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A first-principles-based kinetic Monte Carlo algorithm was used
to simulate catalytic Kinetics of ethylene hydrogenation on the well-
defined Pd(100) surface. An intrinsic kinetic database was estab-
lished from first-principles density functional quantum chemical
calculations. This database was supplemented by an interaction
model that was developed from 1750 extended Huickel calculations
that explicitly examined adsorbate—adsorbate interactions between
ethyl, ethylene, and hydrogen. Subsequently, this database was used
to simulate ethylene hydrogenation kinetics via a multisite Monte
Carlo algorithm that treats coverage-dependent activation energies
through bond-order conservation methods. The simulated appar-
ent activation energy for ethylene hydrogenation was found to be 9—
12 kcal/mol, which compares well with experimental measurements
of 6-11 kcal/mol. Kinetic orders vary with temperature and partial
pressures of ethylene and hydrogen, but compare well with exper-
iments under similar conditions. Simulated kinetic orders in hy-
drogen and ethylene are 0.65 to 0.85 and —0.4 to 0, respectively,
under our conditions (298 K, Py, = 100 Torr, Pc,1, =25 Torr). The
simulation results suggest that interactions in the adlayer, ensemble
size effects, and adsorption site competition contribute to hydrogen
kinetic orders that are less than one and negative orders in ethylene.
(© 2000 Academic Press
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INTRODUCTION

Olefin hydrogenation over supported group VIII metals
plays an important role in refining hydrocarbon feedstocks
in the petroleum industry. Ethylene is of particular impor-
tance due to its widespread use as a cheap raw material (1).
Furthermore, the production of polymer-grade ethylene re-
quires the selective hydrogenation of acetylene from ethy-
lene feedstocks. Ethylene hydrogenation in this situation is
an unselective route that needs to be minimized. Supported
palladium particles that are alloyed with group IB metals
are known to be quite effective for this chemistry (2, 3).
Ethylene hydrogenation has been studied extensively on

1 To whom correspondence should be addressed. E-mail: mn4n@
Virginia.edu.
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group V111 metals (4, 5) such as Pt (6-13) and Pd (14-20),
due to their industrial use. The overall chemistry is thought
to follow the Horiuti-Polanyi mechanism that is outlined
in Fig. 1 (21). The mechanism that was established over
50 years ago captures the basic processes that occur. Mole-
cular hydrogen adsorbs dissociatively, thus producing two
surface hydrogen atoms. Ethylene adsorbs molecularly in
either = or di-o adsorption states. Surface hydrogen reacts
with ethylene in two steps to form ethyl and then ethane,
which desorbs from the surface. Despite the wealth of in-
formation that exists on ethylene hydrogenation, there are
still a number of critical issues regarding the explicit details
that remain unanswered. Although these reactions are rel-
atively simple, the surface chemistry is complex due to the
influence of the local reaction environment. At least three
different schemes regarding the nature of the active surface
site(s)/ensemble(s) that controls the mechanism have been
outlined in the literature (22).

(i) Hydrogen and ethylene reversibly adsorb and com-
pete for the same surface sites.

(i) Hydrogen and ethylene reversibly adsorb in sepa-
rate islands and the reaction occurs at the edges of the is-
lands.

(iii) Hydrogen is adsorbed on two sites: one site is com-
petitive with ethylene while the other is noncompetitive
with ethylene.

The reaction models formulated for each of these
schemes are different. In addition, the reaction kinetics for
ethylene hydrogenation may fit into more than one of these
schemes depending on temperature, partial pressure of re-
actants, and the actual catalyst used. In experimental stud-
ies on Pt, the kinetic reaction orders can change from 0.5 to
1.0 in hydrogen and from slightly negative to slightly posi-
tive in ethylene (7, 23). The apparent activation energy for
ethylene hydrogenation decreases with increasing temper-
ature. The experimentally reported values range from 6.5
to 10.7 kcal/mol based on supported Pd particles (4, 15, 16,
18, 22, 24). Because of the strong dependence on reaction
conditions, the delineation of the elementary Kinetics for
ethylene hydrogenation over Pd has proven to be difficult
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(20). Much of the difficulty in establishing the fundamental
kinetics stems from our inability to monitor the mole-
cular surface processes and the effects of the reaction
environment. Instead, one typically adopts a Langmuir—
Hinshelwood-type model and regresses kinetic parameters
fromit. However, the Langmiur-Hinshelwood model treats
only average surface concentrations and ignores the effect
of the explicit local environment on the kinetics. This can ul-
timately lead to the different interpretations of the surface
kinetics.

Advances in both ab initio quantum chemical methods
and atomistic simulation algorithms enable us to begin to
model surface kinetic processes in greater detail. Kinetic
Monte Carlo (MC) simulation, for example, can be used to
simulate elementary surface rate processes and the explicit
effects of surface coverage (25-35). Ab initio methods, on
the other hand, can be used to begin to predict elemen-
tary energetic parameters for model catalytic systems (6,
36-41). By applying these two methods together, we can
begin to simulate kinetics on ideal surfaces. Recently, there
have been many advances in ab initio guantum mechanical
methods and their application to catalytic systems, along
with atomistic simulations. There have been a number of
elegant microkinetic modeling (23, 46) and Monte Carlo
simulation studies (49, 51, 52) that have been used to be-
gin to capture the essential chemistry. These studies tend
to typically employ empirical parameters established from
experiments and do not take into account changes in the
kinetics due to local surface coverage effects.

