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This work presents a diffusion—reaction model for atomic layer deposition (ALD), which has been
adapted to describe radial direction reactant transport and adsorption kinetics in a porous particle.
Specifically, we present the effect of three particle geometries: spherical, cylindrical and a slab in the
diffusion—reaction model. The reactant diffusion propagates as a unidimensional front inside the slab
particle, whereas with cylinder and spherical particles, the reactant diffusion approaches the particle
centre from two and three dimensions, respectively. Due to additional reactant propagation dimensions,
cylindrical and spherical particles require less exposure for full particle penetration. In addition to the
particle geometry effect, a sensitivity analysis was used to compare the impact of the particles’ physical
properties on the achieved penetration depth. The analysis evaluates properties, such as the combined
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porosity and tortuosity factor, mean pore diameter, specific surface area, pore volume, and particle
radius. Furthermore, we address the impact of the reactant molar mass, growth-per-cycle (GPC),
DOI: 10.1039/d3cp05639b sticking probability, reactant exposure and deposition temperature on the simulated diffusion and

surface coverage profiles. The diffusion—reaction model presented in this work is relevant for the design
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1. Introduction

Atomic layer deposition (ALD) can be used to prepare confor-
mal coatings on porous media, such as aerogels," molecular
sieving membranes,’ fuel cell components,® carbon nanotubes®
and catalysts.” The precise control of reactant deposition inside
the porous media is achieved via self-limiting adsorption,
regulated by available surface reaction sites, rather than the
amount of introduced reactant.®® In catalyst preparation, ALD
can be used to introduce active metals, promoters and other
modifiers with tuneable coating thicknesses and penetration
depths inside a porous particle.>'*"” In order to achieve the
desired reactant deposition result with different reactants and
porous substrates, diffusion-reaction modelling can be used to
design and optimize the ALD process. In the diffusion-reaction
model, the particle geometry has an effect on the reactant
transport inside the porous particle. Fig. 1 presents the particle
geometries discussed in this work, where a spherical particle
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and optimization of ALD processes in porous media with different particle geometries.

geometry is relevant for heterogeneous catalyst applications,
whereas the slab model could be used for porous membranes
(e.g fuel cell applications) and the cylinder geometry for porous
high aspect ratio fibres and monoliths.

The literature presents various analytical and computational
models for the ALD process in porous materials and well-defined
high aspect ratio features. Gordon et al.'® present an analytical
model to describe ALD growth inside high aspect ratio holes and
trenches, where the reactant exposure required to achieve con-
formal coating increases quadratically with respect to the aspect
ratio. This and other analytical models'®>" have been especially
suitable for reactant propagation and surface reaction modelling
in a diffusion limited growth setting. Computational models to
address ALD conformality can be classified** as ballistic transport-
reaction,”>* Monte Carlo®**?® and diffusion-reaction (some-
times “continuum’) models."*?°3! Monte Carlo and diffusion-
reaction models are applicable from continuum flow (Knunden
number, Kn « 1) to free molecular flow (Kn >» 1) regimes,
whereas ballistic transport-reaction models are used in the
Knudsen diffusion regime (free molecular flow).>****" Diffu-
sion-reaction models are suitable for simplified particle geo-
metries, while ballistic transport and Monte Carlo models are
appropriate for complex structures.>**"

The diffusion-reaction modelling of the ALD process in porous
media is based on Fick’s law of diffusion.*>* In this work, we
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Fig. 1 Schematic illustrations of ideal particle geometries: (a) slab with a shape factor s = 0, (b) cylinder (h = nR, n > 100) with a shape factor s = 1 and

(c) sphere with a shape factor s = 2.

assume homogeneous porosity and tortuosity throughout the
particle, where reactant travel begins from the particle outer
surface and the reactant diffuses through a tortuous pathway
towards the centre of the particle. From the surface to the centre
of the particle, the reactant travel is affected by the effective
diffusion coefficient (D.).**” Typically, the effective diffusion
coefficient related to porous catalyst particles is determined in
a Knudsen diffusion (Dg,) regime as D, = Dyt .>>*° With a
Knudsen diffusion assumption, the effective diffusion coefficient
depends on the pore dimensions, temperature and reactant molar
mass,'® porosity () and tortuosity (z). The diffusion coefficient can
also be used in a molecular diffusion regime or a combination of
Knudsen diffusion and molecular diffusion.*”

Simplified particle geometries, which are especially relevant
in diffusion-reaction modelling, are well known in the literature
related to heterogeneous catalyst particles.>” The catalyst regen-
eration process is a typical example of gas diffusion and reaction in
a spherical particle, where carbon formation (fouling) inside the
catalyst particle is removed through oxidation.*> Here, oxygen
would be analogous to ALD reactant, diffusing into the catalyst
pores and reacting with fouled carbon. Due to the spherical
particle geometry, the oxygen demand decreases towards the
particle centre. The diffusion-reaction regeneration process is
commonly described with a shrinking core model (SCM), where
the shell volume of a spherical particle decreases towards the
particle centre.*>*”

