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Using  a periodic  slab-model  density-functional  approach  we  compared  the  decomposition  of  ethylene  on
the  M(1  1 1)  surfaces  of the  transition  metals  M =  Pd,  Pt,  Rh, and  Ni.  The  set  of  model  reactions  included
four  dehydrogenation  steps  and one  final  C–C  bond  breaking:  C2H4 (ethylene)  →  C2H3 (vinyl) →  C2H2

(acetylene)  →  C2H  (ethynyl)  →  C2 (carbon  dimer)  →  C +  C. The  dehydrogenation  steps  of  ethylene  and
vinyl  are  more  facile  than  those  of  acetylene  and  ethynyl.  Dehydrogenation  reactions  occur  easier,  both
kinetically  and  thermodynamically,  on  Ni(1  1 1) and  Rh(1  1 1) than on Pd(1  1 1)  and  Pt(1  1 1).  C2 decom-
thylene
inyl
cetylene
thynyl
2 species
ehydrogenation reactions

position  is an exothermic  process  on  Pd(1  1 1),  Pt(1  1 1),  and  Rh(1  1  1),  whereas  the  formation  of C2, a
precursor  of  graphene  and  coke,  is kinetically  and  thermodynamically  most  plausible  on  Ni(1  1 1).  The
calculated  results  reveal  trends  of  the  binding  energies  (BE)  of the  species  on  the  four  metals  in the  order
BE(C2H4)  <  BE(C2H2) < BE(C2H3)  < BE(C2H)  <  BE(C2)  <  BE(C).  The  binding  energies  of  ethylene  and  vinyl  are
largest  on  Pt(1  1 1)  while  other  species  with  a lower  hydrogen  content  exhibit  the  largest  BE  values  on
the  surfaces  Rh(1  1 1) and  Ni(1  1 1).  We  also  explored  the  effect  of coverage  on  the  binding  energies.
. Introduction

Unsaturated hydrocarbons are important compounds for the
hemical and petrochemical industry due to their high reactivity
nd the possibility of producing a large variety of valuable products.
sually transition metals are used to catalyze the transformations
f unsaturated hydrocarbons; therefore the interaction of these
olecular species with the solid surfaces has been a subject of

reat interest in catalysis. Ethylene, being the simplest unsatu-
ated hydrocarbon, has been studied extensively as these results
hed light on pertinent processes including those of more complex
nsaturated compounds [1].

On transition metal surfaces, ethylene exhibits two  adsorp-
ion modes. �-bonded ethylene is more easily hydrogenated
2] whereas ethylene in the more stable, di-�-bonded mode is
roposed to take part in dehydrogenation reactions [3–7]. The reac-
ions of ethylene on group VIII metals give rise to a very complex

eaction network, including four types of reactions: dehydrogena-
ion, hydrogenation, 1,2-hydrogen shift, and C–C bond scission [8].
xperimentally it is difficult to determine reaction energies and
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barriers of the individual reaction steps; therefore theoretical stud-
ies are often used to clarify the detailed mechanism of ethylene
transformations on the various transition metal surfaces, e.g., on
Pd(1 1 1) [3,5,6,8–12],  Pt(1 1 1) [7,13,14], Rh(1 1 1) [4],  and Ni(1 1 1)
[15]. In a previous study, we  located all intermediates and transition
states that may  occur during ethylene decomposition on Pd(1 1 1)
[8]. We  found most species to undergo C–H bond scission rather
than C–C bond breaking due to higher barriers for the latter reac-
tion steps. For ethynyl HCC and bare C2, we calculated the lowest
barriers and the lowest reaction energies of C–C bond breaking.
Thus these C2 species with a minor hydrogen content likely are
the precursors of C1 species noted to modify catalyst particles in
transformations of unsaturated hydrocarbons.

Experimentally it is found that at room temperature ethylene
converts to ethylidyne on various transition metals [16–19].  In
our previous studies we considered several pathways of ethy-
lene conversion to ethylidyne on Pd(1 1 1) [6,9] and Pt(1 1 1) [7].
The hydrogenation/dehydrogenation steps on Pt(1 1 1) have bar-
rier heights in the range 19–95 kJ mol−1, while the corresponding
energies are slightly larger on Pd(1 1 1), 25–120 kJ mol−1. The rate-
limiting activation barriers are lower on Pt(1 1 1), in line with the

experimentally observed faster reaction on Pt(1 1 1) [20]. Andersin
et al. examined computationally the transformation of ethylene to
ethylidyne, as well as the decomposition of ethylene [11] on flat
Pd(1 1 1) and stepped Pd(2 1 1) surfaces [5].  In general, their results

dx.doi.org/10.1016/j.molcata.2011.04.019
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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howed that the barriers of hydrogenation/dehydrogenation steps
re similar for both types of surfaces. Li et al. modeled ethylene
onversion to ethylidyne on Rh(1 1 1) [4] and determined that it
ncludes the same most plausible pathway as on Pd(1 1 1), but with

 different rate limiting step.
Even at Pt(1 1 1) and Pd(1 1 1), which are well-known for the

lose similarity of their reactive properties, some differences can
e found in the reaction steps under study [7].  Thus, ethylene and
ther C2Hx species may  behave differently on various transition
etals. Hence a comprehensive study of those species including
ore catalytic metals is of interest for comparing such key reac-

ions as dehydrogenation and hydrogenation, as well as C–C bond
cission. Modeling various C2Hx species and H on several mono-
nd bi-metallic transition metal substrates, Goda et al. [21] found
eparate linear correlations for 3d, 4d and 5d-metals between
inding energies of C2Hx and d-band center of the substrate.
hey also reported reaction barriers for ethyl and vinyl dehydro-
enation; however these quantities were derived only from the
inding energies of the C2Hx species invoking the concept of bond
rder conservation. Medlin and Allendorf modeled acetylene and

 adsorption on the surfaces studied in this work, the (1 1 1) sur-
aces of Pd, Pt, Rh, and Ni [22], but they did not report calculated
eaction barriers. On Pd, Pt, and Rh they calculated acetylene to
dsorb above three-fold hollow sites, but on Ni(1 1 1) the adsorp-
ion complex of acetylene above two neighboring hollow sites was
alculated energetically most stable.