In this paper, we develop and apply a kinetic Monte
Carlo approach that incorporates first-principle quantum
chemical data to simulate the hydrogenation of ethylene
over Pd (47, 50, 54). The algorithm explicitly tracks the
spatial and temporal changes of all surface intermediates
in order to simulate the kinetics. This enables us to be-
gin to resolve some of the questions that refer to the ef-
fects of surface site and explicit environment on the mea-
sured kinetics. More generally, we develop an approach that
combines first-principle quantum chemical results with a
kinetic Monte Carlo method in order to simulate the ele-
mentary surface processes as well as the effects of the local
reaction environment on the measured chemistry and ki-
netics. Adsorbates are allowed to occupy different surface
sites (one-, two-, three-, and four-fold) whereby all neigh-
boring interactions between surface species are accounted
for. By explicitly following the atomic surface structure,
the simulation can be used to track competing surface el-
ementary steps, i.e., adsorption, desorption, surface reac-
tion, and surface diffusion. This enables the incorporation
of quantum-chemically derived energetics directly into the
simulation of the kinetic behavior. First-principle density
functional quantum chemical methods are currently able
to predict chemisorption, activation, and overall reaction
energies to within the range of 5 kcal/mol (56, 57). Dif-
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FIG. 1. Elementary reactions used in the simulation. Ethylene ad-

sorption steps are considered to be in equilibrium. Preexponentials (vfor,
vrev) and sticking coefficients (s,) are assumed or taken from the literature
as described in the text.

ferences of 5 kcal/mol in the activation barrier can signif-
icantly affect the accuracy of absolute rate constants. We
therefore do not attempt to quantitatively match reaction
rates in this work. The methods do, however, appear to be
good enough to compute relative trends and establish the
nature of the active surface complex along with factors that
control the mechanism. As quantum mechanical methods
become faster and more accurate, so too will this simulation
approach.

METHODS

The set of elementary reaction steps used in the simu-
lation is shown in Fig. 1. The activation barriers for these
steps were derived from first-principle density functional
guantum chemical calculations. Preexponential factors and
sticking coefficients used in the simulation are also shown
(see Results for amore detailed discussion). The MC kinetic
algorithm, which is written in the C++ object-oriented lan-
guage, is composed of a series of objects that describe the
surface, the species, the reactions, and the reaction environ-
ment to simulate molecular kinetics. A sketch of the hierar-
chical arrangement of the algorithm is given in Fig. 2. The
adsorbates, the reactions, and the surface are a set of funda-
mental objects around which the code is constructed. More
specific objects that link fundamentals are the interaction

Simulation
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[ Surface J
Event Rules
Interaction
Model

Environment ]

Reactions

and Scenarios
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FIG.2. General hierarchy of the object-oriented Monte Carlo
methodology for simulating surface chemistry. Dependencies are indi-
cated by arrows.
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model, surface scenarios, and the simulation engine. We will
first describe the fundamental objects in the simulation and
then expound on supplementary objects that act to connect
the fundamental objects.

Fundamental Simulation Objects

Perhaps the most basic and fundamental object in the
simulation is the species object. The species object defines
each species (reactants, products, and intermediates) by its
physical properties. Important properties for each species
are its binding energy at each surface site and a reaction ra-
dius. The reaction distance is the maximum distance where
we allow reaction to occur. The reaction radius is defined
as the contribution to this distance from individual species.
The reaction radius is 2.0 A for ethylene, 2.0 A for ethyl, and
1.39 A for hydrogen. Additional information about each
adsorbate is required such as its atomization energy and in-
ternal fragments that result from bond dissociation. Surface
species are then used to build surface reaction objects. A
surface reaction is defined by the type of reaction, the reac-
tants, and the products. Each reaction is given a forward and
reverse activation energy along with corresponding preex-
ponential values that are valid in the zero coverage limit
on the metal surface. To represent the well-defined single
crystal (100) surface, we use a grid that has periodic bound-
ary conditions and contains an array of grid site objects
for the surface and metal layer. All atop, bridge, and hol-
low grid sites are defined by their specific location in space.
Grid sites may contain a species, such as a metal atom or
an adsorbate. In addition, each grid site recognizes neigh-
bors and any intermolecular bonding that occurs within two
times the metal-metal distance.

Supplementary Simulation Objects

The interaction model object calculates the lateral inter-
action energy between different species as a function of
their distance on the grid. In this work, we use a model
that describes the interaction energy as a function of dis-
tance between adsorbates. This is termed the radial function
(RF) model. Various different interaction models can easily
be substituted into the simulation. The model was derived
from a series of extended Huckel calculations of the inter-
action energies between different adsorbates at different
coverages as will be discussed.

Surface scenarios are another object specific to our ap-
proach. Scenarios are structured events that can occur on
the surface based on the local environment. The scenario
builder is used to build possible reaction scenarios. Gen-
erally, input to the scenario builder includes two grid sites,
a surface reaction, and an interaction model. Based upon
the occupancy of the grid sites involved, the scenario builder
then decides whether the reaction is possible. If the reaction
is possible, more detailed calculations are performed. First,
the builder decides whether the two chosen sites are within

Surface Metal
Atoms

Hollow

Atop
1 — Random site
2 — Neighboring site of 1
RS - Reflection site of 1-2 pair
IS — Intermediate site of 1-2

FIG.3. Example of reflection and intermediate grid sites required for
dissociation and reaction events with a multisite Monte Carlo approach.