In this work, a shape factor is used to determine partial
differential equation for the respective particle geometry.>®3®
Here, symbol r presents the radial coordinate along the charac-
teristic dimension R. With cylindrical and spherical particles,
R is the particle radius, whereas with slab particle geometry R is
half of the slab thickness. The radial coordinate r is defined to
be zero at the outer surface of a particle, and R at the centre for
a sphere/cylinder or half thickness for a slab particle. With the
slab particle, the ALD reactant is propagating from under- and
upside directions towards the centre of the slab. With the
cylinder particle, the reactant propagates in a radial direction,
whereas the axial propagation direction is neglected. With the
spherical particle, the reactant is propagating from all direc-
tions towards the centre. In the literature, the shape factor is
determined as the external surface area divided by the particle
volume, which is then multiplied by the particle radius R.>*"*”

This journal is © the Owner Societies 2024

The shape factor is a common simplification to describe the
effect of the particle geometry on a gaseous and liquid flow
through a packed catalyst bed (for example, Thoenes-Kramers
mass transfer correlation).35 Furthermore, relevant to our work,
the shape factor can be also used to describe particle geometry
effect on the intraparticle gas diffusion.’” Most relevant pre-
vious work on the particle geometry effect on the intraparticle
diffusion, specifically in the ALD process, has been presented
by Lee et al.®® They presented a model to address particle
geometry effect on the minimum exposure time for the com-
plete ZnO coverage of planar, cylindrical and spherical porous
alumina monoliths. Additionally, Elam et al.® and Detavernier
et al.*® have also shown that the spherical particle geometry has
a significant effect on the decreasing reactant consumption
towards the particle centre.

Our work adapts slab, cylinder and spherical shape factors
in an ALD diffusion-reaction model. With partial differential
equations for different particle geometries, we demonstrate the
effect of the shape factor on the diffusion and surface coverage
profiles. We discuss the radial reactant propagation for each
particle geometry and evaluate the effect of ALD process para-
meters and porous material properties on the achieved coating
penetration depth. We implement parameters for the growth-
per-cycle (GPC, from areal number density of the metal
adsorbed), sticking probability, particle porosity and tortuosity,
pore diameter, specific surface area, pore volume and particle
radius into the coupled partial differential equations. The model-
ling principles in this work might be relevant also to thin film
preparation methods beyond ALD, for example, sequential infil-
tration synthesis*' and vapor-phase infiltration.*”

2. Methods

2.1 Shape factors and diffusion-reaction
differential equations

The shape factor (see Fig. 1) is relevant for modelling of
diffusion in a porous material, as the modelled reactant con-
sumption profiles vary according to the used shape factors.
Eqn (1) presents the diffusion-reaction equation for the volu-
metric reactant number density (sometimes ‘particle number
density”’) with respect to the deposition time for the different
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shape factors (s = 0, 1, 2).
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Here, np (m ) is the volumetric reactant number density and
t (s) is the reactant exposure time. In this work we use the
common concept that the reactant exposure (Pa s) is the partial
pressure multiplied by the reactant exposure time.”*"** The
symbol r presents the radial coordinate along the characteristic
dimension R. In eqn (1), the adsorption loss term includes
5.4 = Ay/V,, (m™") the ratio of specific surface area (m* g™') and
pore volume (m® g %), vy, (m s~ ") the thermal velocity of the
reactant in the gas phase, f§, the reactant sticking probability
and 0 the surface coverage (fraction of occupied adsorption
sites) at time ¢ and position r inside the catalyst particle.

In the eqn (1), the symbol s is the shape factor with a
relationship s = a — 1, where factor a has values of one, two
and three for a slab, cylinder and sphere, respectively.>>~’
The factor a is (Apar/Vpar)R,>>*® where the particle radius R
(m) is multiplied by the ratio of the particle outer surface area
(Apar, m*) and the catalyst particle volume (Vp,, m?). Factor a
related to the slab particle geometry is (Apay/Vpar)L, Where L
is the half thickness of the slab, corresponding to L = R/2.
Table S1, ESI} presents some example calculations to deter-
mine the shape factor s for relevant particle geometries. (Note:
one should not confuse Ap,, and Vp,, with the specific surface
area (Ao, m*> g~ ') and pore volume (Vp, m*® g~ ') of the porous
media.) The ratio Ap,/Vpar represents the surface area per
volume of a non-porous particle. The adsorption loss term
incorporates the self-limiting nature of the ALD process in
the diffusion-reaction model.

