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Monte Carlo study of CO hydrogenation on cobalt model catalysts
J.-P. Hovi,a) J. Lahtinen,b) Z. S. Liu, and R. M. Nieminen
Laboratory of Physics, Helsinki University of Technology, 02150 Espoo, Finland

~Received 23 December 1994; accepted 7 February 1995!

Useful information on catalytic reactions can be achieved using Monte Carlo simulations combined
with experimental data from model catalysts. We present a comprehensive analysis of the simulation
studies of CO hydrogenation on a hexagonal surface using a discrete computer model for the
irreversible reaction kinetics with no interactions between the surface species but their mutual
reactions. The simulation results are compared to experimental data from a cobalt foil model catalyst
at 101 kPa and 525 K. As a result, the following microscopic picture of the reaction on the catalyst
surface is extracted: the rate-limiting reaction step is the termination of the carbon chains
~a-hydrogenation!, hydrogen atoms occupy different adsorption sites from other reactants, and the
diffusion of hydrogen along the surface is fast. The model is also used to address the relevance of
the ensemble effects for CO dissociation and the surface sensitivity of the CO hydrogenation
reaction. Our simulation results imply that these aspects have little effect on the rates of
hydrocarbon formation. ©1995 American Institute of Physics.

I. INTRODUCTION

The conventional way of modeling the surface reactions
use the kinetic reaction equations for the elementary reaction
steps. The equations are based on the assumption that the
reaction scheme can be described in terms of average surface
coverages, and that all the reaction intermediates are in dy-
namical equilibrium with each other.1 These equations de-
scribing the elementary reaction steps form a large set of
coupled differential equations, which is then solved subject
to the assumption of the dynamical equilibrium.

Recently, there has been considerable interest in the
modelling of the surface reactions using Monte Carlo~MC!
techniques. In this approach the individual atoms or mol-
ecules are assumed to follow a set of stochastic rules which
describe the elementary reaction steps, including adsorption
and diffusion. The method allows high flexibility because
e.g. different surface structures or ensemble effects can be
easily included into the stochastic rules. Promising results
have already been achieved for the CO oxidation2–5 and for
NO–CO reaction.6 Until recently, the interest in these mod-
els has mainly focused on their critical and kinetic behavior,
but their connection to experiments has not been investigated
in detail.

Here we give an extensive report of application of MC
simulations to obtain microscopic information on the surface
reactions. This is achieved by combining the simulation re-
sults with experimental data obtained from a well character-
ized small area model catalyst. In this work we have studied
the CO hydrogenation on a cobaltlike~hexagonal! surface,
but a similar approach could also be used for other heterog-
enous catalysis reactions.

The reaction model is described in detail in Sec. II. The
model is discrete and irreversible, and all the interactions in
the catalyst system have been described by phenomenologi-

cal parameters, e.g. the reaction probabilities. The model is
based on the carbide reaction mechanism8 and molecular CO
adsorption. We utilize the model to predict how the activity
and the product distribution of the catalyst change when the
partial pressures of the reactive gases, here CO and H2, are
changed. The main advantage of the model is that its behav-
ior is determined by a relatively small set of simulation pa-
rameters, e.g. the choice of the rate-limiting reaction step and
rate of hydrogen diffusion, which describe microscopic inter-
actions on the catalyst surface.

The model predictions~see Sec. III! are compared to the
experimental pressure dependencies7 giving a reasonable
picture of the microscopic interactions on the catalyst sur-
face. The most important features of the resulting micro-
scopic picture are the rate-limiting elementary reaction step
is the termination of carbon chains~a-hydrogenation!, and
the diffusion of hydrogen and the growth of carbon chains
are fast processes. Comparison to the experimental data re-
veals that pressure dependencies of the rates of hydrocarbon
formation are similar to the experiment, except for system-
atic deviations of the rate of C21 formation at low CO pres-
sures. The most serious drawback of the simulations is that
the computer model tends to give a much lower selectivity
towards methane than the experiments.

Having identified the simulation parameters which cor-
respond to the experimental situation, we use the model to
address the nature of the ensemble effect for the CO disso-
ciation, and the structure sensitivity of the CO hydrogenation
reaction. In these simulations we find that the ensemble size,
i.e. the number of the vacant adsorption sites the dissociation
demands, has no effect on the selectivity or the activity of the
catalyst reaction, until the CO dissociation involves so many
adsorption sites that catalyst becomes gradually poisoned
with CO. It is also observed that the reaction model is not
sensitive to the surface structure, but the model gives similar
pressure dependencies for the rates of hydrocarbon formation
on hexagonal and square surfaces.

Finally the simulation results are summarized and con-
clusions are presented in Sec. IV.

a!Present address: Raymond and Beverly Sackler Faculty of Exact Sciences,
School of Physics and Astronomy, Tel Aviv University, Ramat Aviv 69978,
Tel Aviv, Israel.

b!Corresponding author.
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II. REACTION MODEL

Essential parts of the simulation algorithm are the cata-
lyst surface, the reaction mixture, reactions with the surface
~adsorption, desorption, and diffusion!, and reactions be-
tween different adsorbants. We discuss these basic modules
in more detail below.