an acceptable proximity for the chosen reaction to occur.
This decision is based on whether the distance between sites
is less than the sum of the reactants’ reaction radii. Second,
if the two sites are within an acceptable proximity, the sce-
nario builder must then determine the product state for the
reaction. This is not trivial for a multisite grid. Consider the
reaction of ethylene inabridging site and hydrogen in a hol-
low site to form ethyl in an atop site. This reaction involves
at least three sites since the overall metal ensemble must
contain the bridging and three fold sites to accommodate
the reactant as well as the atop product site. In order for the
computer to follow multiple site reactions, it becomes nec-
essary to define a protocol that relates the location of the
product site(s) to those of the reactant site(s). The protocol
developed here defines the product sites based on reflection
and/or intermediate sites shown in Fig. 3. An intermediate
site is defined by the user as a central site between two prod-
uct (or reactant) fragments. This site may be necessary in
order to model pairwise adsorption, pairwise desorption,
surface reaction, and surface diffusion steps. If the inter-
mediate site for these reactions is occupied, the reaction is
disallowed. A reflection site is required for particular sur-
face dissociation events. The reflection site is an alternate
location where the dissociation fragment ends up on the
surface. The pathway to a reflection site is also defined by
the user, but it can be loosely quantified as the reflection of
the second reactant site across the first site through a plane
intersecting the first site and normal to the vector between
the first and the second sites. This is shown schematically
in Fig. 3. At longer distances, the reflection site is chosen
to be as close to the initial site as possible along the vector
between the first site and the reflection site. The reverse re-
action of the above example, i.e., ethyl dissociation from the
atop position to form a product state of both ethylene and
hydrogen in bridging configurations, isan example of where
a reflection site is needed. The occupancy and the bind-
ing energy in both the intermediate and the reflection sites
affect the calculated reaction probabilities. We also note
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that this results in a multisite Monte Carlo approach. So,
although two sites are chosen, many are involved in the de-
veloping scenario. Thisisan attractive and realistic aspect of
our method that has not yet been presented in the literature.
Should the scenario builder decide that a specific sce-
nario is possible, acomplexseries of calculations to compute
binding energies of reactants, intermediates, and products is
performed at the appropriate surface sites. To model the ef-
fects of the local environment on the activation energies of
surface processes, we have modified the activation barrier
prediction methods in the bond order conservation (BOC)
model developed by Shustorovich and Bell (42). In our ap-
proach, the reference states we use are density functional
theory (DFT) calculations of the activation energies in the
zero coverage limit. The equations given below are taken
from Shustorovich and Bell for surface processes. However,
the transition state energy for each reaction process is mod-
ified by a constant factor y. This factor is used to force the
BOC calculated activation energies to equal the intrinsic
kinetics predicted by DFT that are input into the simula-
tion. Consistency is maintained by scaling both the forward
and the reverse reactions by the same factor y. Written in
general form, the binding energies of adsorbates A, B, and
AB are given by Qa, Qg, and Qag and the bond dissocation
energy of a molecule AB is given by Dag. The equations
are formulated in terms of the BOC estimated barrier for
dissociation of an AB molecule from the gas phase to the
surface given by (33):
AERgy, = Dag — (Qa+ Qp) + 7§:+%BB [1]
This equation is a balance of the energy required for the
dissociation of AB in the gas phase and the energy gained by
adsorption of the products A and B plus an extra resistance
term based on product binding energies.

Bond Breaking
AB dissociation from gas (A — B +* — A* + B*)

AEjg, =05 (AERg, — Qas) + ¥ [2]
AB dissociation on the surface (A — B* + * — A* +B*)
AEAgs = AEjg+ Qas [3]

Bond Making

Surface recombination of A and B (A*+B* — A—

AEA gs= Qa+ Qs — Das + AEg (4]

Recombination of A and B to the gas phase (A* + B* —
A-B+7%)

AEj gg = AERS, if AE;_LB{Q >0 [5]
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else
AEA gy =Qa+ Qe —Dag+y =AEjgs— AEpg g+ V-

Equations [1]-[5] provide activation barriers for all bond
breaking and making scenarios that arise in the simula-
tion. The activation energy for desorption of surface species
without bond breaking or making is given by the binding
energy. We define the adsorption rate of gaseous species i
for each surface site as

E
lagsi = - B -Area- (2.7 - MW, - R.T)O-Sexp(_R__T_),

[6]

where S, is the sticking coefficient for the adsorption pro-
cess, Pj is the partial pressure of the adsorbing species, Area
is the area of one surface site (metal-metal distance?/4),
MW; is the molecular weight of i, and E; is the activation.
energy for adsorption.

Monte Carlo Approach to Surface Kinetics

The simulation object inventories all possible scenarios,
determines the outcome, equilibrates the surface, performs
the simulation analysis, and generates the output. A rough
outline of the Monte Carlo algorithm is shown in Fig. 4.

Initialize
Surface
Calculate Possible
Scenarios

Normalize Rates To

Deterministic Model

Classify Reactions as
Equilibrium or Dynamic

Calculate Total Rate
of Dynamic Reactions

Choose a Reaction
Based on Selectivitites

Calculate / Update
Time Step

Equilibration of
Faster Reactions

(Emished) ]

Yes

FIG. 4. Schematic flowchart illustrating the variable time step Monte
Carlo approach for simulating surface chemistry and kinetics.
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The grid initially contains no surface adsorbates. The total
rate of all events is calculated by summing the rates of all
possible scenarios. Pairwise reactions are evaluated by ex-
amining all interacting pairs (adsorbates that are less than
two times the M-M distance on the surface) and testing
all possible surface reactions for each pair. Unimolecular
adsorption and desorption steps are also evaluated at each
surface site. All possible surface scenarios along with as-
sociated kinetics are computed and then stored. The rates
of all scenarios are self-consistently adjusted to offset the
inherent difference in the rate of unimolecular and pair-
wise surface processes that are important for appropriately
treating multisite systems. This difference occurs since the
surface area of adsorbed species often encompasses more
than one grid site.

To compensate, we first calculate a rate constant for each
surface process i, (ki), based on the number of possible sce-
narios (n) and the corresponding rate of each scenario j:

_ ki

K
n

[7]

Next, a correction to the number of surface pairs in the ideal
limit for each pairwise reaction is calculated. Specifically,
the correction (C) is defined as

Pae . fbas
Pa-Ps  6Oa-68

Cag =

(8]

where Pag is the probability of encountering a surface AB
pair, and P and Pg are the probabilities of encountering A
and B, respectively. This factor is used to estimate the true
rate of pairwise surface processes using a traditional rate
equation. For example, the surface reaction rate (r) for the
reaction of A+ B — AB is

z-M
rABZT'CAB'kAB'QA'@B

z-M 4
(2 " Cag - 6a 95) JE:l AB.j [9]

where z is the surface coordination (4 for the 100 surface),
M is the number of metal atoms, and 6 is the adsorbate sur-
face concentration. Similar equations can be developed for
the other pairwise processes. The concentration of surface
vacancy sites (6,) depends on the adsorbate size through
the number of sites capable of accepting the adsorbate; i.e.,
the interaction energy does not exceed the binding energy.