The effective diffusion coefficient (D, m” s’l), is derived
from the gas phase diffusion coefficient in porous materials,
consisting of both molecular diffusion and Knudsen diffusion
factors. In eqn (2), according to the Bosanquet relation, the gas
phase diffusion coefficient (D;) is a sum of the molecular
diffusion coefficient (Dn,;) and Knudsen diffusion coefficient
(DKn)-ZS

11
D; Dwi Dxn

(2)

In this work, the transportation of reactant molecules is
assumed to be dominated by Knudsen diffusion (the reactant
mean free path is much larger compared to the limiting pore
dimensions). Then, the term for D,,; is neglected:

1
Di_DKn

— D; = Dxn (3)

In porous materials, the gas diffusion is affected by the char-
acteristic pore structure.** To account for the intraparticle
tortuosity (1) and porosity (¢), the gas phase diffusion coefficient
D; has to be corrected with a factor ¢ t~'.>*7*° The porosity
and tortuosity are used to estimate the fraction of the void
space available for gas diffusion and the complexity of the
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diffusion pathway, respectively.*® The effective diffusion coeffi-
cient (D) is then:

€
Dc = ;DKn (4)

After substituting the Knudsen diffusion coefficient (Dy,)**”
according to the kinetic theory of gases into eqn (4), the
effective diffusion coefficient (D.) becomes:

doore |8kT
DCZEDKHZE pore B
T T3

TN, (5)
where dpor is the catalyst pore diameter (m), kg is the Boltz-
mann constant (m” kg s™> K™'), T is the ALD process tempera-
ture (K) and m, is the mass for a single reactant molecule (g).
After introducing the corresponding shape factor values to the
eqn (1), the final partial differential equations for a slab (eqn (6)),
cylinder (eqn (7)) and sphere (eqn (8)) can be written in the form:

(Slab, s = 0)
19 o?
nP(;tl, r) - D, n(;f? ") _ E%Vlhﬁo . I’lp(l‘, ,.) . [1 _ 9([, I)} (6)

(Cylinder, s=1)

onp(t,r)  O*np(1,r) 10np(t,r) 1
o1 —De 8}’2 +DeR or _3Zvlhﬁ0'nP(Z7r)'[l —(‘)(l‘,l”)]
()
(Spherical, s=2)
a}’lp(lﬂ’) o Gznp(nr) 28}’1})([7)‘) 1 5 §
9 =D, By —|—DeR o —s4vlh[f0 -np(t,r)-[1 = 0(¢,r)]

(8)

In order to solve the partial differential equations for dn/dt, the
coupled equation for surface coverage 00/0t is determined with
eqn (9), where the reactant adsorption kinetics are described by

irreversible single-site Langmuir adsorption.***>
a0(t,r 1
7)oy meltr) 1—000] ()

5o is the surface area of adsorption sites (m?) calculated from the
reciprocal of op (s, = 1/0p). Here, op is the areal number density
(m~2) of metal atoms deposited on each exposure cycle at satura-
tion. The oy directly related to the growth-per-cycle (GPC) in ALD”
and s, is then inversely related for the GPC.***® The diffusion-
reaction model in this work uses the volumetric reactant number
density (np) for the initial reactant concentration. The ideal gas law
is used to determine the volumetric reactant number density from
the reactant partial pressure and deposition temperature. The
exposure has a unit Pa s, derived from the reactant partial pressure
(Pascal) and the reactant exposure time (seconds).

The model initial condition for 6 is presented in eqn (10). At
time ¢ = 0, 0 is zero for all values of the radial distance (r) within
the range from 0 to R.

0(t=0,r)=0,Vr € [0, R pm] (10)

This journal is © the Owner Societies 2024
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Eqn (11) gives the initial condition for np. At time ¢ = 0, n;, is
zero for all values of the radial distance () including all real
numbers greater than 0 and less than or equal to R.

np(t =0,7) =0, Vr € [0, R um] (11)

As the diffusion-reaction model contains a second-order differ-
ential equation, two boundary conditions are required. The
Dirichlet boundary condition®>*” in eqn (12) presents that any
given time ¢, the volumetric reactant number density at the
particle surface (r = 0) is equal to a constant value 7,, (the initial
reactant volumetric reactant number density).

np(t, r = 0) = npy, ¥t > 0 (12)

The Neumann boundary condition®*” in eqn (13) shows that

at the particle centre (7 = R), the rate of change of the volumetric
reactant number density with respect to r is zero. This bound-
ary condition sets a limit to the particle centre, wherefrom
particles are unable to pass through.

Onp(t,r) (13)

Partial differential equations (PDEs) were solved in Matlab
(MATLAB Version: 9.14.0 (R2023a)) by discretizing the first
and second derivatives of the particle radius applying finite
differences. For the first derivative, dss004 code was applied
using five-point fourth order approximation and for the second
derivative, dss044 code using six-point fourth order approxi-
mation was used.”® The spatial domain of the radius was
discretized typically using 300 points. The formed system of
ODEs was solved using Matlab solver ode15s being applicable
for stiff ODE systems.