A. Catalyst

The catalyst surface is modeled by a lattice with hexago-
nal symmetry. We have used different adsorption sites for C,
O or their compounds~A sites!, and hydrogen~B sites!. The
two-component lattice is illustrated in Fig. 1. The A sites
form a triangular lattice, and there is one B site between each
pair of A sites giving three times more B sites than A sites.
The symmetry of the surface is that of the~0001! plane of
any hcp metal, e.g. cobalt, or~111!-plane of any fcc metal.
However, the identity of the adsorption sites~on-top, bridge!
is left unspecified. The most essential feature is that CO and
H2 do not compete for the same adsorption sites. This as-
sumption was found to be necessary in order to obtain a
reactive steady state extending through a wide range of CO
and H2 partial pressures, while otherwise the catalyst be-
comes poisoned with CO or H atoms as in previous models
for the CO oxidation.2

B. Reaction gas

The catalyst is embedded into a synthesis gas atmo-
sphere. The partial pressures of CO and H2 are pCO and
pH2, respectively. An inert gas component~like argon in the
experiments! is used as a fill-up gas so that the total pressure
of the mixture is constant~scaled to one! irrespective of the
pressures of the reactants. The partial pressures are given in
the beginning of the simulation and assumed to remain con-
stant throughout the calculation. The partial pressure of a gas
component,p, determines the number of molecules colliding
with the surface per unit time through

Z05
p

A2pmkT
5Ap/Am. ~1!

The constantA is the same for all gases, and we setA[1
which determines the connection between the real time and
the simulation time. In order to simulate the net effect of
competing sticking and~thermal! desorption, we have added
an effective sticking coefficientSeff into the model. Thus the
collision frequency is given byZ5Seffp/Am.

The reaction products are assumed to be separated from
the reactants immediately after the desorption, and no read-
sorption can take place. These assumptions simulate well the
reaction experiments in the limit of small conversion.

C. Adsorption

Amolecule, CO, H2, or Ar, is randomly chosen to hit the
surface with the probabilityZCO, ZH , or ZAr , respectively.
According to the chosen molecule, different phenomena take
place.

If the molecule is H2, two neighboring B sites are chosen
randomly. If both sites are vacant, the hydrogen molecule
dissociates on the surface, and both adsorption sites are filled
with a hydrogen atom. Otherwise the adsorption fails and the
molecule bounces back to the gas phase.

If the molecule is CO, an A site is randomly chosen. If
the site is vacant a CO molecule adsorbs on the surface

CO1*→CO*, ~2!

where* denotes an empty adsorption site, and CO* stands
for an adsorbed molecule. The CO molecule then dissociates
with a given probability, provided that there is an empty
nearest-neighbor A site

CO*1*→C*1O*, ~3!

but no CO desorption can take place.

D. Hydrogen diffusion

The diffusion of adsorbed species is an important part of
the catalytic reaction. In this work we have considered hy-
drogen diffusion.

Let the hydrogen diffusion probability per unit time to be
pd . The diffusion step starts by taking a random numberr
from a binomial distribution with the expectation value
NHpd , whereNH is the number of the hydrogen atoms on the
surface. Then we repeat the following loopr times:

~1! Pick a random hydrogen atom on the surface.
~2! Check the nearest-neighbor hydrogen sites in a random

order.
~3! If there is an empty site, move the atom to the vacant

site.

In this way the same molecule can diffuse more than once
during one unit of time.

E. Surface reactions

The elementary reactions considered in our model are
based on the carbide mechanism.8

~1! The methane formation proceeds via stepwise hy-
drogenation of carbon,

C*1H*→CH*1* , ~4!

FIG. 1. The surface used in the model. The adsorption sites for CO~light
small circles! form a hexagonal lattice, and between each CO site there is an
adsorption site for hydrogen~dark small circles!. Argon atoms, which are
used as a fill-up gas to keep the total pressure constant, are not shown.
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CH*1H*→CH2*1* , ~5!

CH2*1H*→CH3*1* , ~6!

CH3*1H*→CH4↑12* . ~7!

After the last reaction step the methane desorbs im-
mediately from the surface.

~2! The hydrocarbon chains grow by addition of CH2
groups to the alkyl species

CnH2n11* 1CH2*→Cn11H2~n11!11* 1* . ~8!

~3! The hydrocarbon chains terminate either by
a-hydrogenation

CnH2n11* 1H*→CnH2n12↑12* , ~9!

producing alkanes or byb-dehydrogenation,

CnH2n11* →CnH2n↑1H* , ~10!

producing alkenes. In the latter case the hydrogen
atom remains on the A site until it reacts with an
adsorbant on a neighboring A site, or diffuses to a
neighboring B site.

~4! Water is formed from the adsorbed oxygen and hy-
drogen

O*1H*→OH*1* , ~11!