After recalculating the rate of all surface scenarios, we
then classify each reaction as being either in equilibrium or
dynamic based on its overall forward and reverse rates as
calculated by Eq. [7]. The rates of all dynamic processes are
then summed to give a total surface rate. Time is computed

245

by drawing a random number and substituting into

—In(RN)
St

where Aty is the variable time step, > r; is the sum of the
rates of all dynamic surface processes given by Eq. [9], and
RN is a random number between 0 and 1. The reaction that
occursinthe calculated time step is then chosen by sampling
a cumulative probability distribution based on a selectivity
for each event

At, = [10]

FAB,2

St

where rag2 denotes the corrected rate constant. The re-
sulting stochastic Monte Carlo approach proceeds through
event-space, following events and updating the time and
surface structure. This enables us to follow spatiotempo-
ral surface compositions. Diffusion for the systems studied
here is assumed to be an equilibrium process. All equilib-
rium processes are allowed to occur after every time step
using the Metropolis algorithm (43).

Selectivity of reaction AB, Event 2 =

[11]

Results for Ethylene Hydrogenation

The input to the simulation involves a set of binding and
reaction energies. To model surface coverage-dependent
kinetics, an interaction model that is based on a series of
extended Huckel calculations was developed. Simulated
turnover frequencies are determined by maintaining back-
ground reactant partial pressures and holding the temper-
ature constant. Observed kinetics are represented here as
turnover frequencies, including the activation energy and
reaction orders with respect to hydrogen and ethylene.

Reaction Thermodynamics and Kinetics

The results from a series of DFT calculations for ethy-
lene hydrogenation Kinetics are presented in Fig. 5. The

o JCoHa @)+ H, (2) Zero Coverage Limit
=
=
g C,H, (a)+ H, ()
=
= -14
9
=
N’
>
1]
g 5
S 15 277 C,Hg (g)
= FCHs@+H@) g
-35.6 H
C,H, (a)+ 2H (a)
FIG.5. Potential energy diagram for ethylene hydrogenation on

Pd(100) as determined through DFT calculations and literature estimates.
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TABLE 1

DFT Calculated Binding Energies Used in the Simulation
of Ethylene Hydrogenation on Pd(100)

Energy (kcal/mol) Atop Bridging Hollow
Hydrogen 47.3 58.3 62.9
Ethylene 7 14 —
Ethyl 31 17.9 —

Note. See Ref. (44).

energy diagram here is estimated to be the isolated reac-
tants on the surface, or more specifically the zero coverage
limit. Reactant adsorption modes and corresponding ener-
gies were inferred from DFT calculations (44, 53). Table 1
highlights the binding energies that are used in the simu-
lation. Figure 5 is simplified since only the most favorable
adsorption energies were used in constructing the potential
energy diagram shown. For example, the desorption energy
of ethylene is given as 14 kcal/mol from a di-o configuration
instead of 7 kcal/mol from a = configuration. In the simula-
tion, however, all modes remain possible. Although lateral
interactions are ignored in this energetic diagram, they are
included in the simulation. To complete the intrinsic kinetic
database, the preexponential factors shown in Fig. 1 were
assumed to be 10*3 s~ ! except for the desorption of ethylene,
which was taken as 10° s~* from the literature (14). These
values are consistent with transition state theory. The stick-
ing coefficients for ethylene and hydrogen were chosen to
be 1 and 0.1, respectively, based on results reported in a
previous modeling study (46).

The binding energies and activation energies for ethylene
hydrogenation kinetics were determined through DFT cal-
culations for Pd(111) (44). We make an assumption based
on BOC principles that the adsorbate binding energy does
not change very much between the (111) and (100) sur-
faces for atop and bridging sites. On the bare Pd(100) sur-
face, ethylene prefers the di-o adsorption site. DFT cal-
culations predict a binding energy of 14-15 kcal/mol. This
is consistent with the experimental desorption barrier for
ethylene of 13 kcal/mol on Pd(111) (14). Hydrogen prefers
the hollow sites on both the Pd(111) and the Pd(100) sur-
faces. The DFT-computed binding energy for hydrogen is
61.4 kcal/mol for a full monolayer of hydrogen on Pd(111)
(53). At lower surface coverages, the adsorption energy
is somewhat stronger. Repulsive interactions between sur-
face hydrogen atoms at a full monolayer are approximately
2.5 kcal/mol (58). We therefore used a value of 62.9 kcal/
mol, consistent with a modeling study by Wilke et al. that
suggested a binding energy of 62.9 kcal/mol in the no-
neighbor limit for Pd(100) (48). The experimental binding
energy for hydrogen on Pd(111) and Pd(100) is 62.1 and
63.6 kcal/mol, respectively (55). The ethyl intermediate that
forms prefers to sit at an atop adsorption site with a bind-
ing energy of 31 kcal/mol (44, 53). An activation barrier
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for the hydrogenation of ethylene to ethyl was computed
to be 16.5 on a Pd(111) cluster (44) and 19.6 kcal/mol on
a high-coverage Pd(111) slab (53). The barrier for the sec-
ond hydrogenation step was computed to be 16.0 kcal/mol
in the low coverage limit (44). Both hydrogenation barri-
ers used in the simulation (15 and 14.5 kcal/mol) are just
1.5 kcal/mol lower than barriers that were later calculated
directly from DFT. In addition, the magnitude of the hydro-
genation barriers is also corroborated through experiments
on Pt(111) (9).

