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1. Introduction

ABSTRACT

Combining first-principles kinetic Monte Carlo (KMC) simulation with a finite difference continuum
model, a hybrid computational model was developed to study the effects of heat and mass transfer
on the heterogeneous reaction kinetics. The integrated computational framework consists of a surface
phase where catalytic surface reactions occur and a gas-phase boundary layer imposed on the catalyst
surface where the fluctuating temperature and pressure gradients exist. The surface phase domain is
modeled by the site-explicit first-principles KMC simulation. The gas-phase boundary layer domain is
described using the second-order grid-based Crank-Nicolson method. To simplify the model, the flow
and gas-phase reactions are excluded. The temperature and pressure gradients in the gas-phase boundary
layer are the consequence of thermal and molecular diffusions of reactants and products under nominal
reaction conditions. Different from previous hybrid multiscale models, the heat and mass fluxes between
two domains are directly coupled by the varying boundary conditions at each simulation timestep from
the unsteady state reaction regime to the steady state reaction regime in the present model. At the
steady-state reaction regime, the activity, the surface coverages of reaction intermediates, along with
the temperature and pressure gradient profiles in the gas-phase boundary layer are statistically con-
stant with very small fluctuations. As an illustration example, we studied the effects of heat and mass
transfer on the reaction kinetics of CO oxidation over the RuO,(1 1 0) catalysts. We assume the heat from
CO oxidation is exclusively dissipated into the gas-phase via thermal diffusion. By varying the thickness
of RuO,(110) catalysts, the surface temperature changes correspondingly with the heat produced by
occurring surface reactions, resulting in the pronounced temperature and pressure gradients in the gas-
phase boundary layer. Our simulation results indicate that the limitation of heat and mass transfer in the
surrounding environment over the catalyst could dramatically affect the observed macroscopic reaction
kinetics under presumed operating reaction conditions. To fully elucidate the complex heterogeneous
catalytic system, proper physical description of fluid phase that imposed on the catalyst and its effect on
the surface kinetics should be integrated with current surface computational models.

© 2010 Elsevier B.V. All rights reserved.

nature that dramatically complicates the observed macroscopic
reaction kinetics. To model chemical transformation processes in

Computational modeling plays an increasingly important role in
the characterization and understanding of a broad range of elemen-
tary chemical transformations relevant to heterogeneous catalytic
processes. It remains, however, a formidable challenge to compu-
tational models with a predictive capability that describe complex
heterogeneous processes involving the intrinsic reaction kinetics
and transport of momentum, mass and heat [1,2]. The fluctuat-
ing temperature and pressure (or concentrations) gradients in the
fluid phase over catalysts in either industrial reactors or small-scale
laboratory reactive equipments give rise to the inhomogeneous
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such complex heterogeneous environment thus requires a com-
putational approach or framework that includes the transport of
reactants, reaction intermediates, and products, the addition or
removal of reaction heat along with the accurate surface reac-
tion model on the solid catalyst. In the past decade, a number
of multiscale hybrid models have been developed to meet this
requirement. These hybrid multiscale models generally combined
molecular-level surface reaction models for the catalysts phase and
macroscopic continuum models for the fluid phase. A common
bottom-up approach was adopted, i.e., passing the information
of thermodynamic, kinetics and transport properties at atomic or
discrete scale to the continuum scale. For example, Vlachos et al.
developed a hierarchical reactor model that coupled coarse-grained
kinetic Monte Carlo (KMC) simulation with computational fluid
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dynamics (CFD) [3-6]. They have applied this multiscale model
to study the macroscopic kinetics of various catalytic systems
such as preferential CO oxidation, water-gas shift, and ammonia
decomposition on metal catalysts in plug-flow type reactors [7-9].
Majumder and Broadbelt also proposed a multiscale model that
combined KMC with a finite difference (FD) solver to study the
steady-state reaction kinetics in a two-dimensional flow reactor
[10]. In those multiscale models, the entire catalytic heterogeneous
reaction system is decomposed into two domains: the catalyst sur-
face phase and the flow fluid phase. The catalyst surface domain
is described by molecular-level microscopic kinetic models such
as coarse-grained lattice KMC simulations. The thermodynamic
and kinetic parameters database for elementary surface processes
including adsorption, reaction, desorption and diffusion, which is
required by KMC simulation as the input, are either obtained from
experiments [10] or from first-principles density functional theory
(DFT) calculations combined with unity bond index quadratic expo-
nential potential (UBI-QEP) method [7,8,11,12]. For the fluid phase
domain, a continuum model such as FD and CFD that describes the
mass and heat transfer is used.