The present study aimed at modeling in a systematic fashion the
ehavior of C2Hx species (ethylene, vinyl, acetylene, ethynyl, car-
on dimer) on the four M(1  1 1) surfaces, M = Pd, Pt, Rh, and Ni. The
omplete reaction network of ethylene decomposition comprises a
ather large number of reaction steps [8];  hence, we  restricted this
omparative study to a model decomposition of ethylene, namely
our consecutive dehydrogenation steps, followed by C–C bond
cission: CH2CH2 → CH2CH → CHCH → CCH → C2 → C + C. The last
eaction step is important to exploring on which metals C2 forma-
ion is favorable, as such small carbon species can be considered
s precursors of the formation of graphene [23]. Previous studies
4–7,14] showed H-shift reactions to feature significantly higher
arriers than the other types of reactions; therefore we  did not

nclude such shift reactions in the present work. However, we  did
xplore coverage effects on the binding energies.

. Models and computational details

The calculations were carried out with the plane-wave based
ienna ab initio simulation package (VASP) using a method based
n density functional theory (DFT) [24,25]. The interaction between
ons and electrons was described by the projector augmented

ave (PAW) method [26,27]. The exchange-correlation functional
as employed in the gradient-corrected form (generalized gra-
ient approximation – GGA) suggested by Perdew and Wang
PW91) [28]. The Brillouin zone was sampled by a Monkhorst–Pack

esh [29] of 5 × 5 × 1 k points, in combination with first-order
ethfessel–Paxton smearing (width of 0.15 eV) [30] to accelerate

he convergence; results were extrapolated to no smearing. The
nergy cut-off was chosen at 400 eV. Spin-polarized calculations
ere carried out for models of Ni(1 1 1) and hydrocarbon radicals

n the gas phase.
The ideal M(1  1 1) surfaces of M = Pd, Pt, Rh, and Ni were mod-

led as four-layer slabs, repeated in a supercell geometry with a
acuum spacing of at least 1 nm between them. The adsorbates

ere bound to one side of the slab models, and were allowed to

elax during geometry optimizations together with the two adja-
ent (“upper”) layers of the substrate. The two “bottom” layers
f the slabs were kept fixed at the theoretical bulk-terminated
lysis A: Chemical 344 (2011) 37– 46

geometries: Pd: 280 pm,  Pt: 282 pm,  Rh: 272 pm,  and Ni: 248 pm.
In the geometry optimizations, all atomic coordinates were relaxed
until the force acting on each atom dropped below 2 × 10−4 eV/pm.
Coverage effects were explored using three types of unit cells,
(
√

3 ×
√

3)R30◦, (2 × 2), and (3 × 3), corresponding to surface cov-
erages 1/3, 1/4, and 1/9, respectively. The transition states were
located only at the lowest coverage, 1/9. We  estimate the uncer-
tainty of the resulting BE values to about 15 kJ mol−1, in view of
the largest difference between the slab model results with four and
five layers for the di-� complex of ethylene on Pt(1 1 1); regarding
the k-point grid and the vacuum spacing, the uncertainty is about
5 kJ mol−1.

The reported binding energies (BE) of the adsorbates were calcu-
lated as BE = Ead + Esub − Ead/sub, where Ead is the total energy of the
adsorbate in the gas phase (ground state), Esub is the total energy of
the clean substrate, and Ead/sub is the total energy of the substrate,
together with the adsorbate in the optimized geometry. With the
above definition, positive values of BE imply a favorable interaction,
i.e., a release of energy during a reaction.

Transition states (TSs) were determined by applying the dimer
method [31] or the nudged elastic band (NEB) method [32,33].
In the latter case we used eight images of the system to form a
discrete approximation of the path between fixed end points. In
all cases, the pathways identified represent routes connecting the
most stable initial and final states. The TS structures obtained in this
way were refined until the forces on atomic centers were at most
2 × 10–4 eV/pm. For each transition state structure we checked with
a normal mode analysis for only a single imaginary frequency which
corresponds to the breaking and formation of the bond of interest.
Zero point energy (ZPE) corrections were not applied as our calcula-
tions on Pd(1 1 1) had shown that this will reduce barriers only by
relatively small amounts, ∼10–15 kJ mol−1 for C–H breaking and
5–8 kJ mol−1 for C–C scission [8].  Li et al. found that the barriers
of C–H breaking on Rh(1 1 1) were reduced by at most 18 kJ mol−1

[4].  Nave et al. reported ZPE corrections by 10–14 kJ mol–1 for C–H
scission of methanol on Ni(1 1 1) and Pt(1 1 1) [34].

3. Results: reaction energetics

To be concise, we focus here on the energetics of the four dehy-
drogenation and one C–C bond breaking reactions involved in our
model ethylene decomposition over four transition metal (1 1 1)
surfaces; see Tables 1 and 2, as well as Fig. 1 and Figs. S1–S5 of Sup-
plementary Data (SD). Descriptions of the studied adsorption
complexes of C and C2Hx species (x = 0–4) on M(1  1 1) at three dif-
ferent coverages, 1/3, 1/4, and 1/9, are provided as SD.

Table 2 presents information on the transition state structures
located as well as the reaction energies and the corresponding reac-
tion barriers at the lowest coverage studied (1/9). Fig. 1 shows the
structures of the initial states, the transition states, and the final
states of all reaction steps considered for the example of Pd(1 1 1).
On all surfaces we  considered the same type of adsorption sites,
separately for the initial and the final state structures; hence, H was
coadsorbed at the same type of sites in the final states. Fig. S1 of SD
illustrates all coordination modes of the various adsorbates exam-
ined while Figs. S2–S5 of SD compare the same information as Fig. 1
for all surfaces M(1  1 1) studied, M = Pd, Pt, Rh, and Ni together with
the lengths of pertinent bonds.

3.1. Ethylene dehydrogenation, TS1
The C–H bond at the transition state of ethylene dehydrogena-
tion is notably elongated on all metal surfaces studied: from 110 pm
(Table 1) in di-�-bonded ethylene to a distance between 155 pm
and 174 pm (Table 2). The dissociating H in the transition state is
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Table  1
Optimized geometriesa (pm) and energy characteristics (kJ mol–1) of CnHx (n = 1–2, x = 0–4) at 1/9 coverage on M(1  1 1), M = Pd, Pt, Rh, and Ni.