Interaction Model

To simulate the coverage dependence of H, C,H,4, and
C,Hs on the Pd(100) surface, lateral interactions were cal-
culated through a series of extended Huckel theory (EHT)
calculations on model metal clusters. In this model, 1750
interaction ensemble calculations were performed to de-
termine the energy of the system as a function of coverage.
These EHT calculated interaction energies were calculated
consistently by cutting out grids from the surface for repre-
sentative surface structures that were found during a pre-
liminary simulation with a BOC interaction model. First,
an adsorbate is chosen to calculate the interaction energy.
Then, metal atoms and adsorbates within a cutoff radius
(2.5 times the bulk Pd-Pd distance) are cut from the surface
and included in an EHT interaction energy calculation. A
model was then developed to describe the results in terms of
simple pairwise interactions. This model was subsequently
fitted to the EHT data to determine its parameters. The in-
teractions in the model are based solely on the distance of
separation between two adsorbates. Therefore, the interac-
tion model is termed the Radial Function model. The RF
interaction model used in the kinetic studies of ethylene
hydrogenation is outlined in Fig. 6. A more sophisticated
approach would be to regress the EHT parameters against
DFT calculations. The model consists of 12 parameters for
this three-component system. The first interaction constant,
gij, scales the interactions and accounts for cross-terms
between adsorbates. The second interaction constant, &j,
is a relative measure of how quickly the interactions decay

Interaction(r) =%[6Xp(_(r_yij)/8i) +eXp(—(r_Yij)/8j )

r r
Yt
%‘j - %
G CH, CH, H g Yi
C,H;[9.48 8.76 0.03] CHs|1.29] C,Hs|7.53
C,H, 896 0.08] cn,[092( c,H,|591
H 2.76 u|0.43 H|[1.94
FIG. 6. Radial function interaction model used in simulations of ethy-

lene hydrogenation. The model was found via regression of 1750 interac-
tion calculations using extended Hiuickel as described in the text. r is in
angstroms.
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with distance. The third interaction constant, v, is a relative
measure of the physical size of the adsorbates. This model
was used for all simulations presented here.

Hydrogenation Kinetics

Kinetic simulations of ethylene hydrogenation require
following the complex sequence of adsorption, surface re-
action, surface diffusion, and surface desorption processes.
Unless otherwise specified, the ethylene partial pressure
was set at 25 Torr and the hydrogen partial pressure was
set at 100 Torr. Our goal was to map simulated kinetics
to apparent macroscopic kinetics that one would observe
experimentally, such as the preexponential factor (v), the
activation energy (E,), and the reaction orders with respect
to hydrogen (x) and ethylene (y) as shown in

. —E
Hydrogenation rate = v - exp( R ;) P, - PCVZHA. [12]

Turnover frequencies are calculated by counting the num-
ber of ethane molecules that desorb from the surface in a
given time interval. The uncertainty of calculating turnover
frequencies is associated with how many desorption events
can be observed over a reasonable amount of time. We have
found that approximately 100 desorption events is a com-
promise between accuracy and calculation time provided
the coverage is at steady state. An example of one such
measurement of a turnover frequency is shown in Fig. 7. In
order to resolve the turnover frequency from the calcula-
tion results, the raw data for ethane desorption as a function
of time are fitted to both a first-order exponential decay and
aline. The long-time behavior is the turnover frequency and
is given by the slope of this line. All measurements are per-

140 T T T T ™ T
Fit = T;OF‘I-(# afmeml éfoms in grid) + c%(l*exp(g—ﬁr))
120f t= 11.8 ........ ...... A L s
¢=12.2 ; : : : :
B TOF =0.002 L g
-
o Fit.~
g 3 ! : i
S 80 ; e 2 g
g : e Raw Data
= 4 e
W 5 o rd
5 60 - r/ ............
2 : i 4
4 : },” :
E w e i S P
j T=248K
20 5 N NP PUMUUOONPNIN SN v T X g
100 Torr H,
: _ 25 Torr C,H,
0 20 40 60 80 100 120 140 160
Time (s)
FIG. 7. Example of simulation data and how turnover frequencies are

extracted from these data. The raw simulation data are fitted to a line and
a first-order decay with the slope of the line representing the turnover
frequency.
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FIG. 8. Arrhenius plot for ethylene hydrogenation. The partial pres-
sure of hydrogen is 100 Torr and the partial pressure of ethylene is 25 Torr.
The activation energy according to Eq. [12] varies from 12 kcal/mol at
248 K to 9 kcal/mol at 436 K.

formed subject to this protocol. Turnover frequencies are
calculated under different reaction conditions and subse-
quently used to parameterize Eq. [12]. We find that the ef-
fect of grid size is not substantial for these simulations. This
has been supported by others (49), so smaller 400 metal
atom grids were used. Along with shorter run times, diffu-
sion equilibrium is achieved more easily using this smaller
grid.

The simulation was run at a series of temperatures
to extract Arrhenius data. Figure 8 shows a traditional
Arrhenius plot of the turnover frequency at the tempera-
tures of 248, 273, 298, 336, 386, and 436 K. E,and v vary over
this temperature range. The activation energy ranges from
12 kcal/mol at lower temperatures to 9 kcal/mol at higher
temperatures. These values are in good agreement with
measured experimental values which range from 6-11 kcal/
mol. An average value of v is ~10° kPa~%% s~!site~* and this
compares well with an experimental value of 2 x 106 kPa—%°
s~ site™! (16). An experimental estimate for Pd hydro-
genation at 248 K is a turnover frequency of 7, whereas
simulations suggest a turnover frequency of 2 x 1073, We
are comparing simulation results from a well-defined single
crystal Pd(100) surface with experimental results on sup-
ported particles. Only trends, and not quantitative agree-
ment, in the magnitude of the turnover frequency are ex-
pected. Figure 8also shows the effect of grid size on reaction
kinetics.

The partial pressures of both ethylene and hydrogen were
varied to determine their respective kinetic orders. The or-
ders were found by regressing the coefficients in Eq. [12]
to the kinetic data. The reference state used was 25 Torr of
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FIG.9. Simulation orders with respect to hydrogen and ethylene at
298 K using a 20 x 20 grid. For reference, pressures are given as 25 Torr
of ethylene and 100 Torr of hydrogen. The order with respect to ethylene
varies from —0.4 to 0. The order with respect to hydrogen is more constant,
ranging from 0.65 to 0.85.

ethylene and 100 Torr of hydrogen. In Fig. 9, we show the
resulting simulation orders with respect to ethylene and
hydrogen at 298 K. The hydrogen order was 0.85 at higher
partial pressures of hydrogen and decreases slightly to 0.65
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at lower hydrogen partial pressures. The kinetic order with
respect to ethylene varied more substantially with ethylene
partial pressure. At lower partial pressures of ethylene, the
ethylene order was —0.4, whereas at higher partial pressures
of ethylene the ethylene order was near zero or slightly
positive.