Very recently, Matera and Reuter proposed an multiscale com-
putational model that integrates first-principles KMC simulations
with a CFD solver for studying the effects of heat and mass transfer
on the surface reaction kinetics of CO oxidation over RuO,(110)
catalyst [13,14]. The fluid phase domain above the catalyst surface
was modeled by a stagnant flow geometry that mimics the exper-
imental surface science setup. They found that the limitations of
heat and mass transfer significantly mask the measured CO oxi-
dation kinetics. To avoid the possible instability of the algorithms
used in the continuum model, Matera and Reuter decoupled the
interdependence of first-principles KMC simulations with a con-
tinuum model [13,14]. In their approach, a series of first-principles
KMC simulations were performed in a wide range of temperature
and (partial) pressure conditions, to generate a grid map of cat-
alytic activities at the steady-state conditions as the functions of
temperatures and (partial) pressures. Those simulation data, which
also included the data by interpolation, then provided the contin-
uum model as the boundary conditions. In such a way, the averaged
thermodynamic and kinetic variables at the steady-state conditions
obtained from KMC simulations are then communicated with the
continuum model in an iterative feed-response mode. The fluctu-
ations of thermodynamic and kinetics information from stochastic
KMC simulations are not considered. Furthermore, the important
information of the unsteady-state surface reaction, which may
affect the ultimate steady-state intrinsic kinetics if the surrounding
fluid phase conditions change correspondingly, is also not commu-
nicated with the fluid phase. Instead of truly coupling the surface
and the fluid phase models, the multiscale heterogeneous reaction
model proposed by Matera and Reuter is implemented in the sepa-
rate mode. The variations of the surrounding reaction environment
imposed on the catalyst are not taken into account in the real-time
fashion. Only the averaged, steady-state KMC simulation results
were used as the boundary conditions for the continuum models.

The methodology and the spirit proposed by Matera and Reuter
actually intrigued the present work. Herein we propose a hetero-
geneous reaction model that directly couples first-principles KMC
simulation with a finite difference continuum model in a real-
time dynamical mode. The changes in the temperature and partial
pressures obtained from heat and mass transfer in gas phase are
taken into account before the steady-state reaction condition for
the entire catalytic system is reached. At each time step, the sur-
face temperature and the concentrations (or partial pressures) of
reactants and products obtained from KMC simulation are directly
used as the in situ boundary conditions for the continuum model.
The temperature and the concentrations of the nearest adjacent gas
phase layer, that are obtained from the continuum model simula-

tion are used as the in situ reaction condition for KMC simulation
in the next time step. As such, our proposed reaction model cap-
tures the inhomogeneous dynamical nature in both the gas phase
and the surface phase domains simultaneously. CO oxidation on
RuO,(1 10) catalyst has been well studied both experimentally and
theoretically [12,13,15-20]. To compare with the results of Matera
and Reuter [13,14], we choose the same reaction system, as the
benchmark reaction system to demonstrate the proposed model.
For simplicity, the heat and mass transfer in the stagnant bound-
ary layer above the RuO,(1 10) catalyst surface are only described
by thermal and molecular diffusions. Since CO oxidation on the
RuO,(110) catalyst is exothermic, the degree of increase for the
surface temperature caused by CO oxidation occurring on the sur-
face varies with the thickness of the catalyst. The variations of
the surface temperature corresponding to different catalyst thick-
nesses eventually affect the intrinsic surface kinetics even though
the nominal invariant operating conditions that set in the bulk fluid
phase are the same. In this work, we focus on the effect of the cat-
alyst thickness on the intrinsic reaction kinetics of CO oxidation on
the RuO,(110) catalyst.