OH*1H*→H2O↑12* . ~12!

Each surface reaction has a specific reaction probability
pr ~per unit time!. Because the reaction model has no energy
parameters~no temperature!, the reaction probabilities give a
simplified view of the actual catalytic process, and approxi-
mate the relative rates of different elementary reactions. It is
also assumed that all these reaction intermediates are ad-
sorbed on A sites, and therefore they block only the CO
adsorption. The B sites are either vacant or filled with an
adsorbed hydrogen. Furthermore, every reaction intermediate
is adsorbed on a single adsorption site. In the case of the
alkyl species this means that carbon chains are attached to
the surface via one CH2 radical, and grow away from the
surface. These reaction steps were implemented by using a
look-up table, and for practical reasons we have cut the chain
growth after eight carbon atoms.

Reactions take place only between nearest-neighbor
sites, and therefore the adsorbants on A and B sites behave
differently on the surface.Hydrogenatoms can interact only
with the two nearest A sites. Whenever a hydrogen atom is
adsorbed or successfully diffused along the surface, it checks
those two sites.Adsorbates in the A sitesinteract with their
six nearest neighbor B sites, and also with the six nearest
neighbor A sites. If an A site changes its state~after a CO
adsorption or a reaction!, first the B sites are checked in a
random order and thereafter the A sites also in a random
order.

We have been mostly interested in looking for the can-
didates for the rate limiting step of the synthesis. Then, for
simplicity, most of the surface reactions are assumed to occur
with a probability of one, except one or two rate limiting
steps which are assumed to be drastically less probable than

the other reactions. Typically, our candidates for the rate lim-
iting reaction steps are either one of the CHx1H reactions
~x50,1,2!, or thea-hydrogenation.

Surface reactions are initiated by any change~e.g., ad-
sorption, diffusion! in the state of the adsorption sites. This
change can start an avalanche of the reactions. Because every
surface reaction involves at least one A site, the changed sites
are stored, and the reaction subroutine is called until no
changes in the surface configuration occur. Therefore the re-
action proceeds as a reaction front starting from the initial
‘‘seed site,’’ and terminates if there is no suitable reactive
pair of adsorbants, or it stops at a low probability reaction
step.

If the reaction terminates at a low probability reaction
step, it will continue later with a probabilitypr per unit time.
After the adsorption and diffusion steps we draw a binomi-
ally distributed random numberr with the expectation value
of Npr . HereN is the number of given reactants on the A
site, because in order to save computer time, we keep track
only of the number of adsorbates on the surface instead on
the number of the pairs of adsorbants. We then pick ran-
domly r reactants, for which the nearest-neighbor sites are
checked and reacted with in random order. After this we
continue to follow the reaction front further.

F. Simulation parameters

The main loop of the simulation program is given sche-
matically in Fig. 2. One execution of the main loop defines
the time unit of the model.

The parameters of the reaction model and their default
values are summarized in Table I. For simplicity, we have
ignored theb-dehydrogenation in most of the simulations,
and in these cases all the reaction products are alkanes.

The partial pressure dependencies of the rate of hydro-
carbon formation were determined by varying the partial
pressure of one reactant while keeping the other constant,

FIG. 2. The main loop of the simulation program. The number of atoms/
molecules reacting or diffusing (Nr ,Nd) is calculated using the number of
corresponding species on the surface (Ni) and the corresponding reaction
probability per unit time (pi).
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and using ‘‘argon’’ as a fill-up gas. For CO pressure depen-
dence simulations the H2 pressure was held at 0.55, and for
the H2 pressure dependence the CO pressure was held at
0.25. These values correspond the pressures in the experi-
mental measurements.7

We attempt to identify a suitable set of the reaction pa-
rameters for describing a real catalyst system. The connec-
tion between simulations and the experiments is provided by
the partial pressures of CO and hydrogen.

All the simulations were started from an empty lattice.
The lattice had 1003100 A sites with periodic boundary con-
ditions. Performing a few test runs on larger systems we
observed that the system size affects slightly the catalyst ac-
tivity and the selectivity towards methane. For example, 150
3150 system increases the activity approximately 10%.
However, increasing the system size does not affect the pres-
sure dependencies which are of the main interest in this
work.

Typical simulation length was 63106 time units. Given a
set of the simulation parameters we monitored the product
distribution and coverages on the catalyst surface. All the
results in the next section are steady state values, given by
averaging over the last 33106 time units. Usually the aver-
ages are calculated from a single simulation only.

III. RESULTS AND DISCUSSION

We have used the reaction model to obtain information
on the different microscopic aspects of CO hydrogenation on
cobalt model catalysts. The simulation results are compared
to the experimental data reported by Lahtinenet al.7 Short
accounts of different aspects of our early work are given in
Refs. 11 and 12.

The most striking experimental feature of the Fischer–
Tropsch synthesis is the negative CO partial pressure depen-
dence of the methane production rate, which is observed on
both supported9 and on small area cobalt catalysts.7 In the
following section we show the results for the CO pressure
dependence, because the hydrogen pressure dependence~es-
pecially that of the methane yield! was relatively well repro-
duced for quite a large set of parameter values.