C–C C–H M–Cb BEc Eint
d �E(M)e �E(C2Hx)f

C2H4 Pd 145 110 212; 212 94 190 8 87
Pt 149 110 212; 212 109 256 15 132
Rh 147 110 214; 214 86 212 14 112
Ni  145 110 201; 201 63 166 15 88

C2H3 Pd 145 110 203, 203; 208 281 456 7 168
Pt  147 110 207, 207; 209 309 517 16 192
Rh  146 110 206, 206; 210 293 488 15 181
Ni  145 110 189, 200, 201; 206 280 365 11 74

C2H2 Pd 137 109 200,218; 200,218 202 430 8 220
Pt  139 109 201, 221; 201, 221 220 496 22 254
Rh 139 110 202, 217; 202, 217 240 503 16 247
Ni  140 110 195, 201, 201; 195, 201, 201 251 543 13 280

C2H Pd 137 109 197, 201, 201; 212, 229, 229 474 556 32 50
Pt  141 109 198, 202, 212; 211, 211, 269 454 603 76 73
Rh 139 109 196, 205, 205; 221, 221, 223 522 612 26 64
Ni 137 109 181, 191, 191; 200, 208, 208 527 598 20 51

C2 Pd 135 199, 211, 211; 198, 213, 213 635 741 39 67
Pt 136 198, 213, 213; 198, 214, 214 619 774 83 71
Rh  138 200, 210, 210; 200, 213, 213 698 811 37 76
Ni 134 185, 198, 198; 184, 199, 199 708 801 30 63

C(fcc)  Pd 188, 188, 188 684 704 20
Pt  191, 191, 191 695 732 37
Rh  190, 190, 190 690 718 28
Ni  176, 176, 176 668 683 15

C(hcp) Pd 188, 188, 188 684 696 12
Pt  192, 192, 192 678 700 22
Rh 191, 191, 191 709 727 18
Ni  176, 176, 176 674 688 14

a A − B, distance between atoms A and B.
b The C atom that binds to more surface atoms is listed first.
c Binding energy of CnHx .
d Interaction energy of C2Hx .
e Deformation energy of the metal surface.
f Deformation energy of the adsorbate. For the definition of these energies, see Section 4.1.

Table 2
Optimized geometriesa (pm) and energy characteristics (kJ mol–1) of transition statesb during the model ethylene decomposition on M(1  1 1), M = Pd, Pt, Rh, and Ni, at 1/9
coverage.

Er
b E′

r
b Ea

c C–C C–Hd M–Ce M–Hd

TS1f Pd 25 9 99 145 174 207, 210; 208 159
Pt  25 13 81 148 155 209, 220; 209 162
Rh  −1 1 45 147 164 210, 211; 210 161
Ni  −7 −15 47 142 173 190, 202, 207; 203 149

TS2f Pd −11 −24 76 138 160 201, 215; 205, 231 163
Pt  14 3 85 140 148 200, 221; 212, 221 162
Rh  −37 −38 21 140 152 201,216; 208, 218 162
Ni  −58 −68 50 143 143 193, 218, 220; 190, 192, 245 153

TS3f Pd 31 25 119 137 176 197, 201, 207; 210, 217, 258 159
Pt  83 79 143 141 159 197, 211, 214; 210, 211, 275 166
Rh  27 28 96 139 162 196, 202, 203; 222, 224, 225 165
Ni  29 26 111 136 177 179, 189, 189; 200, 211, 211 149

TS4f Pd 72 61 154 134 181 200, 214, 214; 197, 212, 212 158
Pt  85 73 143 136 159 198, 215, 215; 201, 214, 214 165
Rh  60 58 131 137 164 197, 210, 210; 202, 212, 212 164
Ni 57 46 131 134 176 181, 195, 196; 186, 199, 200 149

TS5g Pd 1 −63 121 194 190, 199, 204; 190, 199, 204
Pt  −46 −101 135 188 192, 197, 237; 193, 204, 205
Rh  −16 −50 113 224 185, 192, 205; 182, 194, 237
Ni  71 29 142 199 177, 183, 185; 177, 183, 185

a A − B, distance between atoms A and B in the transition state.
b Reaction energy Er for the case of co-adsorbed product species, while E′

r values correspond to the product fragments at infinite separation.
c Activation energy.
d Distance characterizing a bond that forms or breaks during the reaction.
e The C atom that binds to more surface atoms is listed first.
f Transition state of a dehydrogenation reaction.
g Transition state of C–C scission.
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Fig. 1. Structures of initial, transition, and final states at 1/9 coverage of the model decomposition of ethylene which includes five reaction steps: C2H4 → TS1 → C2H3 + H,
C2H3 → TS2 → C2H2 + H, C2H2 → TS3 → C2H + H, C2H → TS4 → C2 + H, and C2 → TS5 → C + C on Pd(1 1 1). The corresponding structures of all metals studied are available as
Supplementary Data.
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ound on top of a nearby metal atom, M–H  = 149–162 pm.  On the
1 1 1) surfaces of Pd, Pt and Rh the C atom, from which the H atom
as been subtracted, moves to a bridge position and forms a sec-
nd M–C  bond. On Ni(1 1 1), however, it moves to the threefold
ite, forming two additional Ni–C bonds (Fig. S5 of SD). On all four
ransition metal surfaces, the transition state has a “late” character
s the structure is similar to the product complex where vinyl is
o-adsorbed with H.

The dehydrogenation of ethylene to vinyl is slightly exother-
ic  on Ni(1 1 1), energetically neutral on Rh(1 1 1), but slightly

ndothermic on Pd(1 1 1) and Pt(1 1 1) (Table 2). The activation
arriers on Rh and Ni surfaces are very similar, 45 kJ mol−1 and
7 kJ mol−1, respectively; these values are significantly smaller, at

east by 34 kJ mol−1, than the barriers on Pt, 81 kJ mol−1, and Pd,
9 kJ mol−1.