Table 2 lists simulated binding energies, surface cover-
ages, and estimated barriers for surface reactions at dif-
ferent temperatures. These values are averaged over the
final quarter of the simulation run, when the system is clos-
est to equilibrium. Most of the simulation runs appear to
have achieved a near-equilibrium state, as shown by the es-
timated rates. Unimolecular desorption barriers reported
here are shown as the binding energies. The activation bar-
rier for reaction i is estimated with the protocol

E :—RT-In( [13]

fi
v - ~M~f(0)i>’

NIN

where f(0) is a function of the surface coverage, e.g., 6a6s
for reaction of A and B on the surface. Overbars in Eq. [13]
denote the simulation average. In formulating the activa-
tion energy in this manner, several assumptions were made
that are common for analyzing reaction rates. First, it is
assumed that the preexponential and statistic factors are
ideal. Second, site balance reclaims the surface vacancy
concentration by assuming all site concentrations sum to 1

TABLE 2

Simulation Variables for a 20 x 20 Grid Size as a Function of Temperature

436 K 386 K 336 K 298 K 273K 248 K

Coverage (ML)

Hydrogen 0.157 0.276 0.419 0.422 0.508 0.568

Ethylene 0.141 0.136 0.146 0.182 0.178 0.178

Ethyl 0.00244 0.00243 0.0024 0.0021 0.0021 0.0021
Binding energy (kcal/mol)?

Hydrogen 62.7 62.6 62.5 62.5 62.4 62.4

Ethylene 13 12.8 12.1 9.05 8.81 8.69
Estimated rates (TOF)?

Ethyl dissocation 5400 1200 110 8.7 11 0.09

Ethylene hydrogenation 5400 1200 130 12 1.9 0.06

Ethyl hydrogenation 13 3 0.72 0.015 0.007 0.004

Hydrogen desorption 11 1.6 0.065 0.0011 75%x107° 1.9x10°®

Hydrogen adsorption 27 8.3 0.79 0.18 0.022 0.0018
Barrier estimates (kcal/mol)®

Ethyl dissocation? 44-83 5.0-8.4 5.6-8.7 6.1-9.1 6.4-9.3 6.7-9.5

Ethylene hydrogenation? 10.6 11.0 113 11.6 117 12.4

Ethyl hydrogenation 8.2-12.3 9.0-12.5 9.0-12.1 9.9-12.9 9.4-12.3 8.8-11.6

Hydrogen desorption 16.2 16.6 171 17.6 17.8 18.1

Hydrogen adsorption 12 18 2.7 3.2 3.9 4.6

Note. Binding energies are in kcal/mol, surface coverages are in ML, and reaction rates on a turnover basis are roughly

estimated over simulation time.

2 Ethyl binding energy measures between 30.9 and 31 kcal/mol for all runs.

b Ethylene adsorption in equilibrium.

¢ Assumes 6, = 1 — »_6; and an ideal form for preexponential and statistical factors.
4 Uncertainty due to low ethyl concentrations at minimum grid coverage.
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(see Table 2). The assumption of site balance can introduce
large errors since vacancy concentrations are different for
different species and the saturation coverage for ethylene
and ethylislessthan 1 ML. With these assumptions, changes
in the barriers shown in Table 2 may be due to deviations
from nonideality of the preexponential factor. Therefore,
the barriers in Table 2 are only estimates and should not be
compared rigorously with zero coverage values presented
in Fig. 5. The trends are more important and demonstrate
significant changes from ideality of the reaction rates of
these elementary reaction steps.

Surface coverage is an important factor in hydrogena-
tion Kinetics. As expected, surface coverage decreases as
the temperature increases. Surface coverage of ethylene
changes only slightly from 0.18 ML at 248 K to 0.14 ML
at 436 K. Coverage changes in hydrogen are much more
pronounced, from 0.57 ML at 248 K to 0.16 ML at 436 K.
Higher surface coverages are indicative of greater repulsive
surface interactions that influence both the binding energies
of adsorbates and the reaction rates.

Table 2 shows a consistent increase with temperature in
the time-averaged simulated binding energies, coinciding
with a reduction in surface coverage. The binding energy of
ethylene is 8.7 kcal/mol at 248 K and increases to 13 kcal/
mol at 436 K. There is a weaker dependence of tempera-
ture on the hydrogen binding energy. At 248 K, the binding
energy of hydrogen is 62.4 kcal/mol and increases to only
62.7 kcal/mol at 436 K. However, hydrogen occupies states
between 55 and 60 kcal/mol for very short time periods,
but these states do not contribute significantly to the time-
averaged binding energy.

The estimates of the barrier heights reported in Table 2
show a trend of decreasing activation energy with increas-
ing surface temperature. This seems counterintuitive, since
areduction in binding energy should lead to reduced barri-
ers. A reduction in the barrier with increasing temperature
can be associated with three phenomena. First, the afore-
mentioned changes in the statistical factor are reflected in
the estimated barrier; Second, there is a change in the dis-
tribution of energy states for surface pairs. Plots of the den-
sity of binding energy states suggest differences here. Third,
there is a change in surface overlayer structure that allows
sites to be populated as the surface coverage decreases that
previously could not be populated due to site blocking. For
example, ethyl adsorption requires a large vacancy site that
is difficult to create on the surface at high coverages.