A. Results using the default values of the parameters

The rate of formation of C1–C4 hydrocarbons as a func-
tion of the CO partial pressure is displayed in Fig. 3~a! using
the default values for all the simulation parameters~see Table

I!. The rate of formation is defined as a number of hydrocar-
bons produced during one time unit per an A site.

The product distribution of simple polymerization can be
described by the Anderson–Flory–Schultz~AFS! distribu-
tion

logSWn

n D5n log a1 logF ~12a!2

a G , ~13!

whereWn is the weight fraction of the hydrocarbons of
lengthn, anda is the polymerization probability. The simu-
lated data obeys well the AFS-distribution as depicted in Fig.
3~b! for pCO 5 pH2 5 0.25. Thepolymerization probability
of the AFS distribution calculated from data with the default
parameter set is an increasing function of CO partial pres-
sure, which varies froma50.10 ~pCO50.10! to a50.32
~pCO50.45!.

B. Searching for the rate-limiting reaction step

We have used the CHx1H ~x50,1,2! reactions and the
a-hydrogenation as candidates for the rate-limiting reaction
step. The effect of each candidate is compared to the results
of the previous subsection and to the experimental results.

1. Simulations excluding hydrogen diffusion

The turnover rates of the catalyst as a function of CO
partial pressure using different rate-limiting step candidates
are displayed in Fig. 4. The probability for the rate-limiting
reaction step was set to 1025, giving approximately
2–631022 rate-limiting reactions during a time-unit~de-
pending of the CHx or alkyl coverage!. The rest of the pa-
rameters had their default values.

If the rate-limiting step is C1H or CH1H @Figs. 4~a!
and 4~b!# the catalyst yield mostly methane, and the rate of
methane formation increases with increasing CO pressure.
The methane yield also increases as a function of H2 pressure
~not shown here!. Typically there is a large hydrogen cover-
age on the surface, and after passing the rate-limiting reac-
tion step the CH or CH2 molecule hydrogenates quickly, re-
sulting in large methane yield and low chain growth. Highest

TABLE I. Model parameters and their default values.

Parameter Default value

Reaction gas CO partial pressure 0.25
H partial pressure 0.55

Adsorption CO effective sticking 1.0
CO adsorption mechanism molecular
H2 effective sticking 0.5
H2 adsorption mechanism dissociative

Reactions reaction probabilities, 1.0
exceptb-dehydrogenation probability 0.0

Diffusion hydrogen diffusion probability 0.0

FIG. 3. ~a! The rates of formation for C1–4 hydrocarbons as a function of
CO partial pressure using the default values of the simulation parameters
~shown in Table I!. ~b! Data for pCO5pH250.25 plotted according to the
AFS distribution. The dashed line is a least-squares fit of the AFS distribu-
tion to the simulated data yielding polymerization parametera50.212.
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selectivity towards methane is achieved when the rate-
limiting step is CH1H. The production rate of methane in-
creases as a function of CO partial pressure, because the CO
consumption is only restricted by its availability.

If the rate-limiting step is CH21H @Fig. 4~c!#, also de-
tectable amounts of C21 hydrocarbons are formed. The CH2
coverage is very large, because the rate-limiting step blocks
further hydrogenation, but the chain growth is limited by the
small alkyl coverage. Most of the methyl molecules formed
in the CH21H reaction hydrogenate to methane due to the
large hydrogen coverage. However, if the methyl molecule
does not hydrogenate, large CH2 coverage can make the re-
sulting carbon chain relatively long. This is the reason why
the yield of C3–5 hydrocarbons can be larger than the ethane
yield. The product distribution is thus modified in two ways.
The methane yield is enhanced, and also the yield of long
C3–5 hydrocarbons is larger than the ethane yield. The rate of
methane formation still increases with increasing CO pres-
sure.

If the rate-limiting step isa-hydrogenation@Fig. 4~d!#,
the yield of C21 hydrocarbons is enhanced compared to the
previous cases. The alkyl coverages are large because chain
termination is slow. The alkyl and CH2 coverages increase
further, and the hydrogen coverage decreases with increasing
CO pressure. In other words, the probability for chain growth
increases and the probability for chain termination decreases
with increasing CO partial pressure, resulting in a growing
yield C21 hydrocarbons. The polymerization probability of
the AFS distribution is large, because the termination of the
hydrocarbon chains becomes slow. The AFS polymerization
parameter is an increasing function of the CO partial pres-
sure, and reaches the value of 0.59 whenpCO is 0.45. How-
ever, the simulated trends of hydrocarbon formation rates are
not in agreement with the experimental data.7

The simulations described above were carried out using
a chain growth probability of one, but decreasing the chain
growth probability below one does not drastically change the
results. The natural consequence was a higher selectivity to-
wards methane. We conclude that the reaction model does
not reproduce the experimental trends without hydrogen dif-
fusion.