This reaction step was addressed also in a variety of other
omputational studies, on Pd(1 1 1) [3,5,6,8,9,11], Pt(1 1 1) [7,14],
h(1 1 1) [4],  and Ni(1 1 1) [15]. The present results for Pd(1 1 1)
nd Pt(1 1 1) are similar to our previous results [6–9] when we
sed five-layer slab models of the metals. The corresponding energy
ifferences are small, 1 kJ mol−1 for Pd(1 1 1) and 6 kJ mol−1 for
t(1 1 1). Elsewhere we already discussed in detail [6] differences
o the previous results of Pallassana et al. [3].  On the other hand,
i et al. [4] determined the reaction energy of this reaction step
n Rh(1 1 1), 2 kJ mol−1, and the corresponding barrier, 50 kJ mol−1,
n very good agreement with our present results, 1 kJ mol−1 and
5 kJ mol−1, respectively. Our results for Pt(1 1 1) also agree well
ith those of Chen and Vlachos [14] who found that this reaction

tep is slightly endothermic, 2 kJ mol−1 with a barrier of 81 kJ mol−1.
ang et al. [15] calculated ethylene dehydrogenation on Ni(1 1 1)

o be endothermic by 20 kJ mol−1, with a barrier of ∼60 kJ mol−1.
he notable differences to our results for Ni(1 1 1) likely are due to
he simplified model used in those previous calculations [35].

.2. Vinyl dehydrogenation, TS2

During vinyl dehydrogenation to acetylene, one of the C–H
onds of the CH2 group elongates from 110 pm in the initial state
Table 1) by similar amounts as in the case of ethylene (see above),
o 143–160 pm in the TS2 structures. The dissociating H atom starts
o interact with the surface metal atom to which the CH2 group of
inyl was bound (Fig. 1 and Figs. S2–S5 of SD for details). In TS2,
he M-H  distances, 153–163 pm,  are similar to the corresponding
istances of TS1 (Table 2). On the (1 1 1) surfaces of Pd, Pt, and Rh,
he C atom of the original CH2 group moves to a bridge site where it
nteracts with a second metal atom, the one already bonded to the
H group of the vinyl species. Hence in the final state, acetylene

s adsorbed above a hollow site in a �2�2 fashion (Fig. S1 of SD).
nly on Ni(1 1 1), the C atoms move to neighboring hollow posi-

ions and acetylene forms an adsorption complex of �3�3 type
Figs. S1 and S5 of SD).

On all surfaces studied, the dehydrogenation of vinyl to
cetylene was determined energetically more favorable than the
orresponding dehydrogenation of ethylene. This step is still
ndothermic on Pt(1 1 1), by 14 kJ mol–1, but exothermic on Pd, Rh,
nd Ni (1 1 1) (Table 2). The highest barrier, 85 kJ mol–1, of vinyl
ehydrogenation was obtained for Pt(1 1 1) while on Rh(1 1 1) the
arrier is significantly lower, only 21 kJ mol−1 (Table 2). On Pd(1 1 1)
he barrier, 76 kJ mol−1, is quite close to that on Pt(1 1 1). The bar-
ier calculated for Ni(1 1 1), 50 kJ mol−1, agrees well with the value
f a previous theoretical study [15]. On Pt(1 1 1), Chen and Vlachos
14] calculated a barrier, 99 kJ mol−1, that is notably higher than

ur value, 85 kJ mol−1. The reaction energy also differs somewhat;
t is endothermic by 2 kJ mol−1, compared to our result, endother-

ic  by 14 kJ mol−1. This discrepancy likely is caused by different
hoices of unit cells, (2 × 2) in Ref. [14] and (3 × 3) in the present
lysis A: Chemical 344 (2011) 37– 46 41

work, as suggested by the remark [14] that barriers are lowered by
∼10 kJ mol−1 when one switches from a (2 × 2) to a (3 × 3) surface
unit cell.

3.3. Acetylene dehydrogenation, TS3

The structures of TS3, during the dehydrogenation of acetylene
to ethynyl, were calculated similar on all four metals. In the struc-
tures on the (1 1 1) surfaces of Pd, Pt, and Rh, the CCH moiety of the
TS3 is oriented in the same fashion as ethynyl in the structure of
the corresponding final state; hence these transition states have a
“late” character. The CH moiety and the second C center move to
two neighboring threefold sites; the C atom from which H is sub-
tracted forms an additional bond with a surface atom. Initial and
final state complexes are similarly adsorbed on Ni(1 1 1), in �3�3

fashion, the only notable difference being the leaving H atom. In
the TS3 structures, similar to the previous dehydrogenation steps,
the M–H  distances are 149–166 pm and the C–H distances are elon-
gated to 159–177 pm (Table 2); on all surfaces, the H atom moves
to a top site in the transition state.

Experiments showed that acetylene, adsorbed on (1 1 1) sur-
faces of late transition metals, converts to vinylidene, ethynyl,
methylidyne, ethylidyne, and surface carbon at low temperatures
[36–39].  Acetylene was  reported to dehydrogenate to ethynyl on
Rh(1 1 1), Pd(1 1 1), and Ni(1 1 1) [36], but to convert preferentially
to vinylidene on Pt(1 1 1) [36,38]. In agreement with these exper-
imental findings, we calculated the dehydrogenation of acetylene
to ethynyl on Pt(1 1 1) to be strongly endothermic, by 83 kJ mol−1,
with a reaction barrier of 143 kJ mol−1 (Table 2). In contrast, on
the (1 1 1) surfaces of Pd, Rh, and Ni, the reaction energies are
notably less endothermic, 31 kJ mol–1, 27 kJ mol–1, and 29 kJ mol–1,
respectively, while the corresponding activation barriers were
determined significantly lower than for Pt(1 1 1), at 119 kJ mol−1,
96 kJ mol−1, and 111 kJ mol−1 (Table 2). Another experiment [40]
found that acetylene converts to vinylidene on Pd(1 1 1); however,
our recent theoretical study [8] showed that a such process likely
proceeds in two  steps: acetylene first is dehydrogenated to ethynyl
which, in turn, is then hydrogenated to vinylidene.

3.4. Ethynyl dehydrogenation, TS4

Also the dehydrogenation of ethynyl to a carbon dimer
starts with the C–H bond elongating, from 109 pm (Table 1) to
159–181 pm in TS4, as the H center moves over a top position and,
at M–H  distances of 149–165 pm,  starts to interact with a metal
center (Table 2).

On all metal surfaces examined, the last dehydrogenation step
to the carbon dimer is the most endothermic one among the four
consecutive C–H bond breaking steps of ethylene. For Pt(1 1 1), the
reaction energy is close to the value of acetylene dehydrogenation,
but on the (1 1 1) surfaces of Pd, Rh, and Ni, this energy is more
than 28 kJ mol−1 higher (Table 2). The highest activation barrier,
154 kJ mol−1, was calculated for Pd(1 1 1); this also is the highest
barrier in the whole chain of reactions. On Pt(1 1 1), the barrier
is only 11 kJ mol−1 lower, 143 kJ mol−1, and on both Rh(1 1 1) and
Ni(1 1 1), it is 131 kJ mol−1 (Table 2).

3.5. Carbon dimer dissociation, TS5

The last step of our model ethylene decomposition is the disso-
ciation of the carbon dimer species, followed by the migration of
one of the C atoms to a neighboring fcc-threefold site. On Pt(1 1 1),

Ni(1 1 1), and Pd(1 1 1), both carbon atoms move close to bridge
positions. As the metal surface is distorted, each C atom continues
to interact with three metal atoms, with the exception of Pt(1 1 1)
where one of the carbon atoms interacts with two metal atoms



42 D. Basaran et al. / Journal of Molecular Catalysis A: Chemical 344 (2011) 37– 46

Fig. 2. Various characteristic energies (kJ mol−1) of the adsorbates on four metal surfaces: (a) binding energies: BE, (b) metal–adsorbate interaction: E , (c) total deformation
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nergies  of the surface and the hydrocarbon species due to adsorption: �E(M)  + �E(C
nergies  of the surfaces: �E(M).

nly. On Pt(1 1 1), Ni(1 1 1), and Pd(1 1 1), the C–C distance elon-
ates from 134–136 pm (Table 1) in the initial state to 188–199 pm
n TS5 (Table 2). In contrast, on Rh(1 1 1), one of the C atoms remains
t the initial hollow position, while the other one moves to a bridge
ite in the transition state, with C–C = 224 pm;  in the final state, this

 center arrives at another fcc-hollow site.
C–C bond breaking is exothermic on Pt(1 1 1), −46 kJ mol−1,

nd Rh(1 1 1), −16 kJ mol−1, energetically neutral on Pd(1 1 1), and
trongly endothermic on Ni(1 1 1), 71 kJ mol−1 (Table 2). The bar-
iers of C–C bond breaking are above 110 kJ mol−1 on all metal

urfaces studied. Although C–C scission is exothermic on Pt(1 1 1),
he corresponding activation barrier, 135 kJ mol−1, is among the
ighest in the model reaction scheme of this metal. Andersin et al.
11] calculated the barrier of this step on Pd(1 1 1) for 1/6 coverage
int

(d) deformation energies of the hydrocarbon species: �E(C2Hx), and (e) deformation

at 138 kJ mol−1, i.e., by ∼20 kJ mol−1 higher than our results, 121
kJ mol−1 for 1/9 coverage; in turn, the endothermicity obtained in
that study was 28 kJ mol−1, in contrast to our result, 1 kJ mol−1.

4. Discussion

4.1. Binding energies

Fig. 2a compares the binding energy of the species C2Hx (x = 0–4)

as calculated for the four metal surfaces M(1  1 1) at 1/9 coverage.
The BE values of ethylene decrease in the order Pt > Pd > Rh > Ni
(Fig. 2a and Table 1). The binding energy of C2H3 is again largest
on Pt(1 1 1) and smallest on Ni(1 1 1), whereas the trend is opposite
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Fig. 3. Exponential correlation of deformation energies �E (kJ mol–1) of the
surfaces as function of the average displacements, d (pm), of the metal
atoms in the top layer: Pd: (2.35 ± 0.30) × exp[(0.21 ± 0.01)d], r = 1.00; Pt:
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or the species with less hydrogen content (acetylene, ethynyl, C2):
i > Rh > Pd > Pt. On each metal, the binding energies of the various

pecies follow the same trend: C2H4 < C2H2 < C2H3 < C2H < C2 < C;
or C, see Table 1. Except for C2H2 and C2H3, this trend is con-
istent with the concept of bond order conservation: the fewer H
igands at the carbon centers, the stronger the interaction with the
ubstrate.

To analyze the binding energies in more detail, we
ecomposed these quantities into various contributions accord-

ng to BE = Eint − �E(M)  − �E(C2Hx). Here Eint is the (full)
etal–adsorbate interaction; �E(M)  and �E(C2Hx) are the

eformation energies of the metal surface and the adsorbate,
espectively, i.e., those energy changes that are required to bring

 system from its equilibrium structure to the structure displayed
n the adsorption complex. The resulting Eint values (Fig. 2b
nd Table 1) resemble those of the corresponding BE values. In
eneral the trends of the binding energies can be rationalized
sing the (full) metal–adsorbate interaction. Inspection of the
inding energy or the full interaction energy and the sum of
eformation energies clearly reveals that the irregular energetic
ehavior of C2H2 (with respect to C2H3) is due to the larger
eformation energy accompanying the adsorption of acetylene
Fig. 2c).

Further analysis shows that the larger sum of deformation
nergies of C2H2 is due to the deformation of the adsorbate, not
f the substrate (Fig. 2d and e). In fact, except for C2H and C2
n Pt where the substrate deforms in a major way, adsorbate
eformation always contributes the most to the total deforma-
ion of the adsorption system. As a trend deformation energies
f the adsorbates increase significantly from 87–132 kJ mol−1 to
20–280 kJ mol−1 in the order ethylene < vinyl < acetylene (Fig. 2d
nd Table 1). Subsequently, for the species with less H content,
hey decrease dramatically, to 50–76 kJ mol−1, for ethynyl and C2
Fig. 2d and Table 1). In contrast, for ethylene, vinyl, and acetylene,
he deformation energies of the metal surfaces are rather small,
ypically below 20 kJ mol−1, on each metal, but they increase up
o 83 kJ mol−1, for the species with low H content, ethynyl and
2 (Fig. 2e and Table 1). This increase is remarkably higher on
t(1 1 1) (and to some extent also on Pd(1 1 1)) than on Rh(1 1 1)
nd Ni(1 1 1). As the deformation energies of the adsorbates in most
ases are significantly larger than those of the metal surfaces, in
eneral the total deformation energies (Fig. 2c) follow the trend of
E(C2Hx) (Fig. 2d).
We also explored how much on average metal atoms in the top

ayer are displaced upon adsorption of the hydrocarbon species.
his average displacement increases as the H content of the adsor-
ate decreases, correlating with an exponentially growing �E(M)
Fig. 3).