Relative trends in activation energies are revealed in
Table 2 for the first and second hydrogenation steps. During
the simulation, the initial hydrogenation step is in equilib-
rium. While the simulated barrier for the initial hydrogena-
tion step is comparable to or greater than that of the second
hydrogenation step, the simulated barrier for the reverse re-
action of ethyl dissociation back to ethylene and hydrogen
is low. Therefore, ethyl is more likely to react back to ethy-
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lene and hydrogen than to hydrogenate to form ethane. A
cyclic pattern within the simulation emerges where ethy-
lene reacts with hydrogen only to dissociate again back to
ethylene and hydrogen, i.e., hydrogen exchange. If a sec-
ond hydrogen exists in the near vicinity of ethyl at the time
of the first hydrogenation, the second hydrogenation step
can occur, resulting in the product ethane. The chance that
ethylene is surrounded by two hydrogen atoms capable of
hydrogenation is dictated by the interaction model. Bar-
rier estimates of the first and second hydrogenation steps
suggest greater hydrogen exchange at higher temperatures.
As the temperature is increased, the first hydrogenation
step becomes consistently more endothermic while the sec-
ond hydrogenation step changes little in comparison. An
increase in hydrogen exchange with temperature has been
shown experimentally for Pt catalysts using deuterium trac-
ing (23).

Two snapshots of simulation overlayer structure are
shown in Fig. 10. Ethylene is bound in the di-o position
and hydrogen adsorbs in the hollow sites on the surface. In
the surface overlayer, hydrogen has a much greater mobil-
ity due to its smaller size. Simulations proceed with a sea
of hydrogen atoms moving around the more stationary hy-
drocarbon species. Ethyl and ethylene are less mobile since
movement involves strong repulsions with neighboring hy-
drocarbons. The hydrocarbons occupy greater surface area
than the hydrogen atoms do. Since hydrogen does not inter-
act as strongly with the hydrocarbons, it is free to maneuver
around and near the hydrocarbons.

The simulation results indicate that the hydrogenation
proceeds primarily through a weakly bound di-o- and
-bound species that occupies only 1.5-4.5% of the cata-
lyst surface. This can be compared to a value of 4% deter-
mined on Pt(111) under nearly identical conditions using
sum frequency generation (10) techniques to follow the na-
ture of the active surface intermediates. Similar observa-
tions for the weakly bound ethylene on Pt(111) have been
made by Ofner and Zaera based on molecular beam stud-
ies (11). There are, however, differences between the ex-
periments and the simulations. We have not modeled the
effect of the decomposition fragments, such as CH, CHj,
CHCH,, CCHgs, and CHCH3. Ethylene hydrogenation ex-
periments on Pd/Al,O3 show the formation of ethylidyne
(CCH3) with a saturation coverage of about 15% (20).
Pd(111) forms ethylidyne quite readily (14). Other car-
bonaceous deposits are more favorable than ethylidyne for
Pd(100) (45). Despite a significant coverage of ethylidyne
on Pd/Al,O3, ethylene hydrogenation is not significantly af-
fected (20). Although the role of ethylidyne and other car-
bonaceous deposits on ethylene hydrogenation has yet to
be determined, experiments on Pt suggest that these species
block sites for ethylene adsorption and are of secondary
importance (10-12). Pathways to decomposition fragments
can be included in this approach; however, establishing
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FIG. 10. Snapshots of the surface during ethylene hydrogenation at
298 K, 25 Torr of ethylene, and 100 Torr of hydrogen.

kinetics and interactions between species would take a
much greater effort. Therefore, only the elementary reac-
tions in the Horiuti—Polanyi mechanism and interactions
between ethylene, ethyl, and hydrogen were explored here.

DISCUSSION

The RF model used here is different than the interaction
model we previously reported (50). The RF model we re-
port here was found directly from EHT cluster interactions
and not scaled to match any experimental data. However,
trends in Kinetics results are not greatly affected. We be-
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lieve that the RF model has a greater self-consistency than
arbitrarily choosing different functions for different inter-
actions. The RF model is simple and the parameters appear
to be meaningful. In addition, the database of hundreds of
EHT calculations ensures that the values are statistically
relevant. The parameters in the RF model are regressed
over the entire database. As shown in Fig. 6, the RF model
predicts little interaction between hydrogen and the hy-
drocarbons (ethene and ethyl). In fact, many EHT con-
figurations suggested a slight attraction between ethyl and
hydrogen. Both ethyl and ethylene have interaction ener-
gies of comparable magnitude. However, ethyl interactions
are more expansive. As one may expect intuitively, ethyl
seems to occupy a larger area on the surface while hydrogen
occupies the least surface area as can be seem from g;j
and y;.

In general, simulated apparent activation energies and
kinetic orders are in good agreement with those deter-
mined experimentally. Experimentally reported activation
energies vary between 6 and 11 kcal/mol where literature
values have been cited as 10.7 (22), 10.4 (4), 9.7 (18), 9.3
(15), 8.4 (24), and 6.5 (16) kcal/mol for Pd catalysts. This
compares favorably with a simulated activation energy of
9-12 kcal/mol. Overall, activation energies and kinetic or-
ders agree with the comprehensive set of experimental ki-
netic studies of ethylene hydrogenation on Pt (7, 46) and
Pd (16, 20). Beebe and Yates studied ethylene hydrogena-
tion on Pd/Al,O3 crystallites with an average particle size
of 75 A (20) under conditions of 0.05-0.4 Torr in ethylene
and hydrogen and 250-400 K. Under these conditions, the
activation barrier was found to decrease slightly with in-
creasing temperature, suggesting a decrease in equilibrium
surface concentration of reactant species leading to lower
rates. Since the pathway to ethane production involves two
recombinative steps, the drop in the turnover frequency
becomes more substantial. Experimentally at 292 K, the
kinetic order with respect to hydrogen was calculated to
be 0.84-0.98 while the kinetic order with respect to ethy-
lene was —0.3-0. Davis and Boudart also studied ethylene
hydrogenation kinetics on Pd at 193 K and at partial pres-
sures similar to those simulated here (16). They found that
at these temperatures, the hydrogen kinetic order is 0.5 and
the ethylene kinetic order is 0. On Pt/Cab-O-Sil and Pt
wire catalysts, the activation energy is ~9.5 kcal/mol and
the hydrogen and ethylene kinetic orders are 0.77 and —0.2
at the same temperature and partial pressures simulated
herein (46). Simulated orders in hydrogen of 0.65-0.85 and
in ethylene of —0.4-0 compare well with these experimental
measurements.

