values are equal. The following experimental values have
been reported: 31.7,67 34,68 and 35.869 kcal/mol for Ed; 35,67

40 (at 0.1-0.3 ML coverages),70 and 3971 kcal/mol forqst. On
the average, these values give a binding energy for carbon of
192.7 kcal/mol.

3.1.8. Fe(110).We know of only one experimental value for
Fe(110) which can be used here:QCO ) 35.8 kcal/mol.72 This
corresponds toQC ) 192.5 kcal/mol.

3.1.9. Au(111).The experimental binding energy of a methyl
radical to the Au(111) surface is 30 kcal/mol,34 which corre-
sponds toQC ) 131.2 kcal/mol.

3.1.10. Data Correction.The values for carbon binding
energies on various surfaces will be used in UBI-QEP
calculations of binding energies for other important species in
ethane hydrogenolysis (Table 2). In the usual practice, the
calculated values are judged against experimental data by
assuming that experiments are reliable sources of data whereas
calculations use a model that only partially reflects reality. In
our opinion, both types of data are error-prone. Most experi-
mental data are indirect and have to be interpreted with

TABLE 2: Binding Energies of Carbon

Cu(111) Ni(111) Pd(111) Pt(111) Rh(111) Ru(111) Ir(111) Fe(110) Au(111)

QC
a 107.0 171.3 189.2 184.8 176.8 166.6 192.7 192.5 131.2

QC
b 122.9 181.0 170.1 180.6 183.0 175.1 189.9 127.8

a Calculated from the experiment.b Corrected values (ses text for details).73,74
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theoretical models and assumptions. The values collected in
Table 2 reflect the available experimental data. Those may
become more reliable if we find a parameter (a theoretical index)
characterizing the metal-carbon binding strength to compare
them to. Our attempts to compare the “experimental” binding
energies for carbon to simple indices, such as a percentage of
d character, gave unsatisfactory results.

Unfortunately, we failed to find such an index that could
provide reliable information for all the groups VIII and IB metals
considered here. The papers by Liao and co-workers are the
most complete source of such data.73,74 They calculated the
binding energies of CHx on the planes similar to (111) for Ru,
Os, Ir, Rh, Ni, Pd, Pt, Cu, Ag, and Au by DFT with transition-
state estimates of bond energies (the VWN-B-P functional
was used). Quantitatively, these data are unreliable and cannot
be used in kinetic modeling. According to these calculations,
the binding energies for carbon on the group IB metals are lower
than the respective CH binding energies. Unfortunately, Liao
et al. did not examine all adsorption modes to identify the most
stable of them. The most reliable information is for the CH
binding energy since it is plausible that CH binds to a 3-fold
cap site on fcc (111) and hcp (0001) planes.75 These sites were
modeled by two-layer M(3,7) clusters.73,74

Our data correction procedure was as follows. We calculated
the binding energy of CH using formula 1 from the binding
energies of carbon estimated from the experimental data. Then,
we constructed a correlation plot for the CH binding energies
obtained by DFT73,74 and UBIsQEP (Figure 1).

Because we cannot a priori decide which of the data are more
accurate, the corrected values were found asx-axis coordinates
of the intersection points of the trend line with normals to this
line constructed from the points for different atoms (as shown
by dashed arrows in Figure 1). The values thus obtained are a
compromise with both experiment and theory. Then, the values
of carbon binding energies were recalculated from the corrected
CH binding energies. The corrected values are listed in the
second row of Table 2. In the subsequent developments below
we used only the corrected values.

3.1.11. Possible Sources of Errors.As can be seen from the
above,QCO is the main source for calculatingQC, because most
data are for CO. However, the choice of CO molecule is far
from ideal. Shustorovich and Sellers believed that the UBI-
QEP method is well suited to treat the metal-CO bonding for
3d metals, such as Cu and Ni, but is inappropriate for4d and
5d metals.21 In support of their idea, they cite data from

adsorption calorimetry,76 according to which the strength of CO
chemisorption at 0.05 ML coverage increases in the series Ni-
(111) (31 kcal/mol)< Pd(100) (38.9 kcal/mol)< Pt(111) (44.6
kcal/mol); they also claim that the series for carbon is reversed.
That is, an increase in CO binding strength occurs together with
a decrease in carbon binding strength, which conflicts with
UBI-QEP formulas. Thus their conclusion that UBI-QEP is
inapplicable to CO chemisorption on4d and5d metals.

