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We present kinetic Monte Carlo simulations of ethylene conversion to ethylidyne on Pd(111) and
Pt(111) surfaces, on the basis of reaction enthalpies and barriers obtained from periodic density func-
tional calculations. We considered three possible mechanisms encompassing four different intermedi-
ates, ethyl, vinyl, ethylidene, and vinylidene. Our simulations predict that the most plausible pathway
on both surfaces is ethylene ? vinyl ? vinylidene ? ethylidyne. In contrast to earlier suggestions that
the dehydrogenation to vinyl is rate-limiting on Pt(111), we found the hydrogenation of vinylidene to
ethylidyne to be crucial on this surface. On Pd(111), the initial dehydrogenation of ethylene is rate-lim-
iting. Hence, vinylidene species accumulate on Pt(111), while all intermediates on Pd(111) convert rap-
idly to ethylidyne without accumulation. The simulated apparent activation energies for the formation of
ethylidyne on Pd(111), 94 kJ mol�1, and on Pt(111), 65 kJ mol�1, agree well with experimental results.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

One of the main goals of theoretical chemistry is to understand
the complex mechanisms of chemical reactions. Olefins constitute
a very important class of organic compounds with wide application
in petrochemistry, organic, and polymer chemistry. As the simplest
alkene, ethylene provides a prototype system for understanding
various transformations of alkenes on metal surfaces. Transition
metals are frequently used to catalyze alkene transformations;
therefore, a deeper understanding of the interaction between eth-
ylene and transition metals is of great interest to catalysis.

Two types of adsorption modes are known for ethylene
adsorbed on transition metal surfaces [1–10], the p-adsorbed
mode, which is stable at very low temperatures, e.g., below 52 K
on Pt(111), and the di-r adsorbed mode which dominates on the
surface up to �250 K. When ethylene is further heated on Pd(111)
[9–14] and Pt(111) [1,6,7,15,16], a stable phase of ethylidyne
ll rights reserved.
species starts to form on the surface. An analogous decomposition
of ethylene to ethylidyne has also been observed on other transi-
tion metal surfaces such as Rh(111) [17], Ir(111) [18], and
Ru(0001) [19]. Stable and hardly removable ethylidyne deposits
cover the metal surface during ethylene hydrogenation over
Pt(111) or Pd(111). They can be decomposed only at temperatures
above 400 K [12,20–23].

Thus, ethylene conversion to ethylidyne can be viewed as fun-
damental and important for understanding the chemistry of ethyl-
ene on transition metal surfaces in general. Yet, the complex
conversion mechanism on various transition metal surfaces is un-
der discussion. Therefore, recent theoretical studies considered
various possible pathways of this process on the surfaces
Pd(111) [24–28], Pt(111) [29,30], and Rh(111) [31]. For an over-
view of pertinent experimental work on Pt(111), see e.g. Ref. [32].

The mechanism of this conversion may include at least four
intermediates: vinyl CH2CH, vinylidene CH2C, ethylidene CH3CH,
and ethyl CH3CH2. On the basis of several experimental kinetic
and spectroscopic studies of ethylene transformations on Pt(111),
Zaera and French [32] suggested a two-step mechanism, via an
isomerization to ethylidene (1,2-H shift reaction), followed by a

http://dx.doi.org/10.1016/j.jcat.2011.09.035
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dehydrogenation to ethylidyne. However, theoretical studies by
other groups [28,33] as well as our own recent calculations
[24,29] showed that the direct 1,2-H shift reaction from ethylene
to ethylidene requires a very high activation energy on both Pd
and Pt, above 200 kJ mol�1, suggesting that the mechanism is more
complex. Recently, we examined three pathways with a computa-
tional method based on density functional theory (DFT; see
Fig. 1): (i) Mechanism 1 via vinyl and ethylidene (M1: Ra ? Rb ? Rf
? Re), (ii) Mechanism 2 via vinyl and vinylidene (M2: Ra ? Rb ?
Rg ? Rh), and (iii) Mechanism 3 via ethyl and ethylidene (M3:
Ra ? Ri ? Rj ? Re). We compared the reaction energy landscapes
at three surface coverages, 1/3, 1/4, and 1/9 of a monolayer [34]
on Pd(111) [24,27] and Pt(111) [29], applying a DFT-based method
to periodic slab models. We calculated barriers of 1,2-H shift reac-
tions typically above 160 kJ mol�1

, i.e., significantly higher than
the barriers determined for hydrogenation–dehydrogenation steps.
Hence, pathways that include 1,2-H shift reactions were ruled out
from the discussion.