2.2 ALD reactant and catalyst structural parameters

The above presented coupled differential equations (see eqn (6)-(9))
can be used to determine the ALD reactant consumption and
surface coverage profiles. The resulting profiles will be influ-
enced by parameters related to the reactant molecule, struc-
tural properties of the porous media and the ALD process.
Table 1 presents the baseline parameters for the porous media
and Table 2 shows the baseline parameters for the ALD process
used in the simulations in this work. These baseline para-
meters were used to compare the effect of particle shape factors
on the resulting reactant consumption and surface coverage
profiles. While the values do not represent any specific ALD
reactant or porous media, they have been inspired by a typical
ALD process, such as the trimethylaluminium-water process*’

Table 1 Baseline parameters for porous media

Parameter Value

Porosity, ¢ 0.5

Tortuosity, © 1

Mean pore diameter, dpore 2 x 10 %m
Specific surface area, 4o 200 m* g !

Pore volume, Vp 6x10 ' m’g?
Particle radius, R 3x10*m

This journal is © the Owner Societies 2024
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Table 2 Baseline parameters for ALD process and reactant

Parameter Value
Reactant molar mass, mg 100 g mol "
Initial sticking probability, o 2 x 102

Areal number density of metal atoms 4 x 10® m™?
deposited on each exposure cycle

at saturation, op

Reactant volumetric number density
outside the porous material, np, (¢, 7 = 0)
Temperature, T

Reactant exposure time, ¢

1.71 x 10** m 3¢

423 K
100, 500 and 1000 s”

¢ Estimated from ALD reactant vapour pressure of 100 Pa at 423 K.
b Baseline reactant exposure duration marked with bold text.

and by mesoporous catalyst supports,®® such as silica or
alumina.”®

3. Results and discussion

3.1 The effect of the shape factor on the volumetric reactant
number density and surface coverage profiles

The selection of the shape factor has a distinctive effect on the
diffusion-reaction model simulation results. Fig. 2 presents
simulated profiles for the volumetric reactant number density
and surface coverage as a function of radial coordinate r (r is
zero at the particle surface and increases until the centre of the
particle, where r = R). Here, the coating penetration depth
varies according to the particle geometry. The penetration
depth (rg-1/,) in Fig. 2(a) and (b) was 177, 133 and 114 um for
the spherical (s = 2), cylindrical (s = 1) and slab (s = 0)
geometries, respectively. In the panel (a), the reactant number
density profile for the slab shape factor shows known decreas-
ing linear trend as a function of the penetration depth,'®*°
whereas profiles for the cylinder and sphere are curved. In
general, for the same exposure, the ALD coating penetrates
deeper in the order of sphere > cylinder > slab. In this work,
the shape factor s = 1 considers long cylinders, where the
dimension £ is large with respect to R (see Fig. 1). A cylinder
2(n+1)

n
where the effect of the cylinder bottom and top decrease when n
increases.>® With increasing values of n, the shape factor (S)
approaches the value 1. If n is small, the shape factor
approaches a value of 2 and the partial differential equation
Onp/0t (eqn (7)) becomes similar to spherical particle geometry
(eqn (8)). For values n < 2, the shape factor for cylindrical
geometry is not defined.?®

Fig. 2(a) presents the particle geometry effect on the gas-
phase reactant number density as a function of the coating
penetration depth. The slab geometry demonstrates a linear
behaviour as the reactant diffuses through a “plate” with an
infinite depth and width, with only one diffusion propagation
dimension.>*?*® The cylinder profile is curved because of two
diffusion propagation dimensions and one indefinite dimen-
sion (see Fig. 1). The spherical geometry has no infinite
dimensions and the reactant diffusion front approaches the

with h = nR, n > 2, the shape factor s=a—1=

_1’
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Fig. 2 The effect of the shape factor (s) as a function of the radial coordinate r for (a) the volumetric reactant number density and (b) the surface

coverage. A list of the used parameters is presented in Tables 1 and 2.

particle centre from all directions. Then, the deposition area
per shell volume decreases towards the centre of the porous
particle.”®

Although the shape factor is not included in the equation for
the surface coverage (eqn (9)), the cylinder and spherical
particle penetration depth increases in the surface coverage
profile compared to the slab in Fig. 2(b). This is due to Onp(t,r)/
0t and 00(t,r)/0t equation coupling. Despite the increasing
penetration depth for the cylinder and spherical shape factors
compared to the slab, all three surface coverage profiles have a
similar overall shape and slope at the adsorption front.

3.2 Shape factor and exposure needed for full particle
penetration

The shape factor has an impact on the achieved penetration
depth (r9-1,,) for a given exposure. The value for the penetration
depth (ry-1/,) is determined as the position where the surface
coverage 6 = 0.5.°>°" Fig. 3 presents the penetration depths

ﬂ —e— Sphere (s=2)
Full 00\ —{—Cylinder (s = 1)
2504 | particle J e —x—Slab (s = 0)
penetration .
\0
N\,
200 | oL %o,
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Fig. 3 The effect of varying particle size R on the achieved ry_1,> (pene-
tration depth) with three different exposures of reactant (1 x 104, 5 x 10*
and 1 x 10° Pa s). Three curves for each exposure present the model
results for different shape factors: sphere (s = 2), cylinder (s = 1) and slab
(s = 0). The simulation parameters are presented in Tables 1 and 2.
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obtained from simulations in which all the parameters remain
the same, except that the porous media particle radius R is
varied. For example, the penetration depth values from Fig. 1
(177 pm and 114 um) can be seen in Fig. 3 in red at R = 200 pm
(the red sphere marker indicates spherical particle geometry
and a red rectangle shows the slab geometry).