Shustorovich and Sellers added that high-level ab initio
calculations could settle the issue, but calculations have not so
far, since the DFT-GGA (GGA ) generalized gradient
approximation) calculations by Hammer et al. for (111) surfaces
of these metals project the series Pt (30.3 kcal/mol)< Ni (31.7
kcal/mol)< Pd (33.8 kcal/mol),77 and calculations by Kua and
Goddard78 suggest that Pd (49.45 kcal/mol)> Pt (41.8 kcal/
mol). These theoretical data disagree with the calorimetric
measurements and doubt the inapplicability of UBI-QEP to
CO binding to4d and5d metals.

In addition, we employed the correction procedure, noncalo-
rimetric data for CO, and some data for other adsorbates
assuming that these three sources of data will diminish the
possible problems.

Another problem is the use of different sources of experi-
mental values. For instance, we noticed that calorimetric data
usually differ substantially from TPD and other data. Therefore,
we were selective in the choice of experimental values of
adsorbate binding. Most of the other binding, noncalorimetric
data are either the activation energies of desorptionEd (which
are close toQ in many cases) or isosteric heats of adsorption
qst. Those two parameters are often different as is seen from
the above Ir(111) data. When calculatingEd from kinetic data,
one has to know the preexponential factor of the desorption
rate. In some cases, preexponential factors are postulated rather
than calculated, and this adds uncertainty.

Theoretically, the heat of adsorption should be almost constant
at coverages below 1/3 ML. Experimentally, this is not always
true and the zero-coverage value may be higher by 4 kcal/mol
(for CO) than the values corresponding to coverages of 0.1-
0.3 ML. The reason for such a difference is not yet clear,
although some hypotheses exist. In this paper, some zero-
coverage values of heats are in fact low-coverage values. Errors
may appear because different researchers process their low-
coverage values in different manners (some consider the heat
to be constant below 1/3 ML, but others consider it to decrease
continuously or in a stepwise fashion with an increase in the
coverage within this range).

3.2. Binding Energies for Adsorbed Molecules and Radi-
cals.Binding energies were calculated using formulas 1-8 and
are compiled in Table 3. The values of physisorption heats for
ethane were not calculated by the UBI-QEP method. For Au-
(111), Table 3 lists the corresponding value taken from
experiment.79 For Cu(111), we used the value obtained by
extrapolating the plot of physisorption energies forn-alkanes
on Cu(100) vs chain length to ethane.79,80For Pt(111), we used
the experimental value.79,81,82 For C2H6/Rh(111), we chose a
value which is 1 kcal/mol higher than the corresponding value
for CH4/Rh(poly).83 For Ru(0001), the value was obtained by
extrapolating the plot of physisorption energies forn-alkanes
on Ru(0001) vs chain length inn-alkanes.80,84 For Ir(111), the
value is experimental.85 For Ni(111) and Pd(111) we used the
same value as for Pt(111) and Ir(111).

As can be seen from Table 3, all binding energies increase
monotonically as the strength of the carbon-metal bond
increases. The binding energies of species that bind more

Figure 1. Correlation plot for DFT and UBI-QEP binding energies
of CH.
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strongly to the surface tend to grow more rapidly. The growth
of binding energies is the most pronounced in the case of CH
and CH3C, as well as CH2 and CH3CH. The binding energies
of these species are the most sensitive to errors in the metal-
carbon binding strengths.

3.2.1. Comparison to other calculationsprovides us with
interesting information on the trends in the growth of binding
energies. This information is summarized in Table 4.