2. Methodology

Similar to the previous multiscale models [5,10], the entire
heterogeneous catalytic reaction system is decomposed into the
catalyst surface phase domain and the stagnant gas-phase bound-
ary layer domain. As shown in Fig. 1, the nominal operating reaction
condition such as the temperature (T() and the partial pressures

(P(C'g and Pg'z)) beyond the boundary layer are constant. The gas-

phase boundary layer is assumed as the stagnant gas phase without
bulk flow. Only the molecular diffusions of reactants (CO and O,)
and the product (CO;) are considered (mass transfer). The heat
transfer in the boundary layer is described as the thermal diffu-
sion process. The first-principles KMC simulation and second-order
Crank-Nicolson method are used for the surface phase and the
gas-phase boundary layer domains, respectively.
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Fig. 1. Schematic diagram of the multiscale model.
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2.1. Kinetic Monte Carlo simulation

The surface phase domain consists of the rutile RuO,(1 1 0) cata-
lyst with a surface grid size of (dx x dy) and the various thicknesses.
The thickness of the RuO,(1 1 0) catalyst is represented by the num-
ber of layers (d;). Each surface site (dx x dy=1 x 1) with a surface
area of A;=10.03 A2 consists of one cus site and one bridge site
on the RuO,(110) surface. CO and O, molecules adsorb on both
cus and bridge sites. As indicated in the previous first-principles
KMC simulation study [12], the unsaturated cus and bridge sites are
active for CO oxidation. Adsorbed CO* reacts with the neighboring
atomic surface oxygen (0*) that formed by O, dissociative adsorp-
tion produce CO, that directly release into the adjacent gas-phase
layer above the catalyst surface. A total of 26 elementary surface
processes such as adsorptions and desorptions of CO, O, and CO»,
CO oxidation at different surface sites, and surface diffusions of CO*
and O* are included in the first-principles KMC simulation. Please
note that CO, re-adsorption is not considered in the KMC simula-
tions. The periodic boundary conditions in x and y directions are
applied in the KMC simulations. To avoid the artifact of the sur-
face size effect on the reaction kinetics, a series of surface grid sizes
ranging from (dy x dy =40 x 40) to (dx x dy, =200 x 200) were tested.
The surface grid size of (dx x dy =100 x 100) is found to be statisti-
cally accurate enough. A site-explicit variable time-step algorithm
[21-26] is used in the KMC simulations. Based on the normalized
probabilities of the occurring surface processes, only one surface
process of 26 elementary processes occurs at each KMC simulation
time step (At). The normalized probability of each surface process
is determined by the reaction rates of all elementary surface pro-
cesses that are calculated using first-principles DFT data reported
by Reuter and Scheffler [12,27]. The details of the reaction rate cal-
culations, which can be found in the previous publication [12], are
not repeated here.

2.2. Continuum model

Practically, various thicknesses or layers of the well-defined
RuO,(1 1 0) surface slabs correspond to different sizes of the RuO,
catalysts. If the RuO,, catalyst is very good thermal conductor mate-
rial, the heat released by CO oxidation occurring on the surface
would rapidly dissipate into the whole catalyst without local “hot”
spot. The degree of variation of the surface temperature, which is
the same as the catalyst temperature, is determined by the cata-
lyst size and the exchange rate with the surrounding environment.
As CO oxidation occurs from the time step t to t+ At, the surface
temperature T)(t+ At) at the time step t+ At becomes:

AH

Tt + At) = TO(E) + ———
( ) (t) & e Ve

(M
here AH is the reaction enthalpy of CO oxidation; G
(=25.0]Jmol-1K-1) and p. (=6.97gmol"1) are the heat capac-
ity and the density of RuO,(110) catalyst, respectively. V.
(=dx x dy x d; x As) is the volume of RuO,(110) catalyst. So the
variation of surface temperature T®) is determined by the thick-
ness of the RuO,(110) catalyst (d;). A smaller perturbation of
the surface temperature occurring on the larger catalyst particles
is expected. Furthermore, as the catalytic surface reaction pro-
gresses, the catalyst surface temperature is actually different from
the nominal operating temperature measured in bulk gas-phase
which is constant. Therefore, a temperature gradient is formed in
the gas-phase boundary layer between the catalyst surface and the
bulk gas-phase. The in situ surface temperature then is affected by
the heat transfer that is described by the thermal diffusion in the
boundary layer.