Fig. 3 presents the penetration depth results for each shape
factor as a function of the particle radius (R). The distinct line
starting from the origin is the penetration depth, where the
reactant has reached the centre of the particle with a radius R.
For example, for a particle with a radius of 50 um, the penetra-
tion depth is 50 pm for all the presented exposures and shape
factors. With an increased exposure, larger particles can be fully
penetrated by the ALD reactant. In Fig. 3, full penetration is
achieved with a 1 x 10° Pa s exposure and a spherical shape
factor when R < 275 pm. A reduced particle size can be
penetrated with the same exposure with R < 225 ym and <
161 um for the cylinder and slab particle geometries, respec-
tively. According to Fig. 3, when the particle radius increases,
all shape factors result in increasingly similar values for
the penetration depth. This behaviour is expected, as the
increasing radius of a particle reduces the factor 1/R and 2/R
in eqn (7) and (8). Increasing the particle radius R will diminish
the effect from the first order partial derivative, resulting in an
asymptotically closing equation with respect to the slab geo-
metry (see eqn (6)).

In the example in Fig. 3, the shape factor has a significant
effect on the modelled penetration depth when particle radius
is <600 um. However, the model results are not bound to a
specific particle size. Instead, the important particle size range
depends on the used exposure. Fig. 4 presents the penetration
depth difference between slab and spherical geometries.
In the figure, the horizontal axis is the normalized penetration
T'9=1/2, sphere

R
indicates a full coating (e.g., when particle radius is 200 pym and

the reactant has reached the centre of the particle at 200 pm, R =
200 pm and gy sphere = 200 pm). The vertical axis in the figure is
the percentage difference between the penetration depths in the
slab and spherical geometry. These values can be found in Fig. 3,
where for example, a 1 x 10° Pa s exposure resulted in T'o=1/2,sphere

depth for sphere, {o—1/2 sphere = , where the value 1

This journal is © the Owner Societies 2024
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The small inset is an enlarged view of the same plot. The figure shows the
results for 1 x 10%, 5 x 10% and 1 x 10° Pa s exposures at 423 K and
the particle radius (R) varying from 50 to 3000 um in 25 um step intervals.
All other parameters are presented in Tables 1 and 2.

of 229 pm and 7y g Of 161 pm. In Fig. 4, these values can be
found from the vertical axis percentage difference of 30% = 1 —

161 pm 229 um
229 um 300 pm’

Fig. 4 illustrates the difference in the achieved penetration
depth between the slab and spherical shape factors. When
é():%,sphere < 0.15, the percentage difference in the penetration
depth estimate between the slab and spherical shape factors is
<5%. In order to achieve a <1% difference, o1 sphere Should
be <0.05. Increasing the penetration depth with respect to the
particle radius, the selection of the shape factor becomes
increasingly relevant. At full infiltration, the penetration depth
reaches ~40-45% difference. This finding corresponds to the
work by Lee et al,*® Elam et al® and Detavernier et al.,*® in
which the spherical particle geometry has a significant effect on
the decreasing reactant consumption towards the particle
centre.

and horizontal axis value &y, sphere Of 0.76 =

3.3 Sensitivity analysis: baseline parameters with one varying
parameter

A sensitivity analysis was conducted to address the effect of
varying a single parameter at a time on the volumetric reactant
number density and surface coverage profiles. Fig. 5 presents
the volumetric reactant number density profiles for the sphe-
rical particle geometry (left) and slab particle geometry profiles
(right). In all figures, the solid black line illustrates the baseline
parameters and other profiles are for varied parameter values.

Fig. 5 panels (a) and (b) show the effect of tortuosity () and
porosity (¢) as a single factor t/¢ for the sphere and slab
respectively. The factor /¢ is a reciprocal value of ¢/t which is
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present in the effective diffusion coefficient (see eqn (5)). Factor
values from 1 to 5 are typical for heterogeneous catalyst support
materials, where increasing tortuosity increases the diffusion,
i.e. the precursor travel distance inside the porous particle.
Similarly, reducing the porosity increases the diffusion resis-
tance due to the retained reactant passage through the porous
media. Interestingly, with a restricted diffusion and increasing
/¢, the achieved ry-y/, is increasingly similar between slab and
spherical particles. With a decreasing t/e¢ the difference
between the particle geometries becomes apparent, especially
with the shrinking core effect from the spherical particle
geometry.*’

Panels (c) and (d) in Fig. 5 present the effect of the reactant
molar mass on the penetration depth (ry-y,,). The penetration
depth decreases with an increasing reactant molar mass due to
the decreasing reactant gas-phase mean thermal velocity vy,
(m s™"). This observation corresponds to the findings reported
by Yim et al.*®

Panels (e) and (f) in Fig. 5 illustrate the effect of the areal
number density (sp, m ?) of deposited metal atoms upon
saturation (directly related to the GPC) on the penetration
depth. Here, smaller values increase penetration depth due to
decreased amount of reactant adsorption sites. The presented
trend is similar to Yim et al.,* where an increasing ¢ (nm?)
strongly reduces the achieved ry-1,. With ¢ = 1 nm™>, the
spheres have been fully coated.