Let us mention briefly that we were able to reproduce the
negative CO partial pressure dependence in the rate of meth-
ane formation, if we added the possibility to terminate the

chain growth by CH31alkyl reaction. However, this also
modified the product distribution so that the rate of C2–4
formation was higher than that of methane. Based on the
comparisons with the experimental product distribution7 we
considered this reaction path unrealistic.

2. Simulations including strongly diffusive hydrogen

As the next step we included the hydrogen diffusion and
set the hydrogen diffusion probability to 1023. This means
that on the average 5–20 hydrogen atoms diffuse during a
time unit, i.e. the diffusion is much more frequent than all the
adsorption or reaction processes. The rate of hydrocarbon
formation as a function of CO partial pressure and for the
different rate-limiting step candidates are displayed in Fig. 5.

If the rate-limiting step is CHx1H, x50,1,2@Figs. 5~a!–
5~c!#, the rate of CO conversion is higher than without hy-
drogen diffusion. The effect grows as the CO partial pressure
increases. However, the qualitative behavior of the catalyst is
similar to that without diffusion.

If the rate-limiting step isa-hydrogenation@Fig. 5~d!#,
the rate of CO conversion is also enhanced up to 20% com-
pared to the result without diffusion. In this case the experi-
mental trend for the rate of methane formation is correctly
reproduced. However, the rate of the chain growth is 2–3
times higher than without diffusion, and the AFS polymer-
ization parameter varies from 0.10 to 0.77 as the CO partial
pressures is increased from 0.05 to 0.45, giving a much
largera than in the experiments.

Comparing Figs. 4 and 5 we see that the hydrogen dif-
fusion enhances the effect of the rate-limiting reaction step.
In other words, diffusion favors fast surface reactions be-
cause every diffusing hydrogen attempts to react with the
adsorbates on its new neighboringA sites. If the rate-limiting
step is too slow, the hydrogen can diffuse away and react
elsewhere.

From the data of Fig. 5~d! we calculated the turnover
number of the CO molecules as a function of the CO partial
pressure. The number of converted CO molecules is an in-
creasing function of the partial pressure, which, however,
contradicts the behavior of the experimental data. Through-
out the calculated pressure range the ratio of successful CO
adsorptions to the total number of CO adsorption trials re-
mains large. As the CO pressure is increased from 0.05 to
0.45, the CO sticking is slowly decreased from 0.92 to 0.74,

FIG. 4. Turnover rates for C1–4 hydrocarbons as a function of CO partial
pressure using four different candidates for the rate limiting reaction step~a!
C1H; ~b! CH1H; ~c! CH21H; and~d! a-hydrogenation. The probability of
the rate limiting step is 1025. The rest of the simulation parameters had their
default values.

FIG. 5. Turnover rates for C1–4 with strongly diffusive hydrogen using four
different candidates for the rate limiting reaction step~a! C1H; ~b! CH1H;
~c! CH21H; and ~d! a-hydrogenation. The probability of the rate limiting
step is 1025. The rest of the simulation parameters had their default values,
except the hydrogen diffusion probability which was 1023.
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if the initial sticking coefficient is one. Also the coverage of
the CO molecules remains zero throughout the simulated
pressure range due to the fast CO dissociation. These fea-
tures tell that the model displays the negative pressure de-
pendence of the methane formation because the catalyst se-
lectivity is directed gradually towards the production of the
C21 hydrocarbon chains.

We repeated the calculations of this section setting the
probability for the chain growth@Eq. ~8!# to 1024. These
results are shown in Fig. 6. We see that the decrease in the
chain growth probability enhances the rate of methane for-
mation and the number of produced C21 hydrocarbons de-
creases. It is observed that at low chain growth probability
the CO conversion rate is practically independent on the hy-
drogen diffusion probability. Especially, in case of the
a-hydrogenation the observed negative CO pressure depen-
dence of the methane yield disappears.

C. Slow CO dissociation or water formation

In this section we study the effects of the CO dissocia-
tion and OH1H reaction probabilities on the rates of hydro-
carbon formation. The CO dissociation on cobalt surfaces is
known to be slower than on iron surfaces,13 and thus it is
reasonable to test what effect the restricted dissociation has
on the pressure dependence. On the other hand, the reduction
of CoO has been proposed14 to play an important role in CO
and CO2 hydrogenation. In these simulations this elementary
reaction step would be represented by the O1H→OH reac-
tion. However, in this section we show only the results for
the restricted OH1H reaction, because the results for this
reactions are very similar to those of the O1H reaction.

We varied the CO dissociation and OH1H reaction
probabilities separately between 1024 and 1026, using prob-
abilities of 1025 for a-hydrogenation and of 1023 for the
hydrogen diffusion and keeping the rest of the simulation
parameters at their default values. The lowa-hydrogenation
probability was chosen because the results using the CO dis-
sociation~or OH1H! probability of 1025 together with the
a-hydrogenation probability of 1.0 showincreasingmethane
formation rate as a function of the CO partial pressure, ex-
cluding the possibility of these reactions being the true rate-
limiting step.