To sustain the steady catalytic surface reactions, on the other
hand, all the reactant molecules must continuously move to the

Table 1

Diffusion coefficients of CO, O, and CO; used in the continuum model.
Dco 6.43x10°m?s!
Do, 3.84x109m2s!
Dco, 5.35x10°m?s™!

adjacent gas-phase region above the catalyst surface and readily
adsorb on the surface. At the same time, the product molecule
that desorbs into the adjacent gas-phase region have to be moved
away from the catalyst surface to avoid the re-adsorption. If the
gas-phase boundary layer is stagnant, only molecular diffusion is
accounted for mass transfer. Obviously, there must be the pres-
sure gradients for reactants and products in the stagnant boundary
layer between the bulk gas-phase and the catalysts surface. As such,
there are both temperature and pressure gradients in the gas-phase
boundary layer.

The heat and mass transfer in the gas-phase boundary layer can
be described by the molecular diffusion and thermal diffusion. In
this work, the gas-phase boundary layer domain is characterized
using regular cubic mesh grids. The boundary layer thickness (Z) is
1.0 x 10-3 mm. The boundary layer is divided to ten equally spaced
grids (dg;=Z/10) in z direction. To match the size of the surface
grid, the periodic grid (dx x dy =100 x 100) is also used in x and y
directions of the boundary layer. The gas-phase grid boundary layer
domain consists of 100 x 100 x 10 mesh points.

To further simplify the continuum model, the gas-phase bound-
ary layer is treated as the ideal gas mixtures without gas-phase
reactions. We also assume there is no heat transfer being removed
from the backside of the RuO,(1 1 0) catalyst. On the basis of these
two assumptions, the concentrations of reactive species and the
temperature at each gas-phase grid point along the z direction can
be obtained as follows:

AG(T@,z,t) PCG(TH, 2, t)
ot =i 02z 2)
TD(z,t) . PTE(z,1) 3)
o P 8
Ni(T®,z,t)  P(TD,z, 1)
(T — 1 [ nd) i )
G(T¥, z,t) = Ve - (4)

where G(T, z, t) is the concentration of species i (i=CO, O, and
C0,) in the gas-phase grid z at time t. P;(T\9, z, t) and N;(T?, z, t)
are the partial pressure and the total number of species i in the
gas-phase grid z at time ¢, respectively. Vg is the volume of each
gas-phase grid (Vg =dy x dy x As x dgz). T?) is the temperature in the
gas-phase grid z. D; is the diffusion coefficient of species i. Table 1
lists the diffusion coefficients of CO, O, and CO, used in this work.
Az(=3.79 x 1072Wm~1 K-1)is the thermal conductivity coefficient
of the gas phase mixtures.

Crank-Nicolson method is usually applied to diffusion prob-
lem in homogeneous systems for its unconditional stability [28].
Crank-Nicolson method is based on central difference in space
and second-order in time. In this work, we use Crank-Nicolson
method to solve the master equations for heat and mass transfer in
the gas-phase boundary layer (Egs. (2) and (3)). For example, the
one-dimension molecular diffusion in z direction can be implicitly
solved using:

G(TD, z, t + AAtg —G(TD, z, 1) _ ;)T;gz [FC”N +Fct] (5)
in which
FHAL = G(T@, 24+ Az, t+ At) — 2G(T@, z, t + At)

+G(T®, z— Az, t + At) (6)
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Ff=CG(TD, z+ Az, t) = 2G(TD, 2, t) + C(TP, z — Az, t) (7)

Similarly, the temperature gradient profile in the gas-phase
boundary layer can be described as
T@(z, t + At) — T@(z, 1) Az

— F t+At F t
At 242, [Frie2 + Frf] ®)

FritAt = TEAD(z 4 Az, t+ At) - 2TD(z, t + At)
+TEA(z — Az, t + At) (9)

Frlt = TEHAD (7 4 Az, t) = 2TO(z, t) + TE A2 (z — Az, t) (10)
2.3. Dynamical coupling

To obtain the pressure and temperature gradient profiles using
Crank-Nicolson method, both upper- and lower-limit boundary
conditions are needed. As shown in Fig. 1, the upper-limit boundary
(z=2) condition is the nominal operating reaction condition (7",
P(C'g and Pg;)), which are constant values in the simulations. As the
CO oxidation reaction occurs on the surface, CO, desorbs into the
gas-phase boundary layer, and then diffuses to the gas-phase bulk.
Therefore, there is also a pressure gradient of CO, formed in the
gas-phase boundary layer. The partial pressure of CO; in the bulk
gas-phase at the simulation step t+ At is the same as the outermost

boundary layer (Pézo)z)

boundary condition (z=Z) for the gas-phase boundary layer is given
in Eq. (11):

at the simulation step t. The upper-limit

(2) (n)
Pt + At) = Py

@) _ p(m
Pt + At) = Py o

P& (t+ At =P (1)

TA(t + At) =T

The treatment of the lower limit boundary condition is the key
in coupling two physical models for different phase domains. In the
previous multiscale heterogeneous-homogenous reaction models
[5,10,13,29], the time-averaged output from the stochastic KMC
simulation at the steady-state reaction condition was used as the
lower-limit boundary condition for the continuum CFD model. The
fluctuations of surface kinetics information from the stochastic
KMC simulations are filtered to avoid the instability of CFD simula-
tion [10]. Thisis largely because the small surface grid size was used.
In the present model, the lower limit boundary condition is directly
connected with KMC simulation output at each time step. The real-
time in situ temperature and the partial pressures with fluctuations
in the interfacial layer (z=1) that is adjacent to the surface are used
as the lower-limit boundary condition for Crank-Nicolson contin-
uum model. At each simulation step t, the lower-limit boundary
condition from the first-principles KMC simulation will be fed into
the continuum model. The continuum model results of P;(T(V), z=1,
t) and T(1)(¢) used as the in situ reaction condition for the KMC
simulation in the next simulation step t+ At.

The mass transfer is the consequence of the adsorptions and
desorptions of reactants and the product. Because only one surface
process is allowed to occur at each KMC simulation step, the total
number N; of each species i (i=CO, O, and CO,) in the interfacial
layer at simulation step t+ At is

§i=1

Ni(t—i-At,z:]):Ni(t,z:l)-i-(?i s 1
i= -

1.2x10™
—HE— KMC
—0—ds=1 /.
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Fig. 2. Simulated CO, TOFs as a fucntion ofP(c'g at the nominal reaction condition of
T =350K and Py = 1.0 x 10~'% atm.

Therefore, we obtain the lower limit boundary condition for
Crank-Nicolson continuum model.

NS+ Ab)-R- T

(1)
Peg(t+ At) =

Vg
N+ At)-R-TD
(1) 0,
POt + At) =
0, (£ + 40 Ve (13)
N (t+ At)-R.TD
1 CO
PLg,(t+ At) = 22—
g

Tt + At) = TO(t + At)
3. Results and discussion

The reaction kinetics of CO oxidation over the RuO,(110)
catalyst under invariant gas-phase reaction conditions had been
investigated using first-principles KMC simulations [12,20,27]. To
validate the KMC simulation model for the catalyst surface phase in
the present model, we first performed first-principles KMC simula-
tions of CO oxidation over the RuO,(110) surface under invariant
gas-phase reaction conditions. The temperature and pressure gra-
dients in the gas-phase as well as the surface temperature change
induced by the exothermic CO oxidation are not considered. The
surface temperature (7)) is the same as the nominal temperature
(T(M). And the surface temperature is not affected by the heat that is
generated from exothermic CO oxidation. In other words, the reac-
tion heat is being removed from the entire system very quickly.
Similarly, the partial pressures in the adjacent gas-phase imposed

on the catalyst surface (Pélo) and sz)) are the same as the nominal

partial pressures (ng and Pg”z)). Under this ideal circumstance, the

reaction kinetics obtained from first-principles KMC simulations is
referred to the intrinsic reaction kinetics.

Fig. 2 shows the normalized turnover frequencies (TOFs) of
CO,, as a function of CO partial pressure at T =350K and Pé"z) =
1.0 x 10719 atm. The normalized TOF of CO, is the total number of
CO, molecules that desorb from the surface per site per second. Our

if adsorption of species i occurs

(12)

if desorpiton of species i occurs
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simulation results suggest that the most active reaction condition
with the maximum CO, TOF corresponds to Pco) = 4.0 x 107 1%atm.
This is consistent with the previously reported KMC results [20].
The simulated CO, TOFis 3.63 x 1012 cm~2 s~! which is also close to
the reported value of 4.0 x 10'2 cm~2 s~ [20]. The small difference
in absolute CO, TOF values is most likely due to the different sur-
face grids used in this work and the KMC simulations by Temel et al.
[20]. Our results also suggest that the activity of CO oxidation is very
low in the low CO partial pressure range of 1.0-3.0 x 1010 atm.
The simulated TOFs of CO, are several magnitude of orders smaller

than the maximum CO, TOF at P(C'g =4.0 x 10712 atm. For exam-
ple, the TOF of CO, is 1.9 x 1010 cm-2 51 at P& = 3.0 x 10~ 1% atm,
which is about 200 times lower than the TOF of CO, at P(co) =
4.0x 10 0at

The CO oxidation activity changes dramatically as the P(Crg
increases from 3.0 x 10710 t0 4.0 x 10~19 atm. This is due to the fact
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Fig. 3. Surface coverages as a fucntion of Pé’g at the nominal reaction condition of
T =350 K and pg"; =1.0 x 107'%atm. (a) CO and (b) oxygen.

that the catalyst surface shifts from the oxygen-rich phase at P —

o=
3.0 x 107'% atm to the CO-rich phase at P(Crg =4.0x 107 1%atm. As
shown in Fig. 3, the CO* surface coverage increases from 0.038 to
0.758 ML while the O* coverage decreases from 0.958 to 0.224 ML.
Herein one monolayer surface coverage (1 ML) is defined as each
surface site is occupied by one CO molecule or atomic O* atom.
Therefore, the higher activity of CO oxidation is found when the
RuO,(110) surface is dominated by the adsorbed CO* molecules.
This is consistent with the previous KMC simulation results [12,20].
As the P(C'g increases from 4.0 x 10710 to 1.2 x 102 atm, the CO*
coverage continues to increase to 0.981 ML while the O* cover-
age decreases to 0.014 ML. Although the surface phase is still the
CO-rich surface phase, the total surface coverage actually slightly
increases from 0.982 to 0.994 ML. As a result, CO oxidation activity
is limited by the availability of active surface sites on the catalyst.
As shown in Fig. 2, the CO, TOF gradually decreases as the P(C'g
surpasses the optimum value of 4.0 x 10-10 atm.

The effects of heat and mass transfer on the CO oxidation kinetics
are investigated by varying the thickness (d;) of the RuO,(1 1 0) sur-
face slab. CO oxidation on a series of the RuO,(110) surface slabs
ranging from single layer (d,=1) to ten layers (d,=10) are stud-
ied as a function of P%) at T =350K and Pg'z) =1.0x10"%atm
The simulated CO, TOFs shown in Fig. 2 clearly indicate that the
reaction kinetics of CO oxidation pronouncedly depend upon the
catalyst thickness at the same nominal reaction conditions. For the
single layered RuO5(1 1 0) catalyst, the TOF of CO, monotonically
increases with the partial pressure P(C'g. While for the RuO,(110)
catalyst with d; = 10, the simulated TOF of CO, is close to the intrin-
sic TOF obtained from the pure KMC simulation without heat and
mass transfer. The most active reaction condition with respect to
the CO partial pressure on the RuO,(110) catalyst with d;=10 is
also found at P = 4.0 x 10~ '? atm although the simulated TOF of
CO, is calculated as of 8.52 x 10'2cm=2s~1, which is two times
higher than the intrinsic value at the same reaction condition.
Furthermore, our simulation results indicate that the most active
reaction condition shifts to the higher CO partial pressures as the
RuO,(1 1 0) catalyst becomes thinner. For example, as the thickness
changes from d, =10 to d; =3, the most active reaction condition
shifts from P%) = 4.0 x 10-'%atm to P{) = 7.0 x 10 % atm
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Fig. 4. Temperature gradient profiles in the boundary layer at the nominal reaction
condition of T =350K, P{” = 1.0 x 10~'% atm and P{) = 4.0 x 10~ atm
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The simulated TOFs of CO, are higher than the intrinsic values
obtained from pure KMC simulations at the same nominal reac-
tion conditions. This is because the higher surface temperatures
are obtained when the effect of heat transfer is considered. Since
CO oxidation on the RuO,(1 1 0) catalyst is exothermic and the reac-
tion heat is not immediately removed from the system like the case
of pure KMC simulations. As a result, the occurring CO oxidation
tends to heat the catalyst. The increasing surface temperature fur-
ther speeds up CO oxidation reaction rate, thus drives to a higher
catalyst surface temperature. In the extreme condition, the sur-
face temperature is so high that the catalyst surface reaches the
uncontrollable condition of thermal runaway. Fig. 4 shows the sim-
ulated temperature gradients in the gas-phase boundary layer at
nominal T = 350K and partial pressures ofP(C'g =4.0x10""%atm

and Pg”z) =1.0 x 107 1% atm. Again due to the exothermic nature

of CO oxidation on the RuO,(1 1 0) catalyst, the simulated surface
temperatures are higher than the nominal temperature (7). The
thinner the catalyst is, the higher surface temperature would be.

(a) 4.6
—m—KMC
45 ;-\°\ —o—d =1
L .\ —A—d=2
a4l . —v—d,-3
| \. —— 4,5
a3l \. —d—q,=7
- \ —p—d =10
= [ °
2 42p—a__
S | A\A\A \.
) ~~—aA \
% . T~a
5 —v Vv A 'Y
v
8 —v—y,
—i—3 ——1:{”’
L
391
38 L | L | L | L | L | L | L | L |
1 2 3 4 5 6 7 8 9 10
Zx107* (mm)
(b) 1305
\ —B— KMC
°
1251 —o—d =
L \. —A— d=2
120} \. —y—d=3
- \. —o— 45
2 1151 \. —a— a7
g 110- \o —h At
< " B
T - \o
-
XS 1.05 \.
B 1.00 -.—-‘i—’ﬁ S \5‘
’ L /V/v/'/ -
— | —3=
0.95 '—/ ‘/ %
e 4%‘
P
0.90 1/1/
V/
085 L | L | L | L | L | L | L | L |

1 2 3 4 5 6 7 8 9 10
Zx10"* (mm)

Fig. 5. Pressure gradient profiles in the boundary layer at the nominal reaction con-
dition of T =350K, P}’ = 1.0 x 10~'® atm and P{) = 4.0 x 10~'° atm. (a) CO and

(b) 0,.

36

i ;§!§
4 N\

<4m»

7]

= v
t~,lm l\ A
E *
3 240 >
o |  —m—KMC
8 —0-d=1 [ v
T 20 —A-a=2 *
- ~v—d,=3 <
[ a5 >
16 —<4—a=7
| —P—d=10 u
12 L 1 L 1 L 1 L 1
0.0020  0.0025 0.0030  0.0035  0.0040  0.0045
1T (K
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For the RuO,(110) catalyst with d, =10, the surface temperature
at the steady-state condition is 377 K, which is 27 K higher than the
nominal temperature T("), Bearing this in mind, it is not surprised
that the TOFs of CO, is two times higher than the intrinsic value
from the pure KMC simulation. For the single layered RuO,(110)
catalyst, the simulated surface temperature reaches at 577 K, which
is 227 K higher than the temperature in the bulk gas-phase.

The temperature gradients in the gas-phase boundary layer
is accompanying with the pressure gradients via mass transfer.
The partial pressures in the adjacent gas-phase (P(clo) and P(()lz))
above the catalyst surface are different from the nominal par-

tial pressures (P%) = 4.0 x 10~'%atm and Pg;) =1.0x 107 1% atm)

in the bulk gas-phase. As shown in Fig. 5, the simulated P(Clo) and
sz) for the RuO,(110) catalyst with d,=10 are 3.93 x 10-19 and

8.70 x 10~ 11 atm, respectively. This indicates that the actual par-
tial pressures imposed on the thicker catalysts are lower than the
nominal partial pressures. Unlike the temperature gradients in the
gas-phase boundary layer in which the surface temperatures are
always higher than the temperatures in the bulk gas-phase, our

simulation results show that the P(CIO) and sz) are higher than the P(Crg

and Pt(an) for the thinner RuO,(1 1 0) catalysts (d; <3). For example,

the simulated P(c1o) and sz) are 4.54 x 10719 and 1.29 x 10-1%atm
for the single layered RuO,(1 1 0) catalyst. This is because the tem-
peratures of the gas-phase region that is adjacent to the catalyst
surface are much higher than the nominal temperature in the bulk
gas-phase.