Panels (g) and (h) in Fig. 5 present the effect of varying
§ = Ao/V, (m™), a factor found in eqn (6)-(8). Here, increa-
sing the ratio § increases the surface area compared to
the pore volume. Thus, the increased surface area per given
volume (increasing 5) results in an increased number of
surface adsorption sites per volume and a reduced pene-
tration depth.

Panels (i) and (j) in Fig. 5 present the volumetric reactant
number density profiles that appear the same for all varied
values of f,. Similar findings have been reported by Keuter
et al** and Arts et al.,”' where varying the f, value has no
significant effect on the average coating penetration depth.
However, the enlarged subplot reveals minute differences in
the profiles with varying f,. When the reactant number density
approaches zero (reactant depletion), the decreasing sticking
probability (f,) reduces the rate of reactant adsorption on the
surface, enabling the reactant to travel deeper into the particle.
On the other hand, different findings have been reported by
Yim et al.,*® where they observed a slight increase in the ry-y/,,
as B, increased. Yim et al.** assumed that this would be a result
of their analytical model approximation for the reactant partial
pressure, resulting in a penetration depth (ry-,) increase,
when the f§, value increases.

Lastly, panels (k) and (1) in Fig. 5 present profiles with varied
pore diameters. In the presented diffusion-reaction model, the
pore diameter is only present in the Knudsen diffusion coeffi-
cient (see eqn (5)). A reduced pore diameter restricts diffusion
and results in a decreased penetration depth. For both the slab
and spherical particle, the ry-,, increases linearly with the pore
diameter. However, due to the spherical particle geometry, the

Phys. Chem. Chem. Phys., 2024, 26, 7580-7591 | 7585


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05639b

Open Access Article. Published on 14 February 2024. Downloaded on 12/4/2025 6:42:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
a) b) )
o~ 16E+22 o~ 16E+22-] ~16E+22
£ £ £ ---50gmol’
& ---te=1 & --=ts=1 & ——100 g mol”
2 1264221 —_—=2 2 128422 te=2 S1.2E+22 - -~ 150 g mol"
2 -=-1te=3 2 ---te=3 2 —- =200 g mol"
s ———lg=4 S ——te=4 T NN\ N e 250 g mol”
é sE+214  \h O\ N e e=5 & sEx21q4  TA\ ‘NN e e=5 8 se+214
£ £
2 2 2
= z -
£ dEn214 S 4E+214 § 4E+21
3 g 3
4 M e o
\ x 4
. Al
04 04 04
v v L5 L3 L L] L ¥ ¥ ¥ L 1 T T T T T T T T T T T 1
0 25 50 75 100 125 150 175 200 225 250 275 300 0 25 50 75 100 125 150 175 200 225 250 275 300 0
Fo=2 (M)
d) e) f)
168422 166422 &~ 16E+22
£ -~~~ 50gmol’ & £
& ——100 g mol £ &
1.26+224 ST § o -
z 150 g mol S 2E+22 s GEARME 2 1.2E+22 -==0=1nm?
2 —-=200 g mol” = a
5 £ mm-g=2nm?2 c - o=2nm?2
S 1 N\ e 250 g mol! [ o=2nm g IS
T gee2t 3 ——o=4nm? 5 ——o=4nm?
£ g 8E+21 - ———=6nm? g see214 —= =6 nm?
£ r—S (T S (O ot s =8 N2 3 RN\ N s e o=8 nm?
2 E by
8 4e+21 S s
§ S 4E+21- G 4E+21
- @
[1'4 g Q
3 4
0 14
0 25 50 75 100 125 150 175 200 225 250 275 300 o9 e e
0 0 25 50 75 100 125 150 175 200 225 250 275 300
To=1 (HM)
To=12 (WM)
<) I h) i)
8 1T seeeees =
168422 e — aaa35=1%x10 3, =0.0001
7 ==-5=1x10° m' i€l —~ 16E+22 == By=0.001
£ ---5=2x10°m" & 3 ——B =001
< 1.2E422 $=3x10°m"' > 1264224 & - —By=0.1
= —-———5=4x10®m" -2 A W N 2 126422 - =By=1
I3 - 8 -1 o 2
é """" s=5x10°m bt é Enlarged view
© gEs21 2 see21 5
2 £ 8 8E+21-
£ % 2 £
g . £ z
2 4E+21 \ S i €
2 \ g s £ 421
o O o
@ A} o Q
& ) o 140
\ 3
04 % 04 ne ~
0 25 50 75 100 125 150 175 200 225 250 275 300 5 50 75 100 125 150 175 200 225 250 275 30 B s e o pee e e e b
¥ B 75 W0 NRE e Afs 20 28N 2 2o 0 25 50 75 100 125 150 175 200 225 250 275 300
fo-1z2 (M) Toe (M) foct (M)
i k) 1)
o~ 166422 - By =0.001 1eE+224%} dyore= 5 NM
El ——B,=0.01 % "é == dye=10NM
< - = B,=0.1 o o b —d, =20 nm
g o o :
_é» 1.2E+22 4 _ g -1 :, 1.2E+22 :» 1.2E+22 4 o d00197 i
2 Po= = 2 bore= 30 NM
3 Enlarged view g g === dyoe=40Nm
oy bl
B 8E+21 4 4E+20 ? = 8E+214
€ g 2
2 £ €
= 2E+20 5 E
§ = =
5 4E+21 € t
g 3 5 § ey .
14 § § .
110 112 14 116 118 o 4 \‘ \\
e T T T T o L
0 25 50 75 100 125 150 175 200 225 250 275 300