.2. Barriers and reaction energies

Table 2 lists the geometric and energetic results for the five reac-
ion steps on the four metal surfaces. Apparently, the five reactions
an be divided into two groups according to the magnitude of the
arrier: dehydrogenation of C2Hx (x = 3, 4) on the one hand, and
ehydrogenation or dissociation of C2Hx (x = 0–2) on the other. Typ-

cally, on all metals the barriers of the dehydrogenation of C2Hx

x = 3, 4) are more than 50 kJ mol−1 lower than the barriers of the
econd group (x = 0–2). The barriers of the second dehydrogenation
tep, vinyl dehydrogenation, tend to be the lowest, 21–85 kJ mol−1,
hile the final dehydrogenation barriers, those of ethynyl, are the
ighest, 131–154 kJ mol−1 (Table 2).
The reaction energies show similar trends. The reaction ener-
ies of dehydrogenation of ethylene (to vinyl) and of vinyl (to
cetylene) are 30 kJ mol−1 more exothermic than the reaction ener-
ies of the subsequent two dehydrogenation steps, of acetylene
(4.93 ± 2.52) × exp[(0.17 ± 0.03)d], r = 0.98; Rh: (4.35 ± 0.93) × exp[(0.22 ± 0.02)d],
r  = 0.98; Ni: (2.87 ± 0.77) × exp[(0.25 ± 0.03)d], r = 0.97.

(to ethynyl) and ethynyl (to the carbon dimer). Dehydrogenation
of vinyl is the most exothermic step, −58 kJ mol−1 to 14 kJ mol−1.
The most endothermic dehydrogenation step is that of ethynyl,
57–85 kJ mol−1. C2 species can be regarded as a precursor of form-
ing graphene or coke on the metal surfaces; in this context, the
backward reaction, namely the formation of C2 from two carbon
atoms, is of interest. The barriers are high on Pd (120 kJ mol−1), Rh
(129 kJ mol−1), and Pt (181 kJ mol−1) while the barrier on Ni(1 1 1)
is significantly lower, 71 kJ mol−1, and the reaction is exothermic,
by −71 kJ mol−1, thus facilitating C–C bond formation. The easy for-
mation of coke on Ni surfaces, implied by these results, agrees with
experimental [41,42] and previous theoretical findings [42,43].

Our calculated energetics also suggested that the four metal sur-
faces can be divided into two groups. On Rh(1 1 1) and Ni(1 1 1),
dehydrogenation reaction steps have lower barriers and are more
exothermic than the corresponding processes on Pt(1 1 1) and
Pd(1 1 1) (Table 2). The most active metal of the set treated is Rh
on which dehydrogenation barriers are even lower than on Ni
(by up to 29 kJ mol−1) although on the latter surface the reaction
energies are usually more exothermic (by up to 21 kJ mol−1). The
endothermicity of C2 dissociation on these two  metals is exactly
opposite: this reaction is calculated to be notably exothermic on
Rh(1 1 1), −16 kJ mol−1, whereas it is endothermic on Ni(1 1 1),
by 71 kJ mol−1. The Pt(1 1 1) surface is the only one among those
studied where an energy release (of 46 kJ mol−1) is calculated
for C2 dissociation, whereas the four dehydrogenation steps are
endothermic.

To rationalize the energetic trends of the various dehydro-
genation reactions on the four metal surfaces, we analyze the
surface reactions by a thermodynamic circle, the other steps of
which are: (i) desorption of the reactant from the surface, (ii)
dehydrogenation in the gas phase, and (iii) adsorption of the
products back onto the surface. Hence the reaction energies of
the dehydrogenation steps can be divided into three compo-
nents, assuming infinitely separated product fragments: (i) the
difference between the binding energies of reactant and prod-
uct species, �BE(C2Hx → C2Hx–1) = BE(C2Hx–1) − BE(C2Hx), (ii) the
reaction energy �E(C2Hx → C2Hx–1) of the dehydrogenation in the
gas phase, and (iii) BE(H). The successive dehydrogenation steps
of ethylene in the gas phase are strongly endothermic: 479, 180,
580, and 505 kJ mol−1, respectively (not shown in the tables).
The energy changes of three of these steps are similarly large,
479–580 kJ mol−1, whereas the second step, the dehydrogenation
of vinyl to acetylene, requires much less energy, 180 kJ mol−1.

This notable difference can be rationalized by the fact that in this
reaction step a stable species in gas phase, acetylene, is formed,
whereas in all other cases the product CnHx species are not sta-
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Fig. 4. Linear relationships between (a) reaction energies Er and activation barri-
4 D. Basaran et al. / Journal of Molecula

le in the gas phase. On the surfaces these strongly endothermic
eaction energies are somewhat compensated by the fact that the
inding energies of the products are larger than those of the reac-
ants. The values of �BE(C2Hx → C2Hx–1) of the various reactants
for x = 4–1) range from 187 kJ mol−1 to 217 kJ mol−1 for the reac-
ant ethylene, from −89 to −29 kJ mol–1 for vinyl, from 234 kJ mol−1

o 282 kJ mol−1 for acetylene, from 161 kJ mol−1 to 181 kJ mol−1 for
thynyl. The second step C2H3 → C2H2 again forms an exception
s BE(C2H3) is larger than BE(C2H2), due to the same fact that the
roduct is stable in gas phase.