The results with the CO dissociation probabilitypd rang-
ing from 1024 to 1026 are displayed in Fig. 7. We see that the

rates of the hydrocarbon formation are not changed if
pd51024 @Fig. 7~a!# but a decrease in the dissociation prob-
ability yields to larger selectivity towards methane and to the
disappearance of the negative CO pressure dependence@Fig.
7~b!#. Finally, after a certain threshold the surface becomes
saturated with CO molecules resulting in a drastic drop in the
activity of the catalyst@Fig. 7~c!#.

The changes observed with restricted water removal re-
action are displayed in Fig. 8. The effect of this elementary
reaction step are similar to those observed with restricted CO
dissociation probability, except for the OH1H reaction prob-
ability 1026 the rates of the hydrocarbon are only weakly
pressure dependent instead of the catalyst poisoning. Espe-
cially, the decreased OH1H reaction probability leads to
larger selectivity towards methane.

In both of these cases the lowered reaction probability
yields to increased selectivity towards methane. The use of
the reduced reaction probability generally leads to 20%–
60% coverage of CO~OH! molecules and alkyls depending
on the CO partial pressure, the rest of the surface being
empty. The increased selectivity towards methane can be
therefore directly attributed to the blocking of the chain
growth by the CO~or OH! molecules.

Based on the simulations displayed in Figs. 7 and 8 we
conclude that lowering these reaction probabilities result in
the disappearance of the negative pressure dependence of the
rate of the methane formation, and thus are not the rate lim-
iting steps for the hydrogenation reaction.

FIG. 6. Turnover rates for C1–4 with the chain growth probability of 1024

using four different candidates for the rate limiting reaction step~a! C1H;
~b! CH1H; ~c! CH21H; and~d! a-hydrogenation. Other simulation param-
eters were as in Fig. 5.

FIG. 7. Turnover rates for C1–4 with three different CO dissociation prob-
abilities ~a! 1024; ~b! 1025; ~c! 1026. The probabilities for thea-hydro-
genation and hydrogen diffusion were 1025 and 1023, respectively. Other
simulation parameters had their default values.

FIG. 8. Turnover rates for C1–4 with three different OH1H reaction prob-
abilities ~a! 1024; ~b! 1025; ~c! 1026. The probabilities for thea-hydro-
genation and hydrogen diffusion were 1025 and 1023, respectively. Other
simulation parameters had their default values.
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D. Including the b-dehydrogenation

So far all the simulations have ignored theb-dehy-
drogenation processes, and all the conclusions are based on
the pressure dependence of the rate of methane formation.
However, in the experiments most of the C21 products are
alkenes which implies that theb-dehydrogenation processes
play a crucial role in the CO hydrogenation.

Therefore we repeated some of the calculations using the
parameters which reproduce the experimental pressure de-
pendence of the methane formation, and varied theb-de-
hydrogenation probability while keeping the rest of the simu-
lation parameters at their default values. The simulation re-
sults for theb-dehydrogenation probabilities from 1024 to
1026 are displayed in Fig. 9.

We see that increasing theb-dehydrogenation probabil-
ity from zero increases especially the ethane and ethene
yield, because theb-dehydrogenation processes provide a
fast route to chain termination in addition to thea-hy-
drogenation. Thus, due to this new channel for hydrocarbon
formation, the product distribution follows the AFS distribu-
tion only for C21 hydrocarbons.

If the b-dehydrogenation probability is larger than that
of thea-hydrogenation, the catalyst yields more C2 products
than methane~Fig. 9!. Although the product distribution in
supported catalysts can exhibit low selectivity towards meth-
ane, the experimental product distribution in the cobalt foil
model catalysts imply that the probability forb-dehydro-
genation is smaller than thea-hydrogenation probability.

E. Comparison to the experimental results

Trying to keep the number of adjusted parameters as
small as possible, we got a reasonable similarity between the
simulation results and the experimental data when the prob-
abilities for b-dehydrogenation,a-hydrogenation, chain
growth, and hydrogen diffusion were set to 1026, 1025, 1024,
and 1023, respectively and the effective sticking coefficient
of hydrogen to 0.08. The simulation results using these pa-
rameters are compared to the experimental data in Fig. 10.

The simulation results in Fig. 10 show similar partial
pressure dependencies as the experimental data, especially
for methane. Furthermore, the calculated fraction of ethene
in the C2 products as a function of the partial pressure shows
satisfactory similarity to the experimental data, and indicates

that quite a large range of values can be reproduced. On the
other hand, however, the selectivity towards methane is
lower in the simulations than in the experiments, the results
for the hydrogen pressure dependence for C21 hydrocarbons
are somewhat disappointing, and the CO pressure dependen-
cies show systematic deviations at lowest CO pressures.

Of course, the results displayed in Fig. 10 represent a
subjective compromise between different aspects of the ex-
perimental data. For example, better partial pressure depen-
dencies can be achieved at the expense of ignoring the
b-dehydrogenation processes, when all the reaction product
are alkanes~see Fig. 3 in Ref. 11!. Thus, better agreement
with the experimental results clearly needs a more realistic
model, including e.g. the real desorption processes and the
allowing the elementary reactions to proceed in both direc-
tions. Especially, the hydrogen effective sticking coefficient
gives only an estimate for the ratio of the sticking and de-
sorption of H2 relative to CO, and it is an assumption which
neglects the competition between the desorption and the dif-
ferent elementary reactions. These amendments to the model
are currently in progress.

As a first step towards the real desorption processes, we
have performed a few test runs to study the effect of this
simplification using sticking coefficients of one for both re-
actants and varying the rate of hydrogen desorption. The
inclusion of slow hydrogen desorption gave similar cover-

FIG. 9. Turnover rates C1–4 with three differentb-dehydrogenation prob-
abilities ~a! 1024; ~b! 1025; ~c! 1026. Only the rates for ethane~solid dia-
monds! and ethene~open diamonds! are drawn separately, otherwise the
rates for alkanes and alkenes are summed together. The probabilities for the
a-hydrogenation and hydrogen diffusion were 1025 and 1023, respectively.
Other simulation parameters had their default values.

FIG. 10. Comparison of the partial pressure dependencies between the
simulated hydrocarbon formation and the experimental data~at 525 K and
101 kPa! from Ref. 7. The fraction of ethene in the C2 products~top! and the
turnover rates of C1–4 hydrocarbons~main chart! are shown as a function of
CO and H2 partial pressure. The simulated data are shown by solid lines and
the markers represent experimental data points;~s!, ethene fraction;~d!,
C1; ~l!, C2; ~m!, C3; and ~j!, C4. The simulated data was multiplied by
factorsn, 0.058n, 0.035n, and 0.012n in case of C1, C2, C3, and C4, respec-
tively, where n connects the simulation time unit and the real time. As
simulation parameters we used 1026 for b-dehydrogenation, 1025 for
a-hydrogenation, 1024 for chain growth, and 1023 for hydrogen diffusion.
Other reaction probabilities were set to one. The effective sticking coeffi-
cients were 0.08 and 1.0 for H2 and CO, respectively.
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ages and rates of hydrocarbon formation than the use of an
effective sticking coefficient of 0.3•••0.5. In the limit of fast
hydrogen desorption, the rates of hydrocarbon formation
tend to become constants because the reaction rate is limited
by the low hydrogen coverage.

F. Ensemble effects for the CO dissociation

It has been proposed that on a real catalyst surface reac-
tions can require several adsorption sites.16 For example, the
adsorption of CO at low coverages takes place on the on-top
sites15 of the Co~0001! and Co~101̄0! surfaces. However, one
can easily argue that the dissociation of CO will not take
place at the on-top site, but a more highly coordinated ad-
sorption site would be needed.16 At higher coverages the
presence of threefold coordinated CO molecules15 and tilted
or horizontal CO molecules16 have been reported. We tested
the effect of the ensemble size on the reactivity by requiring
the presence of more than two adjacent vacant adsorption
sites prior to the CO dissociation.

In the original model~here case 0! the dissociation takes
place if a CO molecule has a vacant nearest neighbor A site,
i.e. the dissociation involves pairs of A sites. The A sites
form a triangular lattice, and therefore the sites in the pair
have two nearest-neighbors in common. We studied the en-
semble effects giving an additional requirement that the CO
dissociation requires either one~case I! or both ~case II! of
common nearest-neighbors to be vacant. We used the simu-
lation parameters which were found to correspond closely
the experimental situation; thea-hydrogenation probability
was set to 1025, and the hydrogen diffusion probability to
1023 keeping the rest of the simulation parameters in their
default value.

The simulation results are displayed in Fig. 11. For the
case I, where the dissociation involves three adsorption sites,
the rates of the hydrocarbon formation are the same as for
the original model with the same simulation parameters
within the statistical noise of 1%. The AFS polymerization
parameter remains unchanged, and comparing the surface
coverages in the original model and case I, we also find them

identical. For case II, where the dissociation involves four
adsorption sites, similar rates of the hydrocarbon formation,
AFS polymerization parameter, and coverages are observed
for pCO,0.20, but at higher CO partial pressures the surface
becomes eventually poisoned with CO.

Excluding the extreme case of the catalyst poisoning, we
thus observe no ensemble effects for the activity of the cata-
lyst, nor the polymerization parameter of the AFS distribu-
tion or the coverages are influenced. As a check we recalcu-
lated the simulation results for the case I using default set of
the parameters, but observed no effects for that case either.
This phenomenon is probably related to the fact that the
reaction model operates in the reaction-controlled rather than
adsorption-controlled limit.