Our results on Pd(111) showed that mechanisms M1 and M2 ap-
pear to be equally plausible, where in both cases the first and com-
mon step, namely, the dehydrogenation of ethylene to vinyl
(reaction Rb, Fig. 1) was concluded to be rate-limiting [24,27]. At
1/3 coverage, the barrier for hydrogenation of vinyl to ethylidene
(Rf) is 10 kJ mol�1 lower than the barrier for vinyl dehydrogenation
to vinylidene (Rg), while at 1/9 coverage, the situation is opposite
[27]. Similar to our findings on Pd(111), mechanisms M1 and M2
likely also compete over Pt(111), in the absence of coadsorbed
hydrogen [29]. However, comparison of the potential energy
landscapes on both metal surfaces also reveals characteristic differ-
Fig. 1. Reaction pathways of ethylene conversion to ethylidyne over Pt group
metals. Arrows pointing to the left and right indicate dehydrogenation and
hydrogenation steps, respectively. Arrows pointing downward and upward repre-
sent adsorption and desorption, respectively. Arrows rendered as dotted lines
indicate 1,2 H shift reactions. Letters x close to the arrows designate elementary
reaction steps that are referred as Rx in the text. The following mechanisms
are being discussed: (i) Mechanism 1 via vinyl and ethylidene
(M1: Ra ? Rb ? Rf ? Re), (ii) Mechanism 2 via vinyl and vinylidene (M2:
Ra ? Rb ? Rg ? Rh), and (iii) Mechanism 3 via ethyl and ethylidene (M3:
Ra ? Ri ? Rj ? Re).
ences. On the basis of calculated barriers, we were able to identify
the first step (Rb) as the rate-limiting on Pd(111), whereas this
was not fully clear in the case of Pt(111), especially at 1/9 coverage
where several reaction steps have similar barriers, �75 kJ mol�1

[29].
In addition to mechanisms M1 and M2, a third mechanism, M3,

via ethyl and ethylidene, may also play a role on both metal sur-
faces when the atomic H coverage is high enough. Analysis of the
barriers involved in M3 shows that they are lower or comparable
to the highest barriers of M1 and M2. Another DFT study reported
similar results for ethylene conversion on Pd(111) and Pd(211)
[28]. Here, however, one should keep in mind that ethyl, which
is formed during reaction Ri via hydrogenation of ethylene, can
easily be hydrogenated to ethane (Rk) [27,29,35–37]. Specifically,
at 1/9 coverage, the barriers for reaction Rk were calculated quite
low, 51 kJ mol�1 on Pd(111) [27] and 77 kJ mol�1 on Pt(111) [29].

Although our DFT calculations suggested plausible mechanisms
of ethylene conversion to ethylidyne, we were unable to determine
unequivocally which particular pathway should be dominating at
given experimental conditions. Further clarification of the mecha-
nistic picture can be achieved by kinetic modeling with
macroscopic rate equations or, preferably, by kinetic Monte Carlo
(kMC) simulations. The latter allow one to track explicitly the
behavior of all surface species as function of time and processing
conditions [38–43]. We, therefore, turned to kMC simulations in
the present work, employing a first-principles kinetic database,
constructed from our DFT results, in combination with a parame-
terized semi-empirical model for lateral interactions to account
for effects of the local environment on the kinetics [44–50]. This
combined DFT/kMC approach maintains important atomic features
of a catalytic metal surface and can therefore be used to probe how
various competing reaction steps may affect the activity and selec-
tivity of the catalyst. Previously, this approach was successfully
used, for instance, to examine the decomposition of acetic acid
on Pd(111) [46], as well as the hydrogenation of ethylene on
Pd(111) [45] and Pd/Au(111) [47,48] and of acetylene on
Pd(111) [50], and Pd/Ag(111) [42].
2. Method

We employed the variable time step kinetic Monte Carlo algo-
rithm as previously described [45–50]. The intrinsic kinetic data-
base used in our simulations (Tables 1 and 2) is based on our
recent periodic DFT calculations [26,27,29]. These DFT calculations
had been carried out with the plane-wave based Vienna ab initio
simulation package VASP [51,52], employing the exchange–
correlation functional PW91, a generalized-gradient approxima-
tion (GGA) [53]. Detailed information about our model strategy is
available in Refs. [26,27,29].
Table 1
Atomization energies (Eat, kJ mol�1) and binding energies (BE, kJ mol�1) of all the
considered surface species on Pd(111) and Pt(111).

Species Eat BE on Pd(111) BE on Pt(111)

Atop Bridge Hollow Atop Bridge Hollow

Hydrogen (H) – 226 263 276 268 263 267
Hydrogen (H2) 440 20 20 – 20 20 –
Ethylene 2414 78 90 – 84 121 –
Ethylidyne 1720 – – 553 – – 592
Vinyl 1935 – – 273 – – 324
Vinylidene 1569 – – 394 – – 441
Ethylidene 2115 – 357 – – 389 0
Ethyl 2581 164 – – 195 – –
Ethane 3023 18 18 – 18 18 –



Table 2
Activation barriers (kJ mol�1) of the forward (Efor) and backward (Eback) reaction steps considered on Pd(111) and Pt(111).

Na Reaction Barriers on Pd(111) Barriers on Pt(111)

Efor Eback Efor Eback

b CH2CH�2 ! CH2CH� þH� 100 73 75 61
i CH2CH�2 þ H� ! CH3CH�2 85 57 88 65
k CH3CH�2 þ H� ! CH3CH3 51 79 77 64
g CH2CH� ! CH2C� þ H� 57 78 53 69
h CH2C� þ H� ! CH3C� 78 120 80 116
f CH2CH� þH� ! CH3CH� 77 72 79 61
�e CH3C� þ H� ! CH3CH� 84 25 89 19
�j CH3CH� þH� ! CH3CH�2 80 81 67 74
l H� þH� ! H2 83 1 83 6

a Notation according to Fig. 1.
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The data for the binding energies (Table 1) and intrinsic barriers
(Table 2) were taken as calculated for the largest unit cell modeled,
(3 � 3), as the adsorbate–adsorbate interactions are accounted for
separately in the kMC simulations [45]. In the kMC models, we
simulated the conversion of ethylene on the (111) surface of Pt
or Pd, represented by a periodic 16 � 16 lattice of metal atoms con-
taining 1024 different surface sites (atop, bridge, and threefold hol-
low sites). Each adsorbate was allowed to occupy one or two sites
of a certain type as determined by DFT calculations [26,27,29]. Test
calculations using a 32 � 32 lattice of metal atoms yielded reaction
rates and surface coverages close to those obtained for the (stan-
dard) 16 � 16 lattice.