For Ni(111), more information is available than for other
metals. Burghgraef et al. carried out quasi-relativistic DFT
calculations of three-layer Ni13(7,3,3) clusters using an exchange-
correlation potential and a gradient-corrected exchange energy
functional in combination with the Stoll correction for correla-
tion.86 They obtained preferred coordinations for CH3 (top), CH2

(cap), CH (cap), and C (cap). These data are compared in Figure
2. Klinke et al. carried out five-layer slab calculations of the
C/Ni(111)87 and CH/Ni(111)88 systems using DFT within the
generalized gradient approximation and the FP-LAPW method.
These calculations corresponded to 0.25 ML coverage, at which
the values of binding energies are virtually indistinguishable
from zero-coverage values. Siegbahn and Panas performed
MRCCI calculations89 with bond-prepared clusters of 10-20
atoms. These data are in excellent agreement with values
reported by Burghgraef86 and in good agreement with our data.
Michaelides and Hu found that CH3 prefers a 3-fold site and
binds with an energy of 34.1 kcal/mol (compare to 52.5 kcal/

mol obtained in this work).90 This value was obtained by DFT-
gradient-corrected spin-polarized calculations. The best agree-
ment between UBI-QEP and other calculations is observed for
CH and CH2 species. The UBI-QEP binding energy for CH3
is higher by 3-9 kcal/mol. A deviation of 35-37 kcal/mol for
carbon binding is very high.

For Pd(111), Paul and Sautet carried out DFT calculations
with a GGA PW91 functional.91 They considered a surface
coverage of 1/3 ML. These are very close to the corresponding
values for the Ni(100) surface.89 Kua et al. reported analogous
values for CH, CH2, and CH3 calculated for M8 clusters using
DFT (B3LYP) and their interstitial electron surface model for
the zero-coverage limit.75 Figure 3 compares slab and cluster

TABLE 3: Binding Energies for CH x and C2Hx Calculated Using the UBI-QEP Method and Corrected Values of Carbon
Binding Energies

adsorbate Da Cu(111) Ni(111) Pd(111) Pt(111) Rh(111) Ru(0001) Ir(111) Au(111)

C 122.9 181.0 170.1 180.6 183.0 175.1 189.6 127.8
CH 81 74.1 125.0 115.2 124.7 126.9 119.7 132.8 78.2
CH2 183 49.4 90.0 81.9 89.7 91.5 85.6 96.5 52.6
CH3 293 26.7 52.5 47.2 52.3 53.5 49.6 56.8 28.6
CH3sCH3 674 6.2 7.7 7.7 7.6 7.0 8.8 7.7 5.7
CH3sCH2 576 27.4 53.8 48.4 53.6 54.8 50.8 58.2 29.4
CH3sCH 466 51.0 92.5 84.3 92.2 94.1 88.1 99.1 54.3
CH2sCH2 538 8.0 16.8 14.9 16.7 17.1 15.7 18.3 8.6
CH3sC 376 73.4 124.1 114.3 123.7 125.9 118.8 131.9 77.5
CH2sCH 421 11.2 19.2 17.5 19.1 19.5 18.2 20.5 11.8
CH2sC 348 51.1 63.4 61.2 63.3 63.8 62.2 65.1 52.2
CHdCH 392 9.0 18.9 16.8 18.8 19.3 17.7 20.6 9.7
CHdC 259 35.0 43.8 41.9 43.8 44.2 42.8 45.4 35.7
CtC 145 17.7 35.7 32.0 35.0 36.4 33.7 38.8 19.0

a D is the sum of bond energies for the corresponding species in the gas phase.