G. Structure sensitivity

CO hydrogenation is reported to be structure insensitive
on Ni, Ru,17 and Mo ~Ref. 18! surfaces and similar claims
has been made concerning Rh and Fe surfaces.19 On cobalt,
the rate of methane formation is structure insensitive but en-
hancement in the production of higher molecular weight hy-
drocarbons has been seen on higher Miller-index sur-
faces.10,20

In order to address the question of the structure sensitiv-
ity, we have repeated some simulations on a surface where A
sites form a square lattice, and there is one B site between
each pair of A site giving two times more B sites than A sites.
The symmetry of the lattice then corresponds to~100!-plane
for any metal with a cubic primitive cell. In the context of
the cobalt crystal we use the square lattice as a model to gain
insight of CO hydrogenation on less densely packed~in
terms of the nearest-neighbor adsorption sites! high-index
surfaces, e.g. twofold coordinated~112̄0!-surface.10

Figure 12 shows the the rates of formation of C1–4 hy-
drocarbons using CHx1H ~x50,1,2! reactions and the
a-hydrogenation as candidates for the rate-limiting reaction
step. The probability of the rate limiting step is 1025 and the
rest of the simulation parameters had their default values,
except the hydrogen diffusion probability which was set to
1023. These results can be compared to the Fig. 5, which
shows the simulation results for the same parameters and on
the hexagonal surface. Comparing these figures we see that
the structure sensitivity has little effect on the model behav-

FIG. 11. Turnover rates for C1–4 with two different schemes modeling the
ensemble effect;~a! three ~b! four vacant A sites are required for the CO
dissociation. The probabilities for thea-hydrogenation and hydrogen diffu-
sion were 1025 and 1023, respectively. Other simulation parameters had
their default values.

FIG. 12. Turnover rates for C1–4 on a square lattice using four different
candidates for the rate limiting reaction step~a! C1H; ~b! CH1H; ~c!
CH21H, and~d! a-hydrogenation. The probability of the rate limiting step
is 1025. The rest of the simulation parameters had their default values,
except the hydrogen diffusion probability which was set to 1023.
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ior. The figures show notable difference only in the case of
the a-hydrogenation, when the square lattice has a slightly
lower activity and the negative pressure dependence of the
methanation rate is diminished as compared to the hexagonal
surface. However, even in this case the trends in the rates of
the hydrocarbon formation are very similar on the two sur-
faces.

From these simulations we conclude that the reaction
model for the CO hydrogenation is not sensitive to the sur-
face structure.

IV. CONCLUSIONS

We have studied the CO hydrogenation on a cobalt cata-
lyst by irreversible and discrete computer model. The reac-
tion model is based on the carbide reaction mechanism8 and
molecular CO adsorption. In this paper we show that the
main features of CO hydrogenation can be modeled with a
simple irreversible model giving useful information on cer-
tain microscopic details. These details include e.g. the rate-
limiting reaction step and the effect of surface diffusion.

The simulations using various parameters yield different
product distributions which can be compared to the experi-
mental data. Concerning the rate-limiting step candidates and
the rate of the hydrogen diffusion, our conclusions of the
microscopic details are based solely on the negative pressure
dependence of the methane formation rate, i.e. the sign of the
first derivative. This negative pressure dependence is due to
the shift of the catalyst selectivity towards C21 products.

The following reaction conditions were observed to
yield best results as compared to the experimental data:

~a! Hydrogen and CO occupy different adsorption sites.
~b! The rate-limiting reaction step isa-hydrogenation.
~c! Hydrogen diffusion is fast.
~d! The probability for theb-dehydrogenation is lower

than that of thea-hydrogenation.
~e! The chain growth is slow compared to the majority of

the surface reactions.
~f! The potential barrier for the CO dissociation is low, i.e.

the probability is of the same order as that for a typical
surface reaction~much more probable thana-hy-
drogenation!.

~g! The water removal reaction is relatively fast.

The simulation model has similar trends for the hydro-
carbon formation as the experiment~see Fig. 10!, which
demonstrates that our approach offers an effective alternative
to the traditional reaction kinetics modeling based on the set
of the differential equations. The approach presented here
may thus turn out to be useful tool for the interpretation of
the experimental data also for other catalytic reactions.

After extensive simulations throughout the available pa-
rameter space, we were able to reproduce the experimental

trends in the CO partial pressure dependence of C1–4 hydro-
carbons and obtained also a fair agreement in the case of
hydrogen partial pressure dependence and in the alkane/
alkene ratio. The most serious drawbacks of the present
model are the far too low selectivity towards methane, and
some systematic deviations of the rate of C21 formation at
lowest CO pressures.

Finally, the model was employed to address the en-
semble effects and structure sensitivity of the CO hydroge-
nation reaction. These simulations serve as a demonstration
of the use of the reaction model to general aspects of the
synthesis, and are not directly related to our comparison to
the experiments. These results show that ensemble effects of
CO dissociation are here of no importance in explaining the
trends of the hydrocarbon formation. In the extreme case,
when CO dissociation involves too many adsorption sites,
catalyst poisoning is observed. Also simulation results on the
hexagonal and square surfaces were similar, showing little
structure sensitivity in pleasing agreement with the experi-
mental evidence.
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