The zero-point-energy corrections were not taken into account.
Such corrections are expected to be on the order of 10–15 kJ mol�1

[54], as confirmed here by a check for the rate-limiting step, ethyl-
ene dehydrogenation to vinyl on Pd(111) (see Section 3.1) and are
thus within the accuracy of our DFT approach.

Diffusion of the species on the surface can be explicitly simu-
lated, neglected or treated as quasi-equilibrated. We have chosen
to treat the diffusion of surface intermediates herein as being qua-
si-equilibrated. According to earlier studies on the hydrogenation
of ethylene [47,48], diffusion of intermediates does not signifi-
cantly affect the results.

During the conversion of ethylene to ethylidyne on Pd(111) and
Pt(111), the metal surface becomes less ‘‘active’’ toward the end of
a simulation because the product species, ethylidyne, is adsorbed
so strongly on the transition metal surfaces that its desorption at
the temperatures investigated is not possible. Remaining on the
surface, it reduces the active sites available for ethylene conversion
and, in this way, it ‘‘poisons’’ the surface. Therefore, the reaction
rates of most of the elementary steps increase at the beginning
of the simulations, but they start to drop as soon as ethylidyne is
formed intensively. The rates shown in Figs. 2 and 3 are deter-
mined after simulating processes of 1 s where the metal surfaces
are still active even at high temperatures. The qualitative relation-
ships between the rates of the elementary reactions do not change
during the whole of a simulation; hence, we shall limit the discus-
sion to the representative snapshots of Figs. 2 and 3. For some less
important reaction steps where the rates are still essentially zero at
1 s, we will give the maximum values reached during the simula-
tion, only to illustrate that these maximum values are still signifi-
cantly lower than the rates of other important reaction steps.

3. Results and discussion

3.1. Ethylene conversion to ethylidyne on Pd(111)

We started the simulations with a clean metal surface and the
partial pressure of ethylene at 1 torr. We carried out simulations
at various temperatures. The reaction of ethylene to ethylidyne
started on Pd(111) at 330 K, while ethylidyne starts to decompose
above 400 K, the highest temperature we explored [12,20–23]. The
reaction rates increase with temperature, as shown in Fig. 2 for
Pd(111). The only exception is the rate of ethylene adsorption that
decreases when the temperature increases, due to a �T�0.5 depen-
dence in the pre-exponential factor [44]. We also examined how
the reaction rates depend on the partial pressure of ethylene, but
we did not find significant changes in the reaction rates when
the partial pressure of ethylene was varied in the range 1–100 torr.
Hence, we will base our discussion on the results obtained for
P(C2H4) = 1 torr.

Next, we will successively address all surface species consid-
ered, namely, ethylene, vinyl, vinylidene, ethyl, ethylidene, ethyli-
dyne, and hydrogen, discussing in each case the competition
between possible reaction events.

3.1.1. Ethylene
At the investigated temperatures, T > 200 K, the di-r adsorption

mode of ethylene is more stable on both surfaces than p-adsorbed
ethylene. Therefore, we considered only di-r adsorbed ethylene as
the reactant. p-adsorbed ethylene is stable at very low tempera-
tures (below 50 K) or at hydrogen pre-covered surfaces. Both situ-
ations are not relevant to the present study. When an ethylene
molecule adsorbs on the surface, three types of events can occur
(Fig. 1): (i) desorption from the metal surface (R–a, reverse reaction
of Ra), (ii) dehydrogenation to vinyl (Rb), or (iii), if hydrogen is
available nearby, hydrogenation to ethyl (Ri). The desorption and
hydrogenation processes have similar rates; they are about an or-
der of magnitude faster than dehydrogenation (Fig. 2). However, as
in our simulations, the external partial pressure of ethylene was
chosen at 1 torr, the adsorption rate of ethylene is about one order
of magnitude larger than the desorption rate, especially at the
beginning of the simulations. This provides enough ethylene mol-
ecules on the surface. Reaction Ri is about six times faster than Rb,
as the barrier of ethylene hydrogenation, 85 kJ mol�1, is lower by
15 kJ mol�1, than that for its dehydrogenation, 100 kJ mol�1 (Ta-
ble 2). However, the latter reaction step is practically irreversible,
while the forward reaction to form ethyl (Ri) and the correspond-
ing backward reaction have essentially the same rates. Facile
desorption of ethylene from Pd(111) and the reversibility of ethyl-
ene hydrogenation are two features that render Pd an excellent
catalyst for the selective hydrogenation of acetylene in mixtures
of acetylene and ethylene [55].