To=t2 (RM)

0 25 50 75 100 125 150 175 200 225 250 275 300

0 25 50 75 100 125 150 175 200 225 250 275 300
To=17p (W) T (M)

Fig. 5 Parameter effect on the volumetric reactant number density profile (np) with a spherical shape factor and slab shape factor. Panel (a) and
(b) show the effect of tortuosity (z) per porosity (¢), (c) and (d) reactant molar mass variation (m,), (e) and (f) show the reactant areal number density (a,
atoms per nm?), (g) and (h) varying 5 = Ao/V,, (m™), (i) and (j) sticking probability (o), (k) and (1) pore diameter (dpore, M). The parameter effect is addressed
by changing one parameter at a time and all other values are baseline parameters with a 500 s reactant exposure duration (see Table 1 and 2). The related

surface coverage profiles are shown in Fig. 6.

Tg-1/> increases faster. For example, increasing the dr. from
10 to 40 nm will double the ry_,,, for the slab. The same
increase with spherical particle increases the ry-;,, 2.5 times.
Fig. 6 presents the surface coverage profiles connected to the
volumetric reactant number density profiles in Fig. 5. For
example, panels (a) and (b) illustrate the effect of the t/¢ on
the surface coverage profile. Panels (i) and (j), show the f,
surface coverage profiles revealing a widening distribution as
the f, decreases. Interestingly, the spherical and slab particle
geometries seem to have similar surface coverage profiles with

7586 | Phys. Chem. Chem. Phys., 2024, 26, 7580-7591

respect to a varied f,, and only the penetration depth is
different. Similar surface coverage profiles for the slab and
spherical particle geometries with a varying f, are due to the
model using the same ALD process, reactant and particle
properties for both the spherical and slab particle geometries.
Then, the only difference is the reactant propagation inside the
particles. With the spherical particle, the reactant propagation
depends on the location (radial coordinate) inside the particle,
whereas the slab particle reactant propagation is independent
of the location.
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Fig. 6 The parameter effect on the surface coverage profile with a spherical shape factor and slab shape factor. Panel (a) and (b) present the effect
of tortuosity per porosity, (c) and (d) show the reactant molar mass variation, (e) and (f) show the reactant areal number density (atoms per nm?),
(9) and (h) show a varying 3 = Ao/V, (m™Y), () and (j) show the sticking probability o, while (k) and () show the pore diameter (m). The parameter effect is
addressed by changing one parameter at a time and all other values are baseline parameters with a 500 s duration reactant exposure (see Tables 1 and 2).
The related volumetric reactant number density profiles are presented in Fig. 5.

3.4 The effect of porous media physical characteristics on the
coating penetration depth

The physical characteristics related to porous materials, such as
the specific surface area, pore volume and pore size have a
distinctive effect on the ALD coating penetration depth. Fig. 7
presents the simulation results for the spherical particle geo-
metry and varied porous material properties. Different to the
previously presented sensitivity analysis, three parameters
are changed at the same time. Typically, with heterogeneous

This journal is © the Owner Societies 2024

catalyst supports, increasing the specific surface area (4p) will
increase the pore volume (Vp) and decrease the pore diameter
(dpore)- The varied values range from Ao = 100-1000 m> g7,
dpore = 3-50 nm, Vp = 0.55-0.70 em® g~ ', § = 1.8 x 10°-1.4 x
10° (m ™). A full list of parameters and corresponding Knudsen
numbers can be found from the ESIt (Table S2). Fig. 7 presents
the effect of (a) the specific surface area, (b) pore diameter and
(c) pore volume on the achieved penetration depth (rp-1/2).
All panels present results for three particle radius R = 100,
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200 and 300 um. The simulations were conducted with three
reactant exposures: 1 x 10°,1 x 10* and 1 x 10° Pa s at 423 K.