For ethylene hydrogenation on Pt, a microkinetic model
reported in the literature explains the kinetic data using a
noncompetitive adsorption model where hydrogen adsorbs
on two different sites (46). Hydrogen adsorption is thought
to occur either on the same site that ethylene adsorbs on
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(competitively) or on a site that does not adsorb ethy-
lene (noncompetitively). In the noncompetitive adsorption
model, hydrogen kinetic orders vary between 0.5 and 1.
For kinetic orders that are 0.5 in hydrogen, the model as-
serts that dissociation of hydrogen is an equilibrated pro-
cess on the noncompetitive site and the surface is cov-
ered with hydrocarbons on the competitive adsorption site.
First-order hydrogen kinetics then result when the adsorp-
tion of hydrogen becomes irreversible, adsorbing on ei-
ther the competitive or the noncompetitive adsorption site.
Furthermore, the noncompetitive adsorption model pre-
dicts negative ethylene kinetic orders. These negative ethy-
lene Kinetic orders are a result of a more competitive ad-
sorption between hydrogen and ethylene on the competi
tive adsorption site as the surface coverage (of ethylene)
decreases. Therefore, a competitive hydrogenation mecha-
nism begins to supplement the noncompetitive mechanism.

The nature of the kinetic orders for ethylene and hydro-
gen are best explained in terms of changes in surface cov-
erage, the size difference between ethylene and hydrogen,
lateral interactions on the surface, and different adsorption
sites for ethylene and hydrogen with different energetics.
In many respects, the simulation results can be construed
as being similar to a deterministic competitive adsorption
model. However, the simulation results are different than
the competitive adsorption model in many notable respects
that have been drawn out by the simulations. The surface
adsorptionsize of ethylene and hydrogen isunequal and not
integer based. Most mathematical reaction models devel-
oped for ethylene hydrogenation assume that ethylene oc-
cupies exactly two sites and hydrogen exactly one. Stochas-
tic simulations allow us to maintain a better accounting of
molecular size associated with surface interactions. How-
ever, the earlier competitive deterministic models that ex-
ist in the literature where ethylene and hydrogen adsorb
on the same type of site are rough approximations since
the type and size of the active site are notably different.
A noncompetitive adsorption model can begin to compen-
sate for this size difference by allowing noncompetitive ad-
sorption sites for hydrogen adsorption at higher coverages.
However, this does not directly correspond to the adsorp-
tion mechanism. Simulations suggest that hydrogen kinetic
orders may be the consequence of lateral interactions on
the surface and different sites for hydrogen adsorption and
not reversibility of the hydrogen adsorption step. At low
temperatures, a kinetic model by Davis and Boudart high-
lights irreversible hydrogen adsorption and tries to explain
the hydrogen half-order reaction Kinetics in terms of in-
teractions in the overlayer (16). Simulations show no re-
versibility of hydrogen adsorption at lower temperatures,
yet we note that we do not allow molecular adsorption of
hydrogen without dissociation. Furthermore, these simula-
tions suggest that ethylene adsorption is more reversible
than hydrogen adsorption. Although simulations predict
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hydrogen orders less than one, our results suggest that this
is due to interactions or energetically different adsorption
states that are close in energy in the overlayer rather than
reversibility of hydrogen adsorption. In fact, simulations
show that the relative magnitude of the lateral interactions
increases with decreasing temperature due to higher sur-
face coverages. Therefore, a kinetic order in hydrogen of 1
occurs at high temperatures with fewer interactions, while
kinetic orders are reduced as the temperature is decreased.
Simulations also suggest that the ethylene kinetic order is a
more complex function of lateral interactions. Variation in
the ethylene partial pressure in Fig. 9 seemed to produce a
more weakly bound ethylene at lower partial pressures of
ethylene, thereby increasing its hydrogenation rate. A more
weakly bound ethylene in this instance may be associated
with an increase in hydrogen coverage that destabilizes the
ethylene through an increased number of surface interac-
tions. However, the change in hydrogen coverage seemed
to increase only slightly or remain constant. We also note
that EHT calculations suggest that the interaction between
ethyl and hydrogen may in fact be attractive in certain con-
figurations and warrants further study since the RF interac-
tion model is incapable of including attractive interactions
explicitly.

CONCLUSIONS

First-principles DFT calculations were performed for
ethylene hydrogenation on Pd. The energies were found to
adequately describe the kinetics of ethylene hydrogenation
in the low (zero) coverage limit where there are no lateral
surface interactions. Interactions between ethyl, ethylene,
and hydrogen on the surface are described by an interac-
tion model (Fig. 6) that was derived from 1750 extended
Huckel calculations. Interaction model parameters are fea-
sible with respect to the magnitude of the interaction ener-
gies and the physical size of ethyl, ethylene, and hydrogen
on the surface. Coupling the interaction model and DFT
reaction energetics with BOC methods for calculating ac-
tivation energies is a viable means of estimating coverage
dependence in the activation energies.

Using this first-principles-based approach, a multisite
kinetic Monte Carlo (Fig. 4) algorithm was used to simulate
ethylene hydrogenation kinetics. An apparent activation
energy of 9-12 kcal/mol (Fig. 8) compares with experi-
mental estimates of 6-11 kcal/mol on supported palladium
catalysts. The simulated activation energy decreases with
increasing temperature. In addition, a preexponential of
108 kPa~%%s1site~! compares well with an experimental
value of 2 x 10% kPa=%°s~1site™! (16). Kinetic orders in
both ethylene and hydrogen compare well with available
experiments (Fig. 9). At 298 K, the kinetic order in ethyl-
ene was —0.4 at lower partial pressures of ethylene and zero
at higher partial pressures of ethylene while the hydrogen
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kinetic order was nearly constant at 0.8. These values com-
pare well with experimental estimates of a hydrogen order
of 0.7-0.9 and an ethylene order of —0.2-0 under similar
conditions for Pd and Pt catalysts. Both the apparent acti-
vation barriers and the kinetic reaction orders were found
to be significantly affected by lateral surface interactions.
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