3.1.2. Vinyl
Vinyl species may undergo three types of events on Pd(111),

Fig. 1: hydrogenation (i) to ethylene (R–b) or (ii) to ethylidene
(Rf), and (iii) dehydrogenation to vinylidene (Rg). The latter event
is faster by more than five orders of magnitude than the other
two (Fig. 2). This is not surprising because the barrier for reaction



Fig. 2. Dependence on temperature of the reaction rates at t = 1 s of the various reaction steps during ethylene conversion to ethylidyne on Pd(111) according to the
mechanisms (a) M1, (b) M2, and (c) M3. Also shown (d) are additional reaction steps related to the adsorption or desorption of ethylene, ethane, and hydrogen for elementary
reactions forward and backward (–) (see Fig. 1 for a-l). Reaction rates are essentially zero in cases where data points are missing.

190 H.A. Aleksandrov et al. / Journal of Catalysis 285 (2012) 187–195
Rg, 57 kJ mol�1, is 16–20 kJ mol�1 lower than the two hydrogena-
tion barriers (Table 2). In addition, hydrogenation reactions are
limited by the supply of H atoms on the surface in the vicinity of
the vinyl species.
3.1.3. Vinylidene
Vinylidene species can convert to ethylidyne species (Rh) or

back to vinyl (R–g). As both reaction steps have essentially the
same barriers, 78 kJ mol�1 (Table 2), they also have very similar
rates (Fig. 2b). In fact, reaction R–g is slightly faster than Rh, while
the formation of ethylidyne (Rh) is irreversible (Fig. 2). Hence,
vinylidene species can convert to ethylidyne.
3.1.4. Ethyl
Ethyl species can be dehydrogenated (i) to ethylidene (Rj) or (ii)

to ethylene (R–i), or (iii) they can be hydrogenated to ethane (Rk).
Reaction R–i is the fastest but, as mentioned above, it is at equilib-
rium. Reaction R–i is one to two orders of magnitude faster than Rk
(Fig. 2), despite the fact that both reaction steps exhibit almost
equal barrier heights, 57 and 51 kJ mol�1, respectively (Table 2).
However, surface hydrogen is required for the hydrogenation and
the conversion to ethane is completely irreversible. The transfor-
mation of ethyl to ethylidene (Rj) is significantly slower than the
other two reactions (Fig. 2), as a consequence of the significantly
higher barrier, 81 kJ mol�1 (Table 2).
3.1.5. Ethylidene
Ethylidene species on the surface can undergo three types of

reactions: (i) hydrogenation to ethyl (R–j), or dehydrogenation to
(ii) ethylidyne (Re) or (iii) vinyl (R–f). At low temperatures, 330 K
and 350 K, none of these reactions occur as ethylidene also forms
in a slow process, whereas, at the higher temperature 400 K, Re
dominates. Because of the remarkably low barrier of this reaction
step, 25 kJ mol�1 (Table 2), it is more than five orders of magnitude
faster than the other two transformations (Fig. 2).

3.1.6. Ethylidyne
Ethylidyne species can be dehydrogenated to vinylidene (R–h)

or hydrogenated to ethylidene (R–e). The barrier for the former,
120 kJ mol�1, is 36 kJ mol�1 higher than the barrier for the latter,
84 kJ mol�1 (Table 2). Thus, R–e is about one order of magnitude
faster than R–h (Fig. 2).

3.1.7. Hydrogen
For each molecule of ethylene converted to ethylidyne, a hydro-

gen atom is produced on the Pd(111) surface. Hydrogen can either
recombine and desorb from the surface as H2 or it can react with
ethylene. In the latter case, after two subsequent hydrogenation
steps, ethane can be produced. Our results show that the rate of
ethane formation on Pd(111) is 2–4 orders of magnitude higher
than the rate of forming H2 (Fig. 2d), again in consequence of rela-
tive barrier heights. The barrier of ethyl hydrogenation (Rk),



Fig. 3. Dependence on temperature of the reaction rates at t = 1 s of the various reaction steps during ethylene conversion to ethylidyne on Pt(111) according to the
mechanisms (a) M1, (b) M2, and (c) M3. Also shown (d) are additional reaction steps related to the adsorption or desorption of ethylene, ethane, and hydrogen for elementary
reactions forward and backward (–) (see Fig. 1 for a-l). As ethylidyne formation starts at 250 K, the rates at 230 K are not shown. Reaction rates are essentially zero in cases
where data points are missing.
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51 kJ mol�1, is notably lower than the barrier of H recombination
(Rl), 83 kJ mol�1 (Table 2). Temperature programmed desorption
(TPD) studies [12,56] of ethylene deposited on clean Pd(111) also
found that mainly ethane desorbs at �310 K, while a very small
amount of H2 is detected below 400 K (at 350 K). These experi-
ments found H2 to be mainly produced at �425 K, which corre-
sponds to the thermal decomposition of ethylidyne, a process not
considered in the present kMC simulations. In a recent DFT study
[54], we showed that the most plausible pathway of ethylidyne
decomposition, CCH3 ? CCH2 ? CCH, requires overcoming a bar-
rier as high as 138 kJ mol�1. In other words, such a process is not
expected to occur at temperatures below 400 K.
3.1.8. Discussion of mechanisms
Next, we compare the three mechanisms, M1 to M3, by identi-

fying the rate-limiting step [57] in each of them and by examining
which one is the fastest mechanism. That should be the dominat-
ing mechanism at a given T.