In Fig. 7(a), the coating penetration depth decreases when
the specific surface area (Ap) increases. The increasing specific
surface area increases the number of adsorption sites per unit
volume, resulting in a reduced penetration depth. The pore
diameter (dpore) in Fig. 7(b) is included in the Knudsen diffu-
sion coefficient (Dky) (see eqn (5)). Therefore, the pore diameter
has significant effect on the reactant travel inside the particle
through the Knudsen diffusion coefficient. Increasing the pore
diameter increases the Knudsen diffusion coefficient (D),
which will increase the achieved penetration depth via faster
reactant diffusion inside the porous media.

3.5 Temperature effect on the reactant exposure and
transport inside porous media

With diffusion-reaction models presented in the literature,*"**

the reactant exposure (Pa s) is determined from the partial
pressure multiplied by the reactant exposure time. In these
previous studies, at least Yim et al®' and Gayle et al' have
reported that increasing the deposition temperature reduces the
achieved ALD coating penetration depth. Fig. 8 presents simula-
tion results for the effect of varying the temperature on the
volumetric reactant number density (npo) profiles and achieved
coating penetration depths.

Our diffusion-reaction model uses an absolute number of
reactant molecules (volumetric reactant number density, 7p,) to
represent the initial reactant quantity at ¢ = 0. Fig. 8(a) illus-
trates the simulation results with a fixed initial volumetric
reactant number density (1.94 x 10> m~?). Here, the absolute
quantity of reactant molecules is fixed and the reactant partial
pressure increases with the increasing temperature. As the
absolute reactant quantity remains unchanged, the penetration
depth increases due to temperature assisted diffusion and the
increasing rate of surface reactions. As the sticking probability
(Bo) remains unchanged, the increased rate of surface reactions
is related to the increased frequency of reactant collisions with
the surface.

o
-

Fixed p,, at 100 Pa
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Fig. 8 The effect of selecting the volumetric reactant number density (m~>) or partial pressure (Pa) in a diffusion—reaction model as a function of
temperature. Panel (a) shows the fixed volumetric reactant number density to 1.94 x 10?2 m~* and (b) shows the fixed partial pressure to 100 Pa as a
function of the achieved penetration depth (ry-1/2). A full list of the simulation parameters and plotted values are presented in the ESI} in Table S4.
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If a partial pressure (pao) would be selected for the initial
reactant quantity, this value has a temperature dependency.
Fig. 8(b) illustrates profiles when volumetric reactant number
density is determined from a fixed 100 Pa partial pressure (pao)
at varying temperatures. For example, at a temperature of
373 K, a 100 Pa partial pressure corresponds to np, of 1.94 X
10> m™> and at a temperature of 573 K, a 100 Pa partial
pressure corresponds to 1.26 x 10?> m™* volumetric reactant
number density. Here, the achieved penetration depth
decreases as a function of temperature. The decrease is due
to the decreasing initial volumetric reactant number density.

4. Conclusions

This work presents a diffusion-reaction model for ALD on
porous particles with three different particle geometries: a
sphere, cylinder and slab. The particle geometries are presented
by means of shape factors (symbol s) for sphere (s = 2), cylinder
(s =1) and slab (s = 0). This work shows that within a spherical
porous particle, the reactant diffusion propagates from three
radial directions towards the particle centre (three diffusion
propagation dimensions) and the decreasing volume towards
the centre of a spherical particle results in decreased reactant
consumption. Compared to the slab geometry, less reactant is
needed to coat spherical and cylindrical particles.

By comparing the model results for the slab and spherical
particle geometries, we found that when the reactant penetra-
tion depth (ry=1/») is less than 5% of the particle radius (R), all
shape factors result is similar estimates (difference within 1%)
for the penetration depth. However, when increasing the pene-
tration depth with respect to the particle radius, the difference
between shape factors increases. With the slab shape factor, the
penetration depth increases linearly as a function of the square
root of the reactant exposure. However, this relationship is
different for the spherical particle, where the shell volume
available for reactant deposition decreases towards the sphe-
rical particle centre as 7°, where r is the radial distance from the
particle surface.

In addition to the analysis of the shape factors, the pre-
sented diffusion-reaction model was used to perform a para-
meter sensitivity analysis to address the parameter effects on
the model results. The varied parameters included porosity (¢),
tortuosity (t), reactant molar mass, areal number density of
metal atoms deposited on each exposure cycle upon saturation
(0), the specific surface area (4p), pore volume (Vp), sticking
probability (f,), and pore diameter (dpore). Furthermore, the
single parameter variation was extended to address in detail the
combined effect of the specific surface area (4p), mean pore
diameter (dpore) and pore volume (V) on the achieved penetra-
tion depth. The general trend was that with a fixed exposure,
increasing the specific surface area decreases the coating
penetration depth, while increasing the pore diameter
decreