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An algorithm of diffusive gas transport in porous solids based on random collisions of molecules (DSMC) is extended to
include basic heterogeneous reaction mechanisms (adsorption, coadsorption, desorption, and reaction of gas species on
the surface of the solid). With this model, we study the catalytic oxidation of CO inside highly porous nanoparticle
layers in the transition regime using kinetic parameters from Pd(111) surfaces at ultra high vacuum conditions. Investi-
gation of the reaction at different temperatures reveals a clear transition between a kinetic limit (low temperatures) and
a diffusion limit (high temperatures). At high temperatures and under steady-state conditions, the porous layer shows
three distinct regions with different reaction rates (reactor poisoning, an effective reaction region, and a region with
CO depletion), whose extends are determined by CO concentration and mass-transport limitation. We expect that simi-
lar investigations help optimizing the structure of gas sensor elements based on nanoparticle layers fabricated with
flame spray pyrolysis. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2092-2103, 2015
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ground-state electron densities. The method can be used to
find energetically favored reaction configurations but is lim-
ited to simulation times of the order of 10 ps for systems of a
few hundred atoms. Classical interaction potentials (force
fields) are used in molecular dynamics (MD) simulations for
the modeling of transport in gases on and to surfaces over time
spans of up to a microsecond on a 100 nm length scale. Larger
time scales up to seconds can be reached with the kinetic
Monte Carlo (kMC) method.* This method requires rates of
atomic/molecular processes as input parameters in order to
capture surface reactions. However, neither MD nor kMC

Introduction

Heterogeneous catalytic processes involve various time and
length scales. Adsorption and reaction processes occur within
femtoseconds to picoseconds on a lengthscale of nanometers
(microscale); diffusive transport of molecules takes place
within nanoseconds or microseconds over several micrometers
(mesoscale); and the convective exchange of substances
requires milliseconds or longer over several millimeters or
more (macroscale). Therefore, designing heterogeneous cata-
Lytic processes requires multiscale models. A detailed simulta-
neous modeling of all these processes is beyond the current

simulation capabilities," but combining established models to
bridge the different scales is a viable approach.?

Density functional theory (DFT)? is an ab initio method to
compute interatomic forces from quantum-mechanical
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methods are suitable to resolve transport that involves a transi-
tion from the continuum to the free molecular regime, for
example, within a gas-filled porous structure. Here, methods
such as the dusty gas model (DGM)> are commonly applied in
order to describe transport processes with reactions. DGM
uses specific source terms describing adsorption, desorption
and reaction rates as a coupled partial differential equation
system. In DGM models, the effect of the pore structure on the
transport properties is expressed with the help of averaged
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parameters such as porosity and tortuosity. At the macroscale,
computational fluid dynamics (CFD) tools are widely used to
model mass and heat transfer.

In some cases these methods already bridge different scales.
For instance, the DGM can be coupled with CED® by imple-
menting a specific source term in a commercial CFD software
to describe reaction and diffusion processes within a porous
layer embedded in a convective fluid flow with heat transfer.
Votsmeier’ described a modification of commercial CFD soft-
ware in which complex microkinetic models are replaced by
chemical source terms from precomputed surface chemistry
data. However, these methods often suffer from the loss of
local information. For smaller length scales, DFT-based kMC
simulations connect molecular with mesoscopic processes™’
considering concurrent adsorption, desorption, and chemical
reaction at the catalytic surface. However, a coupling with the
surrounding gas is difficult to implement. A promising method
connecting simulations on different length scales is the Direct
Simulation Monte Carlo (DSMC) method'® which is based on
the Monte Carlo (MC) concept of randomization of molecular
interactions. This method statistically simulates realistic trans-
port processes on the meso and macro scales. An extension of
the DSMC method which takes into account chemical reac-
tions has been described by Bird."! However, the chemical
reactions are limited to molecular collisions in the gas phase,
whereas surface reactions have not been considered yet.

This article describes an extension of the DSMC method to
consider adsorption, desorption, coadsorption, and reaction of
molecules on surfaces. A model is presented that effectively
combines molecular interactions and transport processes with-
out the loss of detailed structural information on different
length scales. We have extended the DSMC method which has
been implemented into the OpenFOAM CFD software pack-
age by Scanlon et al.'? and modified by Dreyer et al.'* to cor-
rectly simulate diffusion processes. In our implementation, the
model covers a length scale of the order of 1 um, with a reso-
lution of the order of 1 nm.

With our newly developed method, we are able to investigate
the diffusion and reaction processes inside active gas sensor ele-
ments fabricated with an aerosol synthesis method (flame spray
pyrolysis, FSP). In such systems,'“'° two interdigitated electro-
des are covered with a porous nanoparticle (NP) layer. When a
gas with unknown composition diffuses into these layers, it
adsorbs on the NP surfaces and subsequently reacts. The reac-
tions cause a resistivity change in the layer, which is measured
by the electrodes and can be used to determine the gas composi-
tion through an adequate calibration.

Fundamental for the structural design and the response opti-
mization of gas sensors of this kind is precise knowledge about
the amount of reacting gas and the location of the reaction
fronts within the layer. For this specific case, established mod-
els are not able to map the precise processes on the surface in
combination with gas diffusion, as they are always approxi-
mating either for the surface chemical processes or for the gas
diffusion. In this work, we model the diffusion and oxidation
reaction of CO molecules over an anisotropic porous layer of
palladium NPs with geometries which resemble typical highly
porous ESP NP layers.'*!” These layers are characterized by
high specific surface area and fast gas diffusion rates, as
already verified by means of DSMC with the variable soft
sphere (VSS) model."® The simulation parameters for adsorp-
tion, desorption, and reaction are obtained from experimental
studies of CO oxidation over single-crystal Pd(111) surfaces
under ultra high vacuum (UHV) conditions,'® a system which
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have been very thoroughly investigated and is therefore ideal
for the purposes of testing our simulation method. All simula-
tions presented here are conducted at atmospheric pressure, in
order to keep the simulation time within reasonable limits. We
are aware that the UHV reaction conditions are not simply
transferable to atmospheric pressure,'® so that some of the
simulation parameters are not representative of the experimen-
tal reality (for instance, Pd NPs become fully oxidized at high
temperatures and atmospheric oxygen pressure). Therefore,
our results are to be considered only as a fundamental proof of
our algorithms and their numerical implementations, applied
to a simple and well-know reaction mechanism.

Theoretical Approach and Validation
Catalytic reaction mechanism

Many heterogeneous reactions, for example, CO oxidation
on Pd(111), proceed according to the Langmuir-Hinshelwood
(LH) mechanism, in which both reactants need to adsorb
on the catalysts surface before chemical reactions occur.?
In cases where different partial reaction steps are consid-
ered, the reaction mechanism is described with a set of
equations requiring rate constants for the forward and
reverse reactions of each individual step. Equations la—1d
show the partial steps involved in the overall CO oxidation
reaction, CO + O, — CO,

CO+ * %Coaam (1b)

k3
O, +2 % k:ZOads, (1b)
Oads + COadSLCOZﬁadsa ( IC)
COsgs —COL+ . (1d)

Here, * denotes an unoccupied surface site. The reaction
rates k; and k3 denote the adsorption of CO and O,, respec-
tively, whereas k, and k, denote their desorption. In most cases
CO adsorbs molecularly, while a possible dissociative adsorp-
tion does not contribute to the formation of CO,."® Oxygen
adsorbs at temperatures above 150-200 K dissociatively onto
the Pd(111) surface?! and therefore molecular O, adsorption is
not considered. The LH step in which both reactants form the
product proceeds irreversibly with the rate constant ks. After
the reaction, the chemisorbed CO, desorbs instantaneously, so
ke — oo in Eq. 1d.

Simulation algorithm

The basis of our simulation algorithm is the DSMC
method,'® which has been implemented in the open source
software package OpenFOAM by Scanlon et al.,'? and
recently expanded with the VSS method by Dreyer et al.'* The
application of MC simulation methods are based on reliable
random number generators with a high amount of random-
ness.'** Convenient random number generators deliver uni-
formly distributed numbers in the range of 0 < Ry < 1.

A sketch of the modified DSMC algorithm is shown in Fig-
ure 1. Three main steps are conducted during each simulation
time step. The first two, that is, particle movement and colli-
sion sampling, are taken from the original DSMC algorithm
with slight modifications. These two steps are described and
discussed in detail elsewhere.'®"? Briefly, in the first step the
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Figure 1. Sketch of the modified the DSMC algorithm. Three main steps are conducted during each simulation

time step.

Step 1: molecules in the simulation volume are moved according to their velocities. Step 2: collisions of the molecules with each
other are simulated. If a molecule hits a wall in the first step, this may lead to adsorption. Step 3: two processes are conducted in
parallel. Based on the current surface coverage the amount of desorbing and reacting molecules is calculated based on the
Polanyi-Wigner equation (Eq. 8) and on an Arrhenius type equation based on the LH mechanism (Eq. 14), respectively. With step
3 the cycle is closed and the algorithm starts again at step 1 with the time being advanced by #;+; =t; + At. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

molecules are moved according to their velocities and a new
position vector is identified (u = s/f). The second step com-
prises the sampling of collisions between molecules, where
each pair of molecules from the same cell has an assigned col-
lision probability @ according to the collision cross section o
and the relative velocity ¢, between the two molecules. The
collision probability is then compared with a random number.
If collision occurs, post-collision velocity vectors are assigned
to the selected molecules.'®

For a correct expression of the gas phase diffusion proc-
esses, the collisions between two molecules including scatter-
ing angles and post-collision velocities have to be modeled.
Here, we use the VSS model'? with parameters taken from
Bird.!° Table 1 lists parameters for O,, CO, and CO,, respec-
tively. Table 2 lists scattering parameters for the calculation of
scattering angles after collisions between unlike molecules. In

case of collisions between two molecules of the same kind, o,
takes the value o from Table 1.

If a molecule hits a wall, adsorption might occur according
to the adsorption algorithm described in the following section.

In the third step, either molecular desorption or chemical
reaction takes place. The desorption rate is calculated for each
species (O and CO) based on their current surface densities
oco and oo, respectively. The amount of generated CO, mole-
cules due to reaction is calculated using an Arrhenius type
equation based on the LH reaction mechanism (see section
Reaction mechanism). The amount of generated molecules
from all three species after the reaction and desorption steps is
then added to the gas phase cells and considered in subsequent
diffusion processes in the next time step. The surface chemical
processes, as well as the applied parameters and their physical
origin, are described in the following sections.

Table 1. Molecule Parameters of O,, CO, and CO, for the DSMC Simulation Using the VSS Model*’
at T=273 K and p =101.3 kPa

Parameter Mass of Molecule Viscosity Index Viscosity Scattering Parameter Degrees of Freedom
Symbol m w I o f
Unit kg - Nm s~ - -
0, 531x107% 0.77 1919 x107° 1.40 5
Cco 4.65x 1076 0.73 1.635x107° 1.49 5
CO, 7.31 X107 0.93 1.380 X 107° 161 6.7
2094 DOI 10.1002/aic Published on behalf of the AIChE July 2015 Vol. 61, No. 7 AIChE Journal
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Table 2. VSS Scattering Parameter o, for Collisions
Between Unlike Molecules'®

Molecule Pair oo
CO-CO, 1.61
CO-0, 1.54
0,-CO, 1.72

Adsorption mechanism

As soon as a molecule hits a surface during the gas phase
simulation step, an adsorption probability is calculated based
on the sticking coefficient S. The sticking coefficient is the
ratio of adsorbing molecules, N,q, and incident molecules,
Nine, on a given surface, S = Nags/Nine, and depends on the
surface coverage 0 of already adsorbed molecules. The surface
coverage of a molecular species 0 is defined as the ratio ¢ /oy
between the number of adsorbed molecules on a given surface
area, o, and the number of surface atoms, on. At every step in
our simulations, for each considered molecule, the sticking
coefficient S is compared with a random number R, € [0, 1] in
order to decide if adsorption of a molecule occurs. The consid-
ered molecule adsorbs and is thus deleted from the gas phase
simulation if S > Ry. Instead, if S < Ry, the molecule is scat-
tered away from the surface with a velocity vector sampled
from the Maxwell-Boltzmann distribution according to the
surface temperature.

Among the several models available to calculate the stick-
ing coefficient,”**® we use the precursor-mediated adsorption
model introduced by Kisluik?**>

S(@)—So<1+1<<0rleq—1)>l. )

Here, Sp < 1 is the initial sticking coefficient for a surface
with a coverage 0 = 0 for that molecule species, and 0Orq is the
probability to find the required number of adjacent empty sites

on the surface®®
0 n

with the adsorption order n = 1 describing molecular (CO) and
n =2 dissociative (O,) adsorption and 0,,.x being the coverage
of a fully saturated surface. The prefactor K is defined as

_ f des
f ads +f des '

where £, is the probability of a molecule to desorb from the
precursor state over an occupied site into the gas phase,
whereas f,4s and fyes are the probabilities of molecules which
are in a precursor state over an unoccupied site to adsorb onto
the surface or to desorb into the gas phase, respectively. The
initial sticking coefficient in turn depends on the probability y
of a molecule to enter into the precursor state

-1
So = y<1+§d—j> : )

Lateral interactions between unlike molecules can lead to
rather complex coadsorption mechanisms as it is the case for
O, and CO on Pd(111). The full mechanism has been
described in detail by Engel and Ertl.'® Briefly, gaseous O,
adsorbs dissociatively on Pd(111) until a saturation coverage
of Omax = 0.25 is reached. At high pressures, O, reacts with

“)
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the surface atoms to form surface oxides, PdOy which may
have a higher reactivity toward CO oxidation.'®*® Carbon
monoxide adsorbs molecularly on the Pd(111) surfaces, with a
maximum surface coverage of O, = 0.5 at room tempera-
ture. If CO adsorbs first, it inhibits O, adsorption. At cover-
ages Oco < 1/3, O, can still adsorb and both species are either
scattered randomly on the surface in case of low coverages or
form separated domains in case of moderate and high
coverages. In latter case, the reaction takes place at the domain
boundaries, changing the reaction order of the LH step from 2
to 1. For Oco > 1/3, O, adsorption is completely inhibited.
If O, adsorbs first, CO is able to adsorb even on surfaces with
0o = 0o max and is thus compressing the O,45 in domains with
higher local coverage. The compression of the O,qs increases
with CO coverage until both structures finally form a mixed
domain with local coverages Oco = 0o = 0.5. Increasing com-
pression of either CO or O domains is always linked to a
decrease in binding energy of both species and thus lower
desorption and reaction activation energies. A more detailed
description is given in Refs. 18, 23 and references therein. The
surface coverages of CO and O are connected to the pressure
and the partial pressure ratio of CO and O, through adsorption
equilibrium constants.”

In the present implementation, the lateral interactions
between like or unlike molecules described above are taken
into account by modifying Eq. 3 so that O, adsorption is hin-
dered by adsorbed CO, whereas CO adsorption is not hindered
by adsorbed 0%

Hmax. —0
QrquCO = ﬁ’ (63)
Oroqo = (1- 00— Peo 2 (6b)
a0 Hmax,O amax,CO '

The coverages 0 and 0, are expressed according to the
lengths of the surface unit cell vectors a and b, which for a
fcc(111) crystal obey the relationship

ol = bl =Ly, @
with aq being the lattice constant. The amount of adsorption
sites No for a given surface area A is calculated as
No=A/ |a|2. The parameter Omax = Nadgsmax/No 18 obtained
from the literature. Namely, for CO 0Oy, = 1/3 is selected
because it represents the maximum value at ambient tempera-
ture at which oxygen adsorption is still possible.”’ For O, we
set Opmax = 0.25 in accordance with Refs. 28-30.

The adsorption parameters K and S are fitted to experimen-
tal data for each adsorbing species. The obtained values Sy
=1 and K = 0.60 for CO are independent on the temperature
and are determined by fitting the Kisluik model to the experi-
mental S(6) curves presented in Ref. 27. The sticking coeffi-
cient of O, is temperature dependent, and experimental S(0)
curves are reported in Ref. 30 for four different temperatures.
The corresponding Kisluik parameters for temperatures from
323 to 823 K are obtained by fits to these four curves (Figure
2). Values between the four temperatures and above have been
obtained by linear interpolation and extrapolation, respectively
(Table 3).

Desorption mechanism

The kinetics of desorption are described by the Polanyi-
Wigner equation”

DOI 10.1002/aic 2095
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Figure 2. Sticking coefficient S of O, dissociatively
adsorbing on a Pd(111) surface for different
coverages 0, different surface temperatures
Ts and constant gas temperature T4 = 300 K.
Symbols denote data obtained from the modified
DSMC simulation. Adsorption parameters are extracted
from fitting to the experimental results by Leisenberger
et al.,m which are plotted for comparison (lines). [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

0 [ ~Eues
Fdes = _E:Vdese eXP( d )7 (8)

RT
which relates the desorption rate rges to the activation energy
Eges, the pre-exponential factor vges and the surface tempera-
ture T. The desorption order is n = 1 for molecular CO desorp-
tion and n =2 for associative O, desorption. The activation
energy depend linearly on the coverage 0

Edes(e) - Edes (0) +W97 (9)

with the energy of molecular interaction W describing the
weakening (W < 0) or intensification (W >0) of adsorption
bonds due to lateral interactions between adsorbed molecules.
W is defined via the number of nearest neighbors at a fully sat-
urated surface, Ny,, and their interaction potential, wpir, SO
that WX 0pax = Opair XNpp.

Values for E4.s and vges can be measured using temperature-
programmed desorption (TPD) and evaluated, for example,
using the Redhead analysis20

Eges = RT, (ln (VIT;) —3.46) : (10)

where T}, is the temperature at the desorption maximum and f§
the temperature ramping slope. More detailed analyses for the
variation of Eges and vges with 0 are described in Ref. 31.
Often, Eges(0) and vyes(0) vary in concert as expressed with
the compensation effect

Invyes (0) = Eaes(0) +c

RT,

(1)

where c is a constant and 7. is the isokinetic temperature. The
compensation effect does not necessarily apply for all reaction
systems. However, the pre-exponential may nevertheless

2096 DOI 10.1002/aic

Table 3. O, Adsorption Parameters, Interpolated with Val-
ues from Figure 2.

Temperature, T K So
323 K 0.45 0.72
423 K 0.60 0.62
473 K 0.71 0.60
523 K 0.82 0.56
573 K 0.95 0.52
623 K 1.11 0.49
673 K 1.29 0.45
723 K 1.49 0.42
773 K 1.71 0.38
823 K 1.97 0.34

change over several orders of magnitude with coverage, which
we express in our algorithm implementation using the power
law relation

Vaes = 10CFE0 (12)

In this equation both constants C, and C,, are fitting parame-
ters, which do not represent any physical quantities, but are
solely introduced in order to be able to fit experimental vqe(6)
curves.

In our simulations, a loop iterates through all surface sites
for every adsorbed species (CO,q4s and O,4s) and calculates the
respective desorption rates. The chance of desorption for a sin-
gle molecule in a given timestep At is calculated according to

Pges = ) 13)
g

where ¢ = N,gs/N is the surface density of the considered spe-
cies. A molecule desorbs if Pges > Ry. If desorption takes
place, rges and Eq. 13 are recalculated with the new coverage
for all adsorbed molecules until no desorption events occur
within the same timestep.

The characteristic parameters for desorption, Eges and Vges,
and their change with coverage are obtained by analyzing
TPD spectra as reported in Ref. 21 for O, and Ref. 32 for CO,
under the assumption that the Polanyi-Wigner equation is
valid (Table 4). Figure 3 shows the TPD plots of oxygen
desorbing from a Pd(111) surface calculated with an applied
temperature ramping slope f=2 K s~ !, over an effective
desorption area A =2x10"1° cm? and using a time step At
= 0.1 s. Best fits to the experimental single-crystal results of
Guo et al.?! (solid lines) are obtained for a pairwise nearest-
neighbor interaction energy between adsorbed O,4 atoms of
2.9 kJ mol ™!, which agrees well with Ref. 21. The fact that
O.4s has 6 nearest neighbors at maximum coverage Oax
=0.25 results in W = —69.6 kJ mol '. The temperature at
maximum oxygen desorption decreases with increasing initial
coverage from 820 K (0, = 0.08) to 780 K (0y = 0.16), due to
lateral interactions. The overall desorption rate of O, mole-
cules is negligible for T < 700 K, whereas for higher tempera-
tures oxygen desorbs, considerably shifting the adsorption—
desorption equilibrium.

Table 4. O, and CO Desorption Parameters for the

Polanyi-Wigner Equation®'~
Parameter Eges0 w Ca(Vaes) Cp(Vaes)
Unit kJ mol ! kJ mol ' - -
O, 222 —69.6 —-17 0
CO 147 —153 16 —15
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Figure 3. Desorption of O, from a Pd(111) surface in a simulated TPD experiment with different initial surface cov-

erages 0.

The applied temperature slope was =2 K s~'. The symbols denote simulated results, obtained with DSMC. Shown is the amount
of desorbing molecules in intervals of 0.1 s. Experimental results from Guo et al.>' are shown for comparison, scaled by an arbi-
trary multiplicative factor to match the simulated peak intensities. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Reaction mechanism

The rate of CO, formation, rco,, is described with the

Arrhenius equation

rco, = virf (oco, Uo)eXP(_ Eﬂ)a (14)

RT

which includes the pre-exponential of the reaction vy, a func-
tion f(oco,00) taking into account the dependence of the
reaction rate on the surface coverages, the activation energy
E1y and the temperature 7. Both Ep iy and vy strongly depend
on the coverage of both species and their respective adsorption
order. The assumption of a second order reaction process,
f(oco,00) = 6co00, is valid if both coverages are low and
both species are scattered randomly on the surface, which is
what we assume for this work. We note that if surface domains
are present, f provides a value for the effective intersection
length between O and CO domains and the reaction process
become first order, since the reaction is only pursued at the
domain boundaries.

The pre-exponential factor and activation energy of the sur-
face reaction step are system-specific. Intrinsic reaction bar-
riers from the literature™ are used to calculate the reaction
kinetics of our model system (Ep gy = 84 kJ mol ™! and vy
=2.5-107 ecm? s~ ). The reaction probability rco, is calcu-
lated following Eq. 13 as Pco, = rco, - At/a, and compared
with a random number. Desorption of a reacted molecule
occurs instantly, with the position and velocity vector of the
generated molecule calculated according to the desorption
algorithm described above.

Coadsorption behavior is implemented according to the fol-
lowing model: Oxygen adsorption is actively inhibited by
CO,q4s with no possibility for O, to adsorb on a surface when
0co = Ocomax (cf. Eq. 6a), while CO adsorption is not inhib-
ited by adsorbed O,q4s species (the sticking coefficient of CO is
not influenced by O,qs). Therefore, the model accounts for cat-
alyst poisoning. Even if a surface is preadsorbed by oxygen,
CO is still able to adsorb and, as soon as an oxygen molecule
desorbs, there is no possibility for O, readsorption, due to the

AIChE Journal July 2015 Vol. 61, No. 7
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fact that its adsorption is inhibited by the adsorbed CO. The
effect is intensified at higher temperatures because of higher
oxygen desorption rates.

Summary of the simulation parameters

In summary, as introduced in the previous sections, our
modeling framework for diffusion of gases in porous structure
with surface adsorption and reaction requires 17 fitting param-
eters to define the process at a given temperature and pressure.
In particular, in order to simulate the catalytic oxidation of CO
over Pd NPs we need:

o the length of unit vector of the Pd surface crystal, ao;
e two parameters for the LH reaction step, Er gy and vpy;
e the maximum surface coverages of O and CO, 0,0 and

Gmax,CO;

e two Kisluik adsorption parameters each for O, and CO, K
and So;
e four parameters each for O, and CO to describe the

desorption, namely Eges, W, C,, and C,,.

Simulation Results and Discussion
Simulation geometry and procedure

In this section, we simulate the process of diffusion and cat-
alytic reaction of CO and O, within Pd NP layers produced by

Inlet Reflecting wall

—
99 VOI % OZ +1
1vol % CO @
p =101.3 kPa
0 250 500 750 1000
X/ nm

Figure 4. Porous layer with 8 nm cubes used for DSMC
based simulation of gas diffusion and surface
catalytic reactions.

DOI 10.1002/aic 2097


http://wileyonlinelibrary.com

Inlet Reflecting wall Inlet Reflecting wall
10 J 1 b) With adsorption
& é_ t=300ns t
o 8- ++ .
= A o j;?%
g ““’“yﬂ.% ..l %
S 6 - % }*‘9‘
o & At 1 % .
= MMQ. "'++*+11_ t=30 L4 -. ﬁ;
= - s‘. ’ + ==ANA5 i 8
] - Ty + 1 B
O 4] ry b Y +Hil\‘ﬂi]]+ i Y -
g “u ™ Mty g %
S M Voany L% %
O -~ gan I 0 . % e t=300ns
24 t=10ns £=20ns SNy “L\' X = t=600ns
. "&‘ «  t=1200ns
. a) Without adsorption \ \§ Y
T T T T T ]
200 400 600 800 1000 200 400 600 800 1000
X /nm X /nm

Figure 5. Local CO concentration during the diffusion of gas composed of 10 vol % CO and 90 vol % O, in a highly
porous layer that was initially filled with oxygen at p =101.3 kPa (T = 323 K).

The inlet was positioned at x =0 and a reflecting wall at x = 1000 nm. (a) Diffusion without adsorption of CO on the NP surface
and (b) diffusion with adsorption. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FSP. Both the layer structure and the (nonreactive) gas diffu-
sion within it have been studied in previous works'*!” using
the DGM and DSMC. Without loss of generality, we assume
that the particles expose only (111) surfaces, mainly because
of the readily available data sets of the kinetic parameters for
this system. The geometries of the layers are generated with
raw data from Madler et al.'” Single mesh cells are cut from
the positions of the individual NPs and replaced by solid
cuboids with OpenFoam’s mesh tool snappyHexMesh. In real-
ity NPs often resemble spheres rather than cuboids. However,
to reproduce spheres in the simulation, a highly irregular mesh
with very small cells would have been necessary and would
pose restrictions on the applicability of the binary collision
model in DSMC.

t=300ns

t =600 ns

t=1200 ns

An example of the resulting NP layers can be seen in
Figure 4. The layers have a depth of /= 1000 nm, a quadratic
cross section with edge lengths of 280 nm and a porosity ¢ of
92.6%. The NPs have an edge length of 8 nm, which results in
a similar particle volume as spheres with 10 nm diameter.
Porosity ¢, pore area A, normalized differential pore area
AA - (log[Adpoe| -STA)7', and median pore diameter based
on the Q, pore size distribution dsp, were calculated and com-
pared with layers with full structure precision, viz. layers where
the particles are represented by 10 nm diameter spheres.'? The
volume-based porosity of the layers with full precision is 93%
which agrees well with the 92.6% of the simplified cuboid
structures. Also, the dso» pore sizes of both structures are very
similar (58 nm for spheres and 60 nm for cuboids).

CO surface density
Ocof (10 cm?)

| T T
Inlet 250 500
x/nm

T 1
750 Reflecting
wall

Figure 6. CO surface density sco during the diffusion and adsorption of 10 vol % CO in a highly porous layer ini-

tially filled with oxygen (p = 101.3 kPa, T = 323 K).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Reaction rate .y and amount of CO, mole-
cules in the gas phase, Nco, 4as; as a function
of time t during the CO oxidation of 1 vol %
CO in 99 vol % O, at a pressure of p=101.3
kPa for two different temperatures, T=523 K
(a) and T=723 K (b).

The inset in (b) shows the first 200 ns in more detail.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The inlet was positioned at x =0 nm and a reflecting wall
representing the sensor substrate at x = 1000 nm. Cyclic
boundary conditions were applied at the four longitudinal
boundaries. The time step for simulation Az was chosen to be
5X107'? s, the amount of molecules per DSMC parcel Fy is
1, and the cell size 8X8X8 nm? (so that each Pd NP fills an
entire cell). The mean pore diameter of the layer yields a Kn
number of about 1 for atmospheric conditions. Therefore, the
gas diffusion model must be valid in the free molecular and
slip flow regimes.

Diffusion of CO into porous layers

At first, we investigate the diffusion of 10 vol % CO in O,
in the porous layers with and without adsorption at 7 =323 K
and p = 101.3 kPa. Initially, the NP surfaces are saturated with
O,, which at this low temperature does not appreciably desorb
or resorb (see Figure 3). The obtained spatially resolved
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CO concentration profiles at different time steps are shown in
Figure 5. Without adsorption (Figure 5a), a notable CO con-
centration reaches x = 1000 nm after 10 ns. With adsorption,
however, even after 1200 ns, CO molecules only reach a layer
depth of 500 nm (Figure 5b). As the surface density of CO is
zero at t = 0, all of the initialized CO molecules adsorb on the
NP surface during the first few wall contacts. This leads to a
prolonged diffusion process as the particle surface acts as a
sink for CO molecules. Diffusion into the layer is effectively
occurring only after the surface becomes saturated with CO,
as visible in Figure 6, where the CO surface densities for the
three selected time steps are shown.

CO oxidation in porous layers

The catalytic CO oxidation in porous Pd(111) layers is
simulated at different temperatures (from T =473 K to
T =823 K) at p =101.3 kPa and with a feed composition at
the inlet of 1 vol % CO and 99 vol % O, (see Figure 4). Ini-
tially, the surface coverages of CO and O are set to the maxi-
mum coverages, Omax.co = 4.06X 10" molecules cm ™2 and
Omax,0 = 3.34% 10" molecules cm™ 2, to start the simulation
close to the expected steady state and to avoid latencies due to
diffusion and adsorption of CO.

Figure 7 shows the reaction rate and the amount of CO,
molecules in the gas phase as a function of time for 7= 523 K
(a) and T=1723 K (b). At T=523 K, the reaction proceeds
slowly and the surface coverage is constant with time. CO
molecules entering the system through the inlet have sufficient
time to diffuse through the layer and adsorb before the surface
coverage decreases due the chemical reaction with O,. In this
case, a time-independent maximum surface coverage of CO
and O is obtained, because the fluxes of both CO and O,
through the layer are sufficient to replenish all consumed mol-
ecules. The amount of CO, gas phase molecules in the com-
plete layer increases up to a steady-state value of
approximately 1.9X10% molecules at # > 150 ns. At this point,
the amount of accumulated CO, molecules in the layer due to
the reaction is so high that the loss of CO, molecules through
the inlet ((dNco, /dt)y;) matches the generation of molecules
due to the reaction ((dNco, /df); ;-

At T =723 K the reaction is fast, while the flux of CO and
O, molecules through the layer and the adsorption rate are
insufficient to replenish all consumed molecules. This causes a
shift of the adsorption—desorption—reaction equilibrium and
the coverages of CO and O decrease with time. The propor-
tionality of surface coverage and reaction rate leads to a
monotonically decreasing reaction rate. Namely, the CO, con-
centration in the gas phase increases only for the first 100 ns
(see inset), reaches a maximum and decreases afterwards. At
t =8000 ns the surface coverages and thus the reaction rate
have decreased to an extent that diffusion and adsorption of
the reactants match the consumption of molecules through the
reaction. At this point the reaction rate hardly changes with
time and we can safely assume, for our purpose, that the sys-
tem has reached an overall steady state.

The local CO, concentration for different time periods as
well as the CO and CO, concentrations at £ = 8000 ns (steady
state) are presented in Figure 8. As already mentioned, there is
no generation of CO, molecules at the inlet. Therefore, the
CO, concentration is lower close to the inlet (and almost O at
x = 0) than at points at the far end of the layer (Figure 8, left).
Additionally, the average concentration of CO, decreases with
time, since the first data set is at = 150 ns, which is already
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Figure 8. Local CO, concentrations taken at different times during the CO oxidation in a highly porous Pd layer of
1000 nm thickness with a reflecting wall at x =1000 nm and an inlet at x=0 (T =723 K, p =101.3 kPa and

Po./Pco = 0.99/0.01).

At the beginning of the simulation, surface coverages of O, and CO were set to their maximum value. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

after the peak-CO, concentration at = 100 ns (Nco,, Figure
7b, inset, 723 K). The concentration profile at the steady state
is shown in Figure 8 (right). The reaction is limited by mass
transport and CO molecules entering the inlet only diffuse
250 nm into the layer, because of surface adsorption and reac-
tion. At depths larger than 300 nm, the CO coverage in the
reactor is zero, indicating that all initially adsorbed CO mole-
cules have been consumed by the oxidation reaction.

50
—e— =0
—=— steady state
48 |
723K
Ea =83.51 k] mol~?1
46 A J
P T=623K
(o]

N T T
=44 4 Kinetic limit
42 - Diffusion limit T=523K

40 |
12 14 16 18 2 232
1000/T / ¢

Figure 9. Arrhenius plot for the oxidation of 1 vol % CO
in 99 vol % O, at a pressure of 101.3 kPa in a
highly porous layer of 1000 nm thickness.

Initially, surface coverages of CO and O were set to maxi-
mum values, 6max.co =4.06 X 10" molecules cm™> and
Omax0 = 3.34 X 10" molecules cm_z, respectively, resulting
in a reaction rate at # = 0 represented by the straight black
line. The slope of the reaction rate at t = 0 yields an activa-
tion energy of 83.51 kJ mol™", which matches exactly the
activation energy of the LH step. The red line shows reac-
tion rates at steady state for each respective temperature.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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The results of the simulations at all investigated tempera-
tures can be summarized in an Arrhenius plot linking the reac-
tion rate of CO, generation with the reaction temperature
either at the very beginning of the simulation (r = 0) or after
reaching a steady state (e.g., after 8000 ns for T = 723 K) (Fig-
ure 9). All simulations were initiated with maximum surface
coverages of O and CO. The corresponding reaction rates at
t =0 yield the activation energy of the LH step, which is the
kinetic limit of the overall reaction. This value should be iden-
tical with the steady-state reaction rate of the system if both
species have infinite diffusion coefficients and are added in a
stoichiometric ratio. This is indeed the case for the lower tem-
peratures investigated, where all CO and O molecules con-
sumed in the (slow) reaction are replenished immediately by
diffusion and adsorption. At temperatures higher than about
573 K, the surface reaction becomes faster than diffusion and
adsorption, which thus become the rate limiting steps (diffu-
sion limit).

We note in passing that at very high temperatures the reac-
tion rate should increase again due to the gas-phase reaction
between CO and O,. This mechanism, however, is not cur-
rently taken into account in our algorithm implementation.

The transition between a reaction-limited to a diffusion-
limited regime is also visible by looking at the profiles of the
local normalized reaction rate 1., that is, the local reaction rate
divided by the maximum reaction rate found in the layer at a
given temperature at steady-state conditions (Figure 10). For
temperatures below 573 K, diffusive transport of reactants is
faster than their reactive consumption, leading to a constant
reactant coverage and a constant reaction rate, that is, 7, = 1
for all x. At T=673 K or higher, two different effects occur.
The region close to the inlet shows a lower reaction rate due to
the poisoning by CO molecules, that is, the CO,qs surface
density is very high and consequently the O,qs surface density
is low, which is a result of the underlying adsorption model
(see example in Figure 11b). In this region, the rate determin-
ing step of the overall process is thus the CO desorption. On
the reflecting wall, 7, is smaller than 1 because 0,45 dominates
the surface. The CO concentration in the gas decreases
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Figure 10. Local normalized reaction rate 1, = ry/rmax
of the oxidation of 1 vol % CO in a highly
porous nanoparticle layer of 1000 nm length
filled with oxygen at p =101.3 kPa.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

constantly with x due to the reaction, so that only an insuffi-
cient amount of CO molecules reach the far end of the NP
layer. This leads to a low oco in regions far from the inlet.
The local normalized reaction rate 7,, as displayed in Figure
10, presents similarities to the well-known effectiveness factor
n, which is a dimensionless number characterizing the (nonlo-
cal) transition from mass-transport limitation to kinetic limita-
tion of a reaction system. Here, in contrast, three
interconnected phenomena occur, that is, diffusion limit, reac-
tion limit, and reaction inhibition. We thus believe that the
reaction rate 7, is better suited than the effectiveness factor n
for describing the full transition of all sub-steps partaking in
the overall reaction.

The unusual high degree of noise in the reaction rate dis-
played in Figure 10 is caused by the stochastic approach,
which does not deliver continuous functions for the gas phase
and surface concentrations. Additionally, resulting from the
nature of the layer generation, the solid structure is inhomoge-
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neously distributed along the depth of the layer. Thus, the sur-
face per volume element of the layer is not constant along the
leading dimension. These local fluctuations of active surface
area vs. depth lead to the fluctuations in the reaction rate. An
increased lateral dimension of the microstructure under inves-
tigation will lead to a smoother curve.

The interplay between mass-transport limitation, kinetic limi-
tation and reactor poisoning can be better understood by looking
at the time evolution of the local reaction rate at 7= 723 K (Fig-
ure 11a). At early times (¢ < 1000 ns), the reaction rate (a) is
highest at the inlet of the reactor, where adsorption of the
incoming CO molecules and reaction with preadsorbed oxygen
takes place. As time progresses, the O,q surface coverage in the
inlet region (x < 125 nm) decreases until complete depletion
due to CO poisoning at the steady state (see the steady-state cov-
erage profile of the two adsorbed species in Figure 11b). This
also affects the reaction rate, due to the second-order depend-
ence of rco, (Eq. 14), which is zero if o¢ is zero. Because of
the adsorption and reaction of CO molecules, the CO gas
phase concentration at steady-state decreases from the inlet to
x =300 nm (cf. Figure 8, right) and accordingly also oco
decreases until it reaches zero at x ~ 300 nm. Inversely, as a
consequence of the underlying adsorption model, oo
increases until it reaches its maximum value of g &~ 310"
ecm”? at x ~ 300 nm. Only in the crossover region between
CO adsorption and O adsorption has the reaction rate a nota-
ble value, with its maximum exactly at the point where the
coverage profiles intersect (x ~ 250 nm, stoichiometric con-
ditions). The far end of the reactor is saturated with oxygen
and does not participate in the reaction because CO does not
reach this part before reacting to CO,.

Discussions and Conclusions

The DSMC algorithm, implemented into the open source
software package OpenFOAM, is a statistical approach to
model gas diffusion and convection in the transition regime
based on direct calculation of tracks and collisions of single
molecules, applicable over a wide range of scales. We have
now extended this algorithm to model gas-solid catalytic
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Figure 11. a) local reaction rate rco, and b) CO and O surface densities, oco and oo, respectively, at t =8000 ns (1

vol % CO at p =101.3 kPa and T = 723 K).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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reactions, using a local mean field approximation to treat indi-
vidual chemical processes occurring at the gas/solid interface.
Namely (1) molecular adsorption is modeled through sticking
coefficients calculated by means of the precursor-mediated
Kisluik approach; (2) desorption of molecules is based on the
Polanyi-Wigner equation; (3) reactions between adsorbed
molecules are modeled through an Arrhenius equation based
on surface coverages. The presented algorithm thus link the
microscale (surface chemical processes) with the mesoscale
(diffusion inside porous structures), and could also include
macroscale transport processes by the employment of the
DSMC parcel concept.'® It offers the possibility of simulating
catalytic or sensing processes within a reasonable time com-
pared with more elaborate approaches such as MD.

In general, MC methods are well suited to study grand-
canonical systems because the insertions and deletions of par-
ticles are easily performed during the stochastic movements.
However, in order to preserve thermodynamic consistency, the
state variables have to satisfy the four laws of thermodynam-
ics, that is, the model has to deliver consistent enthalpy dia-
grams as well as consistent entropy changes in the overall
reaction. A method to develop microkinetic models which ful-
fill thermodynamic consistency is given by Dumesic et al.** or
in a slightly modified form, by Salciccioli et al.” In the case of
the simulations shown here, consistency within the microki-
netic framework of our investigation (gas transport and reac-
tion kinetics) is achieved by fits of all simulation parameters
to actual surface science experiments. However, it does not
guarantee thermodynamically consistent statistics because it is
not based on the conservation of an appropriate thermodynam-
ical potential. In future work, this may be realized by the
implementation of heat-exchange models to take into account
the cross-correlated enthalpy and entropy changes associated
to each individual process step. Such heat exchange models
could for example include the temperature increase of the
solid material due to the exothermic reaction and a transfer of
energy from the NPs to the gas molecules and vice versa.

In this article, we have applied our newly developed model
to study the catalytic oxidation of CO in porous Pd NP layers,
thus extending previous work devoted to the diffusion of CO
inside these layers.'> We have identified steady states between
gas diffusion of reactants (CO and O,) and products (CO,),
adsorption/desorption of the reactants, and chemical reaction
at the surface with formation of the products for different tem-
perature regimes. In particular, at temperatures below about
573 K the reaction is governed by a kinetic limit, where gas
diffusion and adsorption is fast and the surface chemical reac-
tion step is rate determining. At temperatures above 573 K the
reaction is limited by mass transport, since diffusion and
adsorption are slow compared with the catalytic reaction,
which results in a regime in which the reaction rate is nearly
constant with temperature, albeit the reaction-rate equation
contains an exponential temperature dependence.

The method also allows the precise evaluation of local reac-
tion rates over the depth of the reactor. We have shown that
the reactor becomes poisoned by CO at high temperatures in
an area close to the inlet, since adsorbed CO,4s hinders oxygen
adsorption. Behind the poisoned area, the inverse variation of
the CO,4s and O,qs coverages results in a peak of the reaction
rate in the specific reactor region where the coverage profiles
intersect. At areas close the end of the reactor, the O,4s cover-
age is high but the CO,4s coverage is low due to previous con-
sumption of the incoming CO, again resulting in a low overall
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reaction rate. This kind of analysis allows an optimization of
the reactor structure to optimize the catalytic (or sensing) per-
formance while reducing the overall system size and thus the
associated fabrication costs.

Although the presented results demonstrate the functional
capabilities of the developed simulation algorithm, we would
like to stress that our parameter set is not strictly relevant to
the study of the real CO oxidation catalysis, being taken from
experiments at very low gas pressure and used under condi-
tions close to atmospheric pressures. Moreover, the simulation
system itself neglects surface-diffusion processes and uses the
mean field approximation for the kinetic modeling. The latter
may be a rather poor assumption for catalytic reactions,”
especially for the case of dissociatively adsorbing O, coupled
with reactions that consume only one of the two O atoms. This
may lead to unavoidable fluctuations in composition, for
example, the local number of nearest neighbors of a specific
species may not be equal to the mean number of neighbors.
Additionally, in reaction systems in which repelling interac-
tions between unlike molecules is higher than the interaction
energy between like molecules, domain formation occurs,
which is also the case for CO oxidation over Pd(111). How-
ever, this island formation can be modeled correctly only if
molecules have distinct positions on the surface and are able
to surface-diffuse, as it is the case for instance in explicit kMC
simulations.*® A correct modeling of domain formation might
not be necessary if simulations are only examining reactions
in small temperature and (partial-) pressure windows, in which
the simulation parameters do not change much due to segrega-
tion. Most of the reaction parameters were taken from differ-
ent literature sources and simulations were conducted under
different reaction conditions compared with the experiments.
Additionally, the parameters were taken from well-defined sin-
gle crystal surfaces and thus do not represent real reaction sys-
tems. This makes a comparison of our simulations with
experimental data difficult. In future studies, we plan to extract
all parameters from one real reaction system, which would
allow for a quantitative comparison of simulations with
experimental results. Real reaction systems show surface
defects, which, in general, display lower adsorption and reac-
tion barriers compared with the bulk barriers on well-defined
surfaces. In addition, the reaction barrier on Pd at atmospheric
pressure is much lower than the UHV barrier used in this
study. As a consequence, the presented algorithm is expected
to underestimate the experimental reaction rate.

A comparison of the presented results with well-known the-
ories, such as the reaction—diffusion equation with a LH reac-
tion term, fails because of the different approach of our
algorithm. In such theories, an equilibrium of adsorption and
desorption is established faster than the reaction proceeds and
the rate-determining step (RDS) of the surface processes is the
reaction step itself. In addition, those theories may include
competitive adsorption, but do not include a complete model-
ing of the surface processes and thus do not include inhibition
by one of the reactants. For comparison, it would be necessary
to establish a reaction term which includes all surface chemi-
cal processes, that is, adsorption (including the influence of
adsorbed CO on oxygen adsorption), desorption, and reaction.
It would then be necessary to find the RDS of these processes,
which might change with temperature and position in the
layer. For instance, at low temperatures, the rate-determining
step would be the reaction step. At high temperatures, the
RDS is the CO desorption at positions close to the inlet, the
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reaction at positions in the center of the reactor, and the diffu-
sion at positions close to the wall. The establishment of such a
model is beyond the scope of this work.
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