Our simulations of ethylene conversion to ethylidyne on
Pd(111) show that the rate-limiting step of M1 is the hydrogena-
tion of vinyl to ethylidene (Rf, Fig. 2a), whereas in M2, the slowest
step Rb (ethylene dehydrogenation to vinyl) determines the overall
conversion rate (Fig. 2b). In M3, the slowest step, with an almost
vanishing rate, is ethyl dehydrogenation to ethylidene (Rj). Among
these rate-limiting steps, Rb is the fastest. Hence, at the reaction
conditions explored on Pd(111), M2 clearly is the most plausible
mechanism for ethylene conversion to ethylidyne. This result
may seem a bit surprising because, considering only reaction bar-
riers, one would expect Rb with a barrier of 100 kJ mol�1 to be the
slowest step in both M1 and M2. The barriers of reactions Rf, Rh,
and Ri are all lower: 77 kJ mol�1, 78 kJ mol�1, 80 kJ mol�1, respec-
tively. The reason for this seeming contradiction is the fact that
hydrogenation steps require a substantial amount of hydrogen on
the surface, which apparently is not available at the simulated ini-
tial reaction conditions, where only ethylene, but no H2 are sup-
plied in the gas phase. Moreover, the atomic H produced on the
surface in the course of the conversion can desorb as H2 or C2H6.

To probe the sensitivity of our results to the barrier heights of
those reaction steps with the highest barriers, we reduced the bar-
riers for forward and backward reaction of ethylene dehydrogena-
tion to vinyl by 10–15 kJ mol�1. This did not alter our conclusions
regarding the rate-limiting steps.

This analysis nicely illustrates one of the major advantages of
the kMC method, namely its ability to provide more direct and con-
clusive information about the process at pertinent reaction condi-
tions than a simple analysis of barriers and reaction energies.
3.2. Ethylene conversion to ethylidyne on Pt(111)

Using the same initial conditions as for Pd(111), we carried out
simulations of the conversion of ethylene to ethylidyne on Pt(111)
at 1 torr partial pressure of ethylene. Fig. 3 shows the reaction rates
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of the various pathways on Pt(111) as a function of temperature.
On Pt(111), ethylene dehydrogenation starts at a significantly low-
er temperature, at 230 K, than on Pd(111) (from 330 K). Therefore,
we examined a wider range of temperatures, 230–400 K, compared
to Pd(111). These findings agree with experiments [58] where eth-
ylene conversion to ethylidyne was found to start at a lower tem-
perature on Pt(111), above 270 K [6], than on Pd(111), from 300 K
[10].

3.2.1. Ethylene
When ethylene adsorbs on Pt(111), its dehydrogenation to vi-

nyl (Rb) is the fastest reaction step. It is three to six orders of mag-
nitude faster than ethylene hydrogenation to ethyl (Ri). The barrier
of Ri, 88 kJ mol�1, is 13 kJ mol�1 higher than that of reaction Rb,
75 kJ mol�1. This result also allows us to rationalize why the
hydrogen generated during the conversion of ethylene to ethyli-
dyne does not suffice for producing a substantial amount of ethyl
on the surface. Experiments detected ethyl species when ethylene
is hydrogenated on Pt catalyst [59,60]; however, when the reactant
mixture contains only pure ethylene (no H2), such species are not
detected, in line with our kMC results. In contrast to the situation
on Pd(111), the third possible reaction step, ethylene desorption,
is significantly slower on Pt(111) than the two reaction steps just
mentioned, due to the very high adsorption energy of ethylene on
Pt(111), 121 kJ mol�1 (Table 1). Ethylene desorption was calcu-
lated 7–13 orders of magnitude slower than ethylene adsorption:
ethylene molecules ‘‘stick’’ very well on Pt(111). This finding is
at variance with the experimental studies which found ethylene
to start desorbing from Pt(111) at �220 K [1] with a peak at
T � 285 K [61]. However, temperature programmed desorption
(TPD) measurements suggested an adsorption energy of di-r ethyl-
ene on Pt(111), 71 kJ mol�1 [62,63], significantly lower than our
GGA results. As previously remarked [29], this discrepancy be-
tween theory and experiment is not too surprising because the
GGA functional PW91, used in our DF calculations, is known to
overestimate systematically chemisorption energies by up to
50 kJ mol�1 [64]. Relative energies are expected to be more accu-
rate. We checked the sensitivity of our simulations to the binding
energy of ethylene, using a value lower by 30 kJ mol�1. In conse-
quence, the rate of ethylene desorption increased significantly
and was only about one order of magnitude slower than the rate
of ethylene adsorption at 330 K. However, the overall conclusions
about the preferred mechanism of ethylene conversion and the
rate-limiting steps were not altered in this ‘‘computer
experiment’’.

Comparing Pt(111) and Pd(111), we note that Wang et al. [58]
observed ethylene desorption from Pd(111) at 100–350 K without
significant decomposition, while Berlowitz et al. [65] calculated
the fraction of ethylene decomposing at about 35% for saturation
coverage on Pt(111), compared to only 2% on Pd(111). These re-
sults manifest a significantly easier desorption of ethylene from
Pd(111) than from Pt(111), in combination with significantly eas-
ier ethylene dehydrogenation on Pt(111) than on Pd(111). Both
experimental findings are in line with our computational results.