Next we discuss trends of reaction energies on the various met-
ls. At 1/9 coverage the BE(H) values at the hollow sites of M(1  1 1),

 = Pd, Pt, Rh, and Ni, agree within 16 kJ mol−1: 267, 283, 271,
nd 277 kJ mol−1, respectively (not shown in the tables). This small
ifference renders some of the reaction steps slightly more exother-
ic  on Pd(1 1 1) than on Pt(1 1 1), but it cannot account for the

ifferent behavior on different metal surfaces; see also Section 4.4
egarding the lack of a linear correlation between barriers and val-
es of BE(H). Therefore, the values of �BE(C2Hx → C2Hx–1) have
o be invoked to rationalize the different behavior on the four

etals. For example, �BE(C2H3 → C2H2) is −89 kJ mol−1 on Pt and
79 kJ mol−1 on Pd; these values are lower than those on Rh, −53 kJ
ol–1, and −29 kJ mol−1 on Ni. Correspondingly, the barriers of TS2

C2H3 → C2H2) on Pt and Pd, above 75 kJ mol−1, are notably higher
han those on Rh and Ni, up to 50 kJ mol−1 (Table 2).

To discuss the trend of the corresponding reaction barriers, we
nvoke the frequent finding that lower barriers tend to be associ-
ted with less endothermic or more exothermic reactions (see the
iscussion of the Brønsted–Evans–Polanyi relationship in Section
.4). The lowest barrier, that of TS2 (C2H3 → C2H2), can be rational-

zed by the smallest endothermicity in the gas phase, 180 kJ mol−1.
y the same argument, the lower barrier of TS1 (C2H4 → C2H3) can
e rationalized by the fact that the product C2H3 adsorbs more
trongly than the reactant C2H4 (Fig. 2a). Although the reaction
nergy for C2H2 → C2H is the most endothermic, 580 kJ mol−1, the
arge difference of binding energies in favor of the product renders
he barrier of this step, TS3, comparable to that of TS4.

A similar thermodynamic circle can be considered for the
ecomposition of C2: (i) desorption of the C2 species from the
urface, (ii) decomposition of C2 in the gas phase, and (iii) adsorp-
ion of the C atoms back onto the surface. The corresponding
eaction energy can be partitioned into only two  components,
ssuming infinitely separated product fragments: (i) the differ-
nce between the binding energies of C2 and two carbon atoms,
BE(C2 → C + C ) = 2 × BE(C) − BE(C2), and (ii) the reaction energy
E(C2 → C + C ) of C2 decomposition in the gas phase. The lat-

er contribution, 670 kJ mol−1, is again strongly endothermic; it is
ompensated by the larger binding energies of the products com-
ared that of the reactant. The exothermicity or endothermicity of
he decomposition of C2 at different metals obviously varies with
he value of �BE(C2 → C + C). For instance on Ni(1 1 1), C2 binds
trongest, while the C atoms have the smallest binding energy;
ence the reaction is most endothermic on Ni among all metals
onsidered.

.3. Coverage effect

Next we briefly address how the coverage of the surfaces affects
he energetics. We  do this by comparing energy changes for two
ituations: (a) when the products are in the final state of a reac-
ion, and (b) when the reaction products are assumed to be at
nfinite separation. This effect is particularly significant for the

ecomposition of C2 in view of the strong interaction between
he two C adsorbates in the final state. Hence all reaction ener-
ies become more exothermic, by 34–64 kJ mol−1, when both C
pecies are assumed to be at infinite separation in the final state
ers  Ea (kJ mol–1): Ea = (0.91 ± 0.10) Er + (73.67 ± 4.72); r = 0.92, and (b) “full” energies
(see Section 4.4) of the products EFS and the transition states ETS: ETS = (0.90 ± 0.08)
EFS + (64.33 ± 6.65); r = 0.95.

(Table 2). For comparison, dehydrogenation steps become more
exothermic at most by 16 kJ mol−1 when the products H and C2Hx

(x = 0–3) are taken to be at infinite separation. The coverage effect
on the reaction energies of the various metals decreases in the order
Pd > Pt > Ni > Rh. In most cases the values of the first three metals are
very close while this “coverage” effect is negligible on Rh, especially
for the dehydrogenation steps. Barriers for the dehydrogenation
reactions decrease with decreasing the coverage. In previous stud-
ies of ethylene transformations over Pd(1 1 1) [6,9] and Pt(1 1 1) [7],
comparable results had been obtained; there, barriers were calcu-
lated higher by 3–30 kJ mol−1 when the surface coverage increased
from 1/9 to 1/3.

4.4. Relationship between reaction energies and activation
barriers

The activation energy is a key parameter that controls the rate of
each elementary step and as a result determines the reaction path.
Recently, the Brønsted–Evans–Polanyi relationship (BEP) [44,45]
was shown to apply in heterogeneous catalysis [10,46–49].  The
BEP relationship connects the reaction barriers (hence the reaction
kinetics) to the thermodynamics (the reaction energies) by stipu-
lating a linear relationship between these two types of quantities,
allowing one to estimate barriers from the corresponding reaction
energies, provided the reactions are of similar character.

Fig. 4a shows the relationship between activation energies and
reaction energies for the dehydrogenation steps over the four metal
surfaces; Fig. 4b illustrates the analogous relationship between the
“absolute” energies of a transition state, ETS, and the corresponding
final state, EFS, measured relative to a common reference, the ini-
tial state with ethylene in the gas phase and a clean metal surface.

These two plots demonstrate that linear relationships hold very
well across these four metals. The close relationship between the
energies of the final states and the energies of the transition states
suggests that the latter are of a “late” character [50]; this corrobo-
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ates our earlier conclusion based on the structures of the transition
tates (Section 3). Our result, Ea = (0.91 ± 0.10) Er + (73.67 ± 4.72)
n kJ mol−1 (r = 0.92), agrees very well with an earlier finding [48]
hat incorporates dehydrogenation steps of C–H and O–H bonds,
a = (0.92 ± 0.05) Er + (84.26 ± 4.84) (r = 0.96).