TABLE 4: Summary of the Calculations for CH x Chemisorption on Metal Surfaces

Q, kcal/mol

metal C CH CH CH method note ref

Ni(111) 181.0 125.0 90.0 52.5 UBI-QEP this work
Ni(111) 142.0 128.2 90.2 42.7 DFT three-layer Ni13(7,3,3) cluster 86
Ni(111) 154.0 148.7 DFT five-layer slab 87, 88
Ni(100) 150 136 91 46 MRCCI 89
Ni(111) 145a 120 88 49 MRCCl 89
Ni(111) 34.1 DFT 90
Pd(111) 170.1 115.2 81.9 47.2 UBI-QEP this work
Pd(111) 149.3 135.3 85.4 39.9 DFT two- to three-layer slab 91
Pd(111) 154.1 97.8 50.0 DFT Pd8 cluster 75
Pt(111) 180.6 124.7 89.7 52.3 UBI-QEP this work
Pt(111) 152.0 166.6 104.3 53.8 DFT Pt8 cluster 75.92
Ru(0001) 175.1 119.7 85.6 49.6 UBI-QEP this work
Ru(0001) 144.9 90.2 40.4 DFT Ru8 cluster 75
Ru(0001) 164 153.2 97.7 47.4 DFT four- to five-layer slab 93
Rh(111) 183.0 126.9 91.5 53.5 UBI-QEP this work
Rh(111) 151.4 98 96.4 DFT Rh8 cluster 75
Ir(111) 189.6 132.8 96.5 56.8 UBI-QEP this work
Ir(111) 161.4 101.3 50.9 DFT Ir8 cluster 75

a The value is obtained by extrapolation using the same trend as for Ni(100).

Figure 2. Trends in binding energies for CHx/Ni(111) calculated by
UBI-QEP (solid line) and DFT86 (dashed line) methods.
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DFT calculations to the results of this work. As can be seen,
the results obtained by the slab model are closer to the UBI-
QEP values.

For Pt(111), Kua and Goddard75,92 obtained the data for M8
clusters using DFT (B3LYP) and the interstitial electron surface
model. The binding energies for CH3 (top), CH2 (bridge), CH
(cap), and C (cap) compare unfavorably to the UBI-QEP data.
According to the DFT data, the total bond energy to the surface
is proportional to the number of Pt-C bonds (53( 3 kcal/mol
per bond). This trend conflicts with the bond-order conservation
approach underlying the UBI-QEP model. It is also noteworthy
that carbon binds to Pt(111) less strongly than CH. Other binding
energies are also different. DFT predicts a more rapid growth
of the binding energy with an increase in the number of bonds
to the surface.

For Ru(0001), two sources of data in addition to UBI-QEP
are available. Kua et al. reported DFT-calculated binding

energies for CH, CH2, and CH3.75 Ciobı̂cã et al. also studied
CHx chemisorption on this surface using DFT (periodical
calculations, GGA, and the Perdew-Wang 91 functional).93 They
are compared in Table 4. These three sets of data (DFT-cluster,
DFT-slab, and UBI-QEP) are very different, but the DFT-
cluster and DFT-slab data follow the same trend: the energies
obtained using the slab model of the surface are just 7-9 kcal/
mol higher.

For Rh(111) and Ir(111), the only source of theoretical data
is a paper by Kua et al.75 In both cases, the DFT binding energies
of CH and CH2 are higher than for UBI-QEP, but lower in the
case of CH3. To summarize the results obtained by Kua et al.,75

we note that their data suggest the following activity series for
C-C bond scission: Pt(111)> Ir(111) > Os(0001)≈ Pd(111)
> Rh(111) > Ru(0001). This series is different from the
experimental trend Ir(111)> Ru(0001)> Pt(111).19 Our data
compare more favorably with the experimental series Ir(111)
> Ni(111)≈ Pt(111)> Ru(0001), although the placement of
ruthenium is still inadequate.

In addition to DFT calculations, attempts have been made to
estimate carbon-metal binding strengths using the polar cova-
lence model (PCM) developed by Sanderson and applied by
Frese to binding on surfaces.94 This model predicts lower
binding energies than UBI-QEP and DFT, but the qualitative
agreement with our findings is excellent. Thus, UBI-QEP
binding energies of atomic carbon increased within the series
Pd< Ru < Pt≈ Ni < Ir < Fe, whereas the PCM projection is
Pd< Pt≈ Ru < Ni ≈ Ir < Fe. It is highly improbable that this
qualitative similarity is accidental.

3.2.2. Trends in Binding Energies.The DFT and UBI-QEP
binding energies for CHx follow radically different trends. In

Figure 3. Trends in binding energies for CHx/Pd(111), calculated by
UBI-QEP and DFT.75,91

TABLE 5: Activation Energies and Enthalpies of C-C Bond Scission Steps

reactiona Db Cu(111) Ni(111) Pd(111) Pt(111) Rh(111) Ru(0001) Ir(111) Au(111)

Forward Activation Energy
CH3CH3 f CH3 + CH3 88 40.8 8.5 12.5 8.6 7.4 11.2 5.3 25.4
CH3CH2 f CH3 + CH2 100 51.3 22.2 24.6 11.6 21.8 23.5 20.3 48.2
CH3CH f CH3 + CH 92 42.2 22.0 23.7 22.1 21.7 22.9 20.6 39.4
CH2CH2 f CH2 + CH2 172 81.2 26.9 32.0 9.3 25.9 29.7 22.8 75.5
CH3C f CH3 + C 83 14.3 7.2 8.5 7.2 6.9 7.9 6.1 13.7
CH2CH f CH2 + CH 157 44.8 6.7 12.6 6.9 5.6 9.9 2.0 38.1
CH2C f CH2 + C 165 43.8 8.8 14.8 9.0 7.7 12.0 4.0 36.9
CHCH f CH + CH 230 90.9 30.6 37.0 30.9 29.5 34.1 25.7 83.3
CHC f CH + C 178 16.1 0.0 1.7 0.0 0.0 0.0 0.0 28.1
CC f C + C 145 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Enthalpy
CH3CH3 a CH3 + CH 88 40.8 -9.2 1.4 -8.9 -11.9 -2.3 -17.9 36.4
CH3CH2 a CH3 + CH2 100 51.3 11.3 19.2 11.6 9.8 15.6 4.9 48.2
CH3CH a CH3 + CH 92 42.2 7.0 13.9 7.3 5.8 10.8 1.5 39.4
CH2CH2 a CH2 + CH2 172 81.2 8.8 23.0 9.3 6.1 16.5 -2.7 75.5
CH3C a CH3 + C 83 6.7 -26.4 -19.9 -26.1 -27.6 -22.9 -31.5 4.0
CH2CH a CH2 + CH 157 44.8 -38.9 -22.7 -38.3 -41.9 -30.1 -51.8 38.1
CH2C a CH2 + C 165 43.8 -42.6 -25.8 -42.0 -45.7 -33.5 -56.0 36.9
CHCH a CH + CH 230 90.9 -1.2 16.3 -0.6 -4.4 8.3 -15.1 83.3
CHC a CH + C 178 16.1 -84.2 -65.4 -83.5 -87.7 -74.0 -99.0 7.7
CC a C + C 145 -83.1 -181.3 -163.2 -180.6 -184.6 -171.5 -195.4 -91.6

Backward Activation Energy
CH3 + CH3 f CH3CH3 88 0.0 17.7 11.1 17.5 19.3 13.6 23.1 0.0
CH3 + CH2 f CH3CH2 100 0.0 10.9 5.3 0.0 12.0 7.9 15.4 0.0
CH3 + CH f CH3CH 92 0.0 15.0 9.8 14.8 15.9 12.1 19.1 0.0
CH2 + CH2 f CH2CH2 172 0.0 18.1 9.0 0.0 19.8 13.2 25.4 0.0
CH3 + C f CH3C 83 7.6 33.5 28.4 33.3 34.5 30.8 37.6 9.7
CH2 + CH f CH2CH 157 0.0 45.6 35.3 45.2 47.5 40.0 53.8 0.0
CH2 + C f CH2C 165 0.0 51.4 40.6 51.0 53.3 45.5 60.0 0.0
CH + CH f CHCH 230 0.0 31.9 20.6 31.5 33.9 25.8 40.8 0.0
CH + C f CHC 178 0.0 84.2 67.0 83.5 87.7 74.0 99.0 20.4
C + C f CC 145 83.1 181.3 163.2 180.6 184.6 171.5 195.4 91.6

a All species are adsorbed on the surface.b Dissociation enthalpy.
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both cases, the curves of binding energies vs number of
hydrogen atoms in CHx can be approximated by the third- or
fourth-order polynomials with alternating positive and negative
coefficients. However, the signs of coefficients alternate “in
different phases”. Whenever a coefficient is positive for DFT,
it is negative for UBI-QEP and vice versa. The DFT binding
energies increase roughly in proportion to the number of bonds
formed between an adsorbate and the surface. That is why
binding energies for C and CH in cap sites are close (compare
a binding energy of 152 kcal/mol for carbon on Pt(111) and a
binding energy of 166.6 kcal/mol for CH).92 The UBI-QEP
binding energies increase roughly in proportion to the number
of bonds that might be formed if the contact atom(s) of an
adsorbate employs all its coordination vacancies (if we take 152
kcal/mol for C, then we obtain 99.2 kcal/mol for CH). Therefore,
the best agreement between DFT and UBI-QEP is reached
when the contact atoms use all of their valencies. A priori it is
difficult to choose between the two schemes because no clear
reference points are available; the scatters of experimental data
are too broad.

3.3. Activation Energies of C-C Bond Scission Steps.
Blowers and Masel examined the accuracy of the bond-order
conservation assumption in the case of some gas-phase hydro-
genolysis and dehydrogenation reactions.95 They concluded that,
although bond-order conservation does not predict the correct
transition-state geometry, the energies of the transition state
predicted with bond-order-conserved pathways are very close
to their ab initio values. Ab initio predictions at the MP2(full)/
6-31G* level and bond-order conservation predictions for barrier
energies differ by only 1-2 kcal/mol. So given the “correct
binding energies”, the activation energies of elementary steps
in multistep reactions are predicted very accurately.

We calculated the activation energies using formulas 9-12.
The resulting data are summarized in Table 5. In fact, within

the UBI-QEP method, a higher carbon binding strength
automatically means a lower activation energy of C-C bond
scission.20

If the activity of metal surfaces toward ethane hydrogenolysis
is estimated by the values of activation energies in C-C bond
scission steps, then the metals can be arranged in the following
activity series:96 Cu(111)< Au(111) < Pd(111)< Ru(0001)
< Pt(111)≈ Ni(111) < Rh(111)< Ir(111) < Fe(110). If the
correction described above were not introduced, the activity
series would be Cu(111)< Au(111)< Ru(0001)< Ni(111) <
Rh(111)< Pt(111)< Pd(111)< Fe(110)≈ Ir(111).

It is likely that the activity of iron is not determined by its
capability to break C-C bonds. In fact, this step is not rate-
determining in ethane hydrogenolysis for this metal.15 In the
case of a real supported iron catalyst, a carbonaceous layer is
probably formed, which leads to site blocking and a decrease
in activity toward hydrogenolysis. This may explain why iron
is inactive.1 The fact that Ir is the most active in the series agrees
with the experimental data.19 This is not the case if we employ
DFT binding energies.75 The low activities of the group IB
metals are also in agreement with observations.1,2

However, there are also disagreements with observations.
Thus, our data suggest that Ni is not less active than Ru, and
this conflicts with experiment. Probably, the relative chemi-
sorption strengths suggested by the CO chemisorption data on
Ni and Ru used in this work are in error. The relative positions
of Ru and Ni in the periodic table are also suggestive of the
higher chemisorption strength of Ru. A relatively high activity
of Pt predicted by both UBI-QEP and DFT contradicts
experiment.

Both chemisorption heats of species adsorbed via carbon
atoms and the activation energies of reactions between these
species largely depend on the binding energies of carbon on
metal surfaces, which are needed for UBI-QEP calculations.
Figure 4 illustrates this dependence. The activation energy of

Figure 4. Activation energies of C-C bond scission steps vs binding energy of the carbon atom. The legend to this figure shows the immediate
precursors of C-C bond scission.
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C-C bond scission in intermediates bound to the surface via
two or more metal atoms is more sensitive to the carbon binding
energies than that of intermediates bound to the surface via one
atom. This means that, if one proves that C-C scission in
ethylidine, ethylidene, and ethyl is an important step for ethane
hydrogenolysis on one of the metals, than for any other similar
metal, this step should be taken into account as well. Conversely,
the necessity of taking into account C-C bond scission in C2H2-
(ads) or C2H4(ads) for one metal does not imply that this step
will occur on other metals.

For groups VIII and IB metals, the heat of carbon adsorption
is within the limits of 120-200 kcal/mol. Steps with activation
energies higher than 50-60 kcal/mol virtually do not occur.
Therefore, we can restrict ourselves to considering the steps
and metals within these limits (Figure 4). As can be seen the
scission of C-C bonds in hydrogen-free C2 species occurs
without an activation energy. In most cases, C-C bond scission
probably occurs before the complete dehydrogenation of ethane
because this step is thought of as being rate-determining in most
cases.

After C2, the most active species in C-C bond scission are
ethylidyne and CHC. The following species have moderate
activation energies in C-C bond scission: CH3CH3, CH2CH,
CH2C, CH3CH, and CH3CH2. Adsorbed acetylene and ethylene
have the highest activation energies. It is somewhat odd that
the C-C bond cleaves easier in ethane than in acetylene and
ethylene. Probably, the UBI-QEP model underestimates the
activation energies when the reaction is sterically hindered. The
activation energy of acetylene may be somewhat overestimated
because the model considers the MsCdCsM type of adsorp-
tion, whereas quad-σ-bonded andπ/di-σ-bonded acetylene may
also be formed; for them, the activation energies of C-C bond
scission should be lower because these two types of acetylene
adsorption correspond to higher binding energies. C-C bond
scission in ethylene is more probable in the case of metals
capable of stronger chemisorption.

In all cases, a C-C bond cleaves more readily if a metal
forms stronger chemical bonds with carbon atoms. The stability
of species on these metals is also higher on such surfaces.
However, hydrogenolysis is known to be sensitive to carbon-
aceous deposits on the catalyst surface, and such deposits are
readily formed on strongly chemisorbing surfaces. Therefore,
there should be an optimal metal-carbon bond strength: high
enough to favor C-C bond scission and low enough to prevent
blocking of the surface by deposits. If this optimum does not
match any known metal, the best catalyst could be found by
designing an alloyed or doped metal surface.

As can be seen from Figure 4, asymmetric species on the
surface break C-C bonds more readily: CH2C is more active
than C2H2, and CH3C is more active than CH2CH. The degree
of dehydrogenation has a nontrivial effect on the activation
energy. In some cases, the smaller the number of hydrogen
atoms, the lower the activation energy, as in the case of CH3C,
CH3CH, and CH3CH2. In other cases, the relative activities
depend on metal-carbon bond strengths.

In the range of carbon binding energies between 140 and 180
kcal/mol, UBI-QEP predicts the following activity series for
the possible intermediates in ethane hydrogenolysis: CC>
CHC, CH3C > CH2CH > CH2C > CH3CH > CH3CH2 >
CHCH > CH2CH2.

4. Conclusions

The binding energies of CHx and C2Hx species on the Ni-
(111), Pd(111), Pt(111), Rh(111), Ru(001), Ir(111), Fe(110),

Cu(111), and Au(111) surfaces and the activation energies of
C-C bond scission can be estimated from the binding energy
of atomic carbon on these surfaces. The strength of carbon
binding is estimated from the experimental adsorption energies
of various species. We find that metal surfaces can be arranged
in order of increasing binding strength: Cu(111)< Au(111)<
Pd(111)< Ru(001)< Pt(111)≈ Ni(111) < Rh(111)< Ir(111)
< Fe(110). The activity of these surfaces toward C-C bond
scission increases in the same series. UBI-QEP alone does not
allow us to draw definitive conclusions on the mechanism of
ethane hydrogenolysis, althought CC, CHC, and CH3C can be
thought of as the most active species in C-C bond scission.
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