Our simulations results are qualitatively consistent with the
previous computational results by Matera and Reuter who also
studied the effects of heat transfer on the CO, TOF under adiabatic
heat conditions [13,14]. Under adiabatic heat limitation, the surface
reaction heatis only allowed to be dissipated through the surround-
ing gas phase. As a result, their simulation results showed that the
actual surface temperature is dramatically increased, resulting in
very high reaction rates. They found that the surface temperature
is about 150K higher than the nominal reaction temperature, and
the intrinsic activity of CO, is peaked at the stoichiometric partial
pressure ratio. They concluded that the net effects of the surface
temperature changes resulting from the transport limitation in the
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gas phase would substantially mask the intrinsic catalytic activity
observed in the experiments [13,14]. We demonstrated the same
effects in this work.

The apparent activation energy is one of the most important
kinetics parameters for the heterogeneous reaction. To study the
effect of the catalyst thickness on the apparent activation energy of
CO oxidation on the RuO,(110) catalyst, a series of simulations
with different catalyst thicknesses in the temperature range of
T(" =200-450K at nominal partial pressures of PJt) = 4.0 x 10 1°
and PE)"Z) = 1.0 x 10719 atm have been performed. Using the classi-
cal Arrhenius relationship, the apparent activation energies of CO
oxidation on the RuO,(110) catalysts are obtained by the slope
of logarithm of CO, TOF as the function of the inverse of tem-
perature. Fig. 6 shows the apparent activation energies vary with
the thickness of the RuO,(110) catalyst. Without heat and mass
transfer being considered in the gas-phase, the apparent activation
energy calculated from the pure KMC simulations is 80.4 kJ/mol.
By taking the effects of heat and mass transfer into account, the
corresponding apparent activation energies at the same nominal
reaction conditions become smaller. The apparent activation ener-
gies significantly decreases from 68.3 kJ/mol for the RuO,(110)
catalyst with d; =10 to 2.9 kJ/mol for the single layered RuO,(11 0)

catalyst. The smaller apparent activation energies for the thinner
RuO,(110) catalysts can be rationalized by the changes of the
surface coverages of CO* and atomic O*. As the nominal reaction
temperature (1) increases, the CO* coverage decreases (Fig. 7a)
while the O* coverage increases (Fig. 7b) for all the catalysts with
different thicknesses. We note the total surface overages on the
thinner catalysts decrease much faster with the increasing nominal
reaction temperature. This is consistent with our previous results
that much higher surface temperatures are obtained for the thinner
catalysts. As shown in Fig. 7c, the total coverage on the RuO,(110)
catalyst with d, =10 decreases from 0.999 to 0.260 ML as the T(")
increases from 250 to 450 K. The total coverage on the RuO,(110)
catalyst with d, =3, however, decreases from 0.996 to 0.087 ML in
the same temperature range.

4. Conclusions

In this work, we proposed a heterogeneous reaction model
that directly couples first-principles KMC simulation with a sim-
ple continuum model. The limitations of heat and mass transfer in
the gas-phase boundary layer above the catalyst surface incur an
actual reaction environment, which is different from the nominal
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reaction conditions in the bulk gas-phase, for heterogeneous reac-
tion. Using CO oxidation on the RuO,(110) catalyst as a testing
system, we illustrated the macroscopic reaction kinetics of CO oxi-
dation is dramatically affected by the thickness of the RuO,(110)
catalyst. For the thinnest single layered RuO,(110) catalyst, the
simulated apparent activation barrier is only 2.9 kJ/mol. This is
due to the fact that the temperature of the gas-phase region that
is directly imposed on the catalyst surface is much higher than
the nominal temperature in the bulk gas-phase we presumed.
Accompanying the temperature gradient, the significant pressure
difference between the nominal values and the actual pressures
on the catalyst also exists in the gas-phase boundary layer. With
increasing thickness of the RuO,(1 10) catalyst, both temperature
and pressure gradients alleviate. Although some assumptions had
been made to simplify this hybrid simulation model, our results
indicate that the observed reaction kinetics largely depends upon
how the reaction heat, the reactants and products being exchanged
with the invariant bulk gas-phase far from the surface. Even with-
out including the bulk flow and the gas phase reactions, it is
expected that the heat and mass transfer induced by the size and
the heat conductivity properties of a catalyst could be the important
factors in obtaining the intrinsic reaction kinetics in the experi-
ments. To develop an accurate and reliable computational model
for the heterogeneous reaction system, the limitations of heat and
mass transfer in the surrounding reaction environment and their
effects on the reaction kinetics are needed to be considered and
included.
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