In Fig. 4a and b, the points above the regression line mainly
elong to dehydrogenation reactions on Ni(1 1 1) and Pd(1 1 1),
hile those below the line are from the reactions on Pt(1 1 1) and
h(1 1 1). We  tried to rationalize this observation with the BE(H)
t top positions as H atoms are at such a location in almost all TS
tructures. These BE(H) values are larger on Pt (262 kJ mol−1) and Rh
239 kJ mol−1) than on Pd (230 kJ mol−1) and Ni (221 kJ mol−1). Fur-
her analysis reveals that there are no (linear) correlations between
he barriers on the one hand, and BE(H) or BE(C2Hx) values on the
ther hand. However, there are (approximate) linear correlations
etween barriers and �BE(C2Hx → C2Hx–1) values with correlation
oefficients r from 0.92 to 0.95, except for the step C2H3 → C2H2 + H
or which r = 0.7 only due to the result for Ni(1 1 1). This latter excep-
ion is related to the fact that the values of BE(C2H3) and BE(C2H2)
re very close; for details, see SD.  These findings clearly show that
he relative reaction kinetics of C–H bond breaking on transition

etal surfaces is controlled by the adsorption interactions of car-
on containing species of both reactant and products, while the
onding of H atom with the substrate has much less effect, probably
ue to the relatively small variations in the values of BE(H).

.5. Limitations of the models used

Finally, we  would like to comment briefly on limitations due to
he specific chain of model reactions used in this study. The decom-
osition of ethylene on transition metal surfaces is quite complex
nd may  include significantly more steps [8] than those five consid-
red in the present work. However, as found in our previous studies,
he dehydrogenation of ethylene to vinyl is the crucial, rate-limiting
tep during the conversion ethylene to ethylidyne on Pd(1 1 1) [6,9]
nd it is also an important step in that transformation over Pt(1 1 1)
7]. The hydrogenation of acetylene to ethylene also includes reac-
ion steps studied here: C2H2 → C2H3 → C2H4 [51]. In addition, on
d(1 1 1) and Pt(1 1 1), the precursors of C–C bond breaking were
ound to be species with few or no hydrogen atoms [8]. With the
nclusion of of C–C bond scission in C2 species in our model chain of
eactions, we do not exclude the possibility that this bond is break-
ng earlier, in a hydrogenated species, as found in a Monte Carlo
imulation based on DFT calculations where at high H2 pressure
2H5 was determined to be the most important precursor for the
–C bond cleavage of ethane [52].

Of course, we do not want to imply that the mechanism of ethy-
ene decomposition is determined by exactly those five reaction
teps considered here. However, these five steps are among the
ost important ones in the complex scheme of ethylene trans-

ormations on M(1  1 1). They also comprise various representative
ydrocarbon species of a different H content. Therefore, trends
f C–H and C–C bond breaking identified here should also hold
or other transformations of ethylene, e.g., the steps to ethylidyne
4–7,9,11] or those we found to occur on the way  to C1 species,
H2C → CHC → CH + C over Pd(1 1 1) [8].

Another limitation of the present study is the restriction to ide-
lized M(1  1 1) surfaces. Catalytic reactions are known to occur
referentially at surface defects, e.g., at step-edge sites [47,53].
or instance, steps and other surface defects have been shown to
avor C–C bond breaking on Ni [15]. Also the barrier of the reac-
ion C2H4 → CH2 + CH2 was calculated to be higher on Pd(1 1 1),

.12 eV, than on Pd(2 1 1), 1.69 eV [5,11].  However the barri-
rs of the reaction steps C2H → C + CH and C2 → C + C are quite
imilar on Pd(1 1 1) and Pd(2 1 1); the second barrier is even
ower on Pd(1 1 1). Yet, those studies also calculated barriers of
lysis A: Chemical 344 (2011) 37– 46 45

hydrogenation or dehydrogenation steps to be similar on both sur-
faces.

Finally we would like to point out that coverage effects are ide-
alized when the unit cell is changed, as done in the present model
study. Although coverage effects are partially accounted for, such
models obviously are, from the viewpoint of catalysis, artificial as
they ignore other coexisting species or other possible arrangements
of adsorbates.

5. Conclusions

Using periodic slab model density functional calculations at the
GGA level, we  have carried out a computational study of a model
decomposition of ethylene on M(1  1 1) surfaces of M = Pd, Pt, Rh,
and Ni, with the five steps: C2H4 → C2H3 + H; C2H3 → C2H2 + H;
C2H2 → C2H + H; C2H → C2 + H; C2 → C + C. We  found that the
closed-shell molecules ethylene and acetylene, which are stable
in gas phase, have the lowest binding energies, 33–109 kJ mol−1

(Table S1)  and 179–251 kJ mol−1 (Table S3),  respectively. For the
remaining open-shell species, the adsorption energies increase
with decreasing H content.

On all metals studied, the binding energies increase in the order:
C2H4 < C2H2 < C2H3 < C2H < C2 < C. The binding energies of C2H4 and
C2H3 were calculated to be highest on Pt(1 1 1), whereas C2H2, C2H,
and C2 feature the largest BE values on Rh(1 1 1) and Ni(1 1 1). The
adsorption energies on all metals decrease with increasing cover-
age, due to larger repulsive lateral interactions. There are only few
exceptions (C2H, C2) where binding energies at 1/3 coverage, the
highest value studied, are higher on some metals than the corre-
sponding values at 1/4 coverage; these exceptions are due to the
formation of linear chains, –M–C–C–M–C–C–, at 1/3 coverage; for
details, see SD.

Our results in Table 2 show that dehydrogenation reactions will
occur easier, both kinetically and thermodynamically, on Ni(1 1 1)
and Rh(1 1 1) than on Pd(1 1 1) and Pt(1 1 1). Trends of reaction
energies and barriers on the various metals are controlled mainly
by the difference between the BE values of reactant C2Hx and prod-
uct C2Hx–1 species. As Ni is notably cheaper than the other three
metals considered, it would be attractive if this metal could replace
other metals as a catalyst in various hydrocarbon transformations
including dehydrogenation reactions. However, coke formation
on Ni presents a serious problem that significantly reduces its
potential applicability in catalytic processes. Several recent stud-
ies addressed improving the coke resistance of Ni-based catalysts
[43,54].

On all metals studied, we  determined the first two dehydro-
genation steps, ethylene → vinyl → acetylene, to be kinetically and
thermodynamically more facile than the dehydrogenation of the
species with lower H content (acetylene, ethynyl). C–C bond break-
ing in ethynyl may  be competitive with that of C2, in line with our
recent theoretical study on Pd(1 1 1) [8].
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