3.2.2. Vinyl
Similar to the observations on Pd(111), vinyl species on

Pt(111) can be easily dehydrogenated to vinylidene (Rg). This con-
clusion agrees with experiments of Zaera and Bernstein [15] who
found vinyl to convert to vinylidene on Pt(111) at temperatures
as low as �140 K. To check these results, we also carried out sim-
ulations starting with vinyl species adsorbed initially on Pt(111)
and Pd(111) [66]. These simulations confirmed that the conversion
of vinyl species to vinylidene starts at 140 K on both surfaces. Step
Rg is about two orders of magnitude faster than vinyl hydrogena-
tion to ethylene (R–b) (or about six orders of magnitude faster than
hydrogenation of vinyl to ethylidene, Rf) (Fig. 3). These results are
in line with the lower barrier of Rg, 53 kJ mol�1, compared to the
barriers of steps R–b and Rf, 61 kJ mol�1 and 79 kJ mol�1 (Table 2),
respectively, and with the dependence of the hydrogenation reac-
tions on the presence of hydrogen at the surface.

3.2.3. Vinylidene
The barrier for the hydrogenation of vinylidene to vinyl (R–g),

69 kJ mol�1, is 11 kJ mol�1 lower than the barrier for the hydroge-
nation to ethylidyne (Rh), 80 kJ mol�1 (Table 2). Hence, R–g is
about two orders of magnitude faster than Rh (Fig. 3), while on
Pd(111) both reaction steps were calculated to have similar rates
(Fig. 2). Nevertheless, as on Pd(111), R–g is at equilibrium whereas
Rh is essentially irreversible on Pt(111). This enables ethylidyne
formation via M2 on Pt(111).

The discussed differences between the surfaces Pt(111) and
Pd(111) are corroborated by experiments [67] where on Pd(111)
vinyl was observed to convert rapidly to ethylidyne at low temper-
atures (160 K), whereas on Pt(111) this reaction occurs only
around 300 K [15]. To further examine the unequal behavior of
the intermediates vinyl and vinylidene on the two metal surfaces,
we used the simulations mentioned above [66] starting with vinyl
species on the metal surface. In qualitative agreement with the
experiments just mentioned, [15,67] these simulations revealed
that vinyl converts to ethylidyne on Pt(111) at 250 K (at the same
temperature as required for ethylene conversion). In contrast, on
Pd(111) vinyl was calculated to convert to ethylidyne at 230 K,
which is 100 K lower than the temperature of ethylene conversion
to ethylidyne on Pd(111). The latter result is consistent with the
first step (Rb) being rate-controlling on Pd(111).

3.2.4. Ethyl
During the first several seconds of the simulation, the three reac-

tion steps in which ethyl species are involved (R–i, Rj, and Rk) have
essentially zero rates (not shown in Fig. 3). Even when their rates
reach maximum values, they are significantly lower than the rates
of reaction steps that involve vinyl or vinylidene. Similar to the sit-
uation on Pd(111), the fastest reaction among those three is again
dehydrogenation of ethyl to ethylene R–i, not shown in Fig. 3). It
has a lower barrier, 65 kJ mol�1, than the dehydrogenation to ethyl-
idene (Rj), 74 kJ mol�1, and the hydrogenation to ethane (Rk),
77 kJ mol�1 (Table 1). Therefore, it is one to three orders of magni-
tude faster than the latter reactions (not shown in Fig. 3).

3.2.5. Ethylidene
The rates of the reaction steps involving ethylidene species are

essentially zero for temperatures below 300 K. At higher tempera-
tures, ethylidene dehydrogenation to ethylidyne (Re) on Pt(111),
having a remarkably low barrier of only 19 kJ mol�1 (Table 2), is
faster by 3–8 orders of magnitude than the other two reactions
(Fig. 3), which have significantly higher barriers, namely, ethyli-
dene dehydrogenation to vinyl (R–f), 61 kJ mol�1, and ethylidene
hydrogenation to ethyl (R–j), 67 kJ mol�1.

3.2.6. Ethylidyne
The hydrogenation of ethylidyne to ethylidene (R–e) is three to

five orders of magnitude faster than its dehydrogenation to vinyl-
idene (R–h) (Fig. 3), due to the lower barrier of the former reaction,
89 kJ mol�1, compared to the latter, 116 kJ mol�1 (Table 2). A sim-
ilar situation was already discussed for Pd(111).

3.2.7. Hydrogen
Recall that surface hydrogen is removed from Pd(111) as eth-

ane (Ri and Rk) rather than as H2 (Rl). The situation on Pt(111) is
opposite due to the relatively high barriers for ethylene and ethyl
hydrogenation, 88 kJ mol�1 and 77 kJ mol�1, respectively (Table 2),
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and the lower barrier of b–H elimination from ethyl (R–i),
65 kJ mol�1 (see Fig. 5c of Ref. [29]). Hence, surface hydrogen can
recombine to form H2 and desorb from Pt(111) significantly faster
than ethane can be formed because the barrier for H recombination
is 83 kJ mol�1 (Table 2). Experiments also found that from Pt(111)
significantly more H2 desorbs than ethane [1,16,65].

3.2.8. Discussion of mechanisms
Just as for Pd(111), our kMC results on Pt(111) thus showed

that the rate-liming steps of the mechanisms M1 and M3 are the
formation of ethylidene from vinyl (Rf) and ethyl (Rj), respectively
(Figs. 2 and 3). In M2 on Pt(111), the rate-limiting step is the last
one, the hydrogenation of vinylidene to ethylidyne (Rh), whereas
on Pd(111) the first step, ethylene dehydrogenation to vinyl (Rb),
determines the conversion rate (see above). Among all rate-
limiting steps those of M2 are the fastest on both Pt(111) and
Pd(111), suggesting that this mechanism should be the most plau-
sible on either surface. There is also evidence from an analysis of
possible reaction routes of vinyl and ethyl. The production of eth-
ylidene species is unlikely in either case, thus excluding the reac-
tion pathways M1 and M3. These previously unforeseen findings
clearly highlight the value of the kMC simulations. Solely on the
basis of the barriers obtained from our DFT calculations [27,29],
we had concluded that ethylene dehydrogenation to vinyl (Rb)
should be the rate-limiting step during ethylene conversion to eth-
ylidyne on Pd(111) [27] via M1 or M2, whereas on Pt(111) [29]
one would expect two rate-limiting steps: ethylene dehydrogena-
tion to vinyl (Rb) and vinylidene hydrogenation to ethylidyne (Rh).
In contrast, kMC simulations take into account actual reaction con-
ditions on the surface and in the gas phase. These simulations point
to M2 as a clearly preferred conversion mechanism. Due to a deficit
of surface hydrogen under the conditions assumed, hydrogenation
steps are generally slower than the competing dehydrogenation
steps, making M2 faster than M, which involves a very slow hydro-
genation step, Rf.

3.2.9. Apparent activation energies
Using the results of our simulations, we calculated the apparent

activation energies of ethylidyne formation. As shown in Fig. 1S of
Supplementary Data (SD), the rate of forming ethylidyne (the cor-
responding turnover frequency) increases with temperature. The
apparent activation energies deduced from pertinent Arrhenius
plots are 45 kJ mol-1 on Pt(111) and 94 kJ mol-1 on Pd(111), in
agreement with experiments that showed the formation of ethyli-
dyne formation to be easier on Pt(111) than on Pd(111) [58]. The
theoretical apparent activation energy on Pd(111) agrees very well
with the experimental value, 92 ± 4 kJ mol�1 [9]. The experimental
values on Pt(111) are slightly higher than our kMC value. How-
Fig. 4. Temperature dependence of the coverages h of species detected on the surface (h
and (b) Pt(111).
ever, one should keep in mind that our kMC value is obtained from
an Arrhenius plot in a notably larger range of temperatures, 250–
400 K, while the experimental values were obtained from rela-
tively narrow temperature ranges, e.g., 63 kJ mol�1 (250–280 K)
[68], 67 kJ mol�1 (230–270 K) [69], 54–75 kJ mol�1 (230–250 K)
[70]. If we restrict the analysis of our kMC results to the tempera-
ture range 250–330 K, the apparent activation energy for the for-
mation of ethylidyne on Pt(111) becomes 65 kJ mol�1, again in
very good agreement with the experimental results.

3.3. Temperature dependence of surface coverages

Fig. 4 displays the surface coverages [34] h of all detectable
(h > 0.01) species on the surfaces Pd(111) and Pt(111) after 60 s
of simulations as a function of the temperature. The maximum eth-
ylidyne coverage achieved on both surfaces is 0.33 (Fig. 4), in good
agreement with some experimental results on Pd(111) [14,71]
while other experiments, on Pd(111) [12,72] and on Pt(111)
[73], determined a saturation coverage of 0.25 only. The maximum
coverage of ethylene achieved in our simulations on both surfaces
is 0.25. Unfortunately, the saturation coverage of ethylene is prob-
lematic to determine accurately by experiment, due to lack of an
ordered surface phase and the formation of multilayers [74]. Nev-
ertheless, on Pd(111) ethylene coverage of 0.33 was obtained with
indirect methods [10], while on Pt(111), a combination of nuclear
reaction analysis and X-ray photoemission yielded �0.25 coverage
of ethylene on Pt(111), in agreement with our kMC result [73].

3.3.1. Evolution of coverages on Pd(111)
According to our simulations, the formation of ethylidyne on

Pd(111) starts at �330 K; however, the coverage remains low,
0.008, after 60 s of simulations (Fig. 4a). The ethylidyne coverage
increases very fast, to 0.22, when the temperature increases from
330 K to 350 K; simultaneously the ethylene coverage decreases
from 0.23 to 0.09. At temperatures above 375 K, the ethylidyne
coverage is above 0.32, while the ethylene coverage drops below
0.01. The coverages of all intermediates are below 0.01, due to
the fact that the first reaction step is the slowest one. Experiments
on Pd(111) also did not detect any intermediates on the surface
when ethylene is converted to ethylidyne [10,11,14,75]. Hydrogen
coverage remains below 0.01 over the whole temperature range
considered, due to the conversion of ethylene to ethane which irre-
versibly desorbs from the surface.

3.3.2. Evolution of coverages on Pt(111)
On Pt(111), we calculated significantly more species to accu-

mulate on the surface during the transformation of ethylene
(Fig. 4b). Recent studies on the conversion of di-r ethylene at
> 0.01) after 60 s of simulation of ethylene conversion to ethylidyne on (a) Pd(111)
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Pt(111) applying the sum frequency generation (SFG) spectros-
copy [76] and reflection–absorption infrared spectroscopy (RAIRS)
[77], observed a peak at 2957–2960 cm�1 and assigned it to the
asymmetric stretch ma(CH3) of the CH3 group of ethylidene. In
our recent DFT study [29], we calculated the vibrational frequen-
cies of all intermediates and found that an IR frequency in that re-
gion is not specific for ethylidene, but could also be attributed to
adsorbed vinyl or vinylidene.

In the present work, we calculated the conversion of ethylene
on Pt(111) to start at temperatures as low as 230 K; ethylene cov-
erage becomes essentially zero at temperatures above 325 K. How-
ever, the product at T < 250 K is not ethylidyne but vinylidene
(Fig. 4b). In this context, recall the experimental observations of
Zaera and Bernstein [15] who found on Pt(111) that vinyl requires
the same temperature as ethylene to be converted to ethylidyne,
�300 K. This result was also confirmed by our simulations of vinyl
species on Pt(111). These theoretical and experimental results can
be rationalized by the fact that on Pt(111) the rate-limiting step
for ethylene conversion to ethylidyne is the last one, the hydroge-
nation of vinylidene (Rh). In contrast, on Pd(111), our simulations
showed that conversion of vinyl to ethylidyne starts at a signifi-
cantly lower temperature, 230 K, than the conversion of ethylene,
330 K, consistent with the first step of ethylene conversion (Rb)
being rate-controlling (see Section 3.1). On Pt(111), the coverage
of vinylidene species starts to increase with increasing tempera-
ture and reaches a maximum at �250 K, where it is �0.11. After-
ward, vinylidene starts to convert to ethylidyne and at T > 300 K,
the coverage of vinylidene is already below 0.02. Ethylidyne ap-
pears on the surface at temperatures above 250 K and upon further
heating ethylidyne starts to accumulate rapidly. Its coverage is al-
ready 0.25 at 300 K, and more than 0.30 at T > 325 K. As vinylidene
and ethylidyne are products of dehydrogenation reactions, hydro-
gen is also present on Pt(111) at temperatures below 325 K. As al-
ready commented on, hydrogen leaves the Pt(111) surface mostly
as H2, rather than as C2H6. The surface coverage of H reaches its
maximum hH � 0.26 at T = 275 K for two reasons: (i) at tempera-
tures 230–250 K, only dehydrogenation steps occur on the surface,
i.e., ethylene converts to vinylidene (Rb and Rg) and (ii) the desorp-
tion of H (Rl) has not started yet. Desorption starts at T > 275 K, and
hence, the surface coverage of atomic H decreases rapidly so that H
vanishes at T > 330 K. In their TPD experiments, Berlowitz et al.
[65] also found a hydrogen desorption peak at 250 K in the spectra
of ethylene adsorbed on Pt(111), while other experiments found it
at a higher temperature, at �300 K [1,16,78].

For specific temperatures, kMC simulations allow one to trace
how the surface coverages of various species change as a function
of time during the simulation; for details see Supplementary Data.
4. Conclusions

We carried out a first-principles-based kinetic Monte Carlo
(kMC) study of how ethylene transforms into ethylidyne on the sur-
faces Pd(111) and Pt(111). At variance with earlier suggestions
[15,24,32,76], we found that pathway M2, via vinyl and vinylidene
should dominate on both surfaces. The other two mechanisms con-
sidered, M1 (via vinyl and ethylidene) and M3 (via ethyl and ethyl-
idene), proceed via the rate-limiting formation of ethylidene from
vinyl or ethyl, respectively. The rate-limiting steps in M1 and M3
are significantly slower than the rate-limiting step of M2; hence,
M1 and M3 are ruled out by the present kMC simulations.

In agreement with experimental evidence, the kMC simulations
predict the conversion of ethylene to ethylidyne occur at signifi-
cantly lower temperatures on Pt(111) than on Pd(111). The calcu-
lated apparent activation energy of ethylidyne formation is also
lower on Pt(111), 45 kJ mol�1, than on Pd(111), 95 kJ mol�1; both
values are in good agreement with experimental results. As the
rate-limiting step on Pt(111) is the last elementary step, namely,
vinylidene hydrogenation to ethylidyne, vinylidene species can
be accumulated on the surface, especially at temperatures below
300 K. In contrast, no intermediates were calculated to accumulate
on Pd(111) because the first reaction step is rate-limiting (to-
gether with the third one). We also determined that hydrogen, pro-
duced during ethylene conversion to ethylidyne, leaves the
Pt(111) surface predominantly as H2, but is removed from
Pd(111) through the hydrogenation of ethylene to ethane.

In general, our kMC simulations demonstrated that even in a
relatively simple reaction network, as the one discussed in the
present study, the determination of the fastest route of the overall
process and of the associated rate-limiting steps cannot be
unequivocally predicted if based only on activation energies. The
reaction rates depend on the initial conditions, of course, e.g., in
the present case on the concentration of H atoms on the surface.
In the simulations discussed, the hydrogenation steps were found
to be slow due to the limited production of adsorbed hydrogen
atoms. This leads to the somewhat counterintuitive result that in
several cases hydrogenation steps with lower barriers are slower
than dehydrogenation steps with higher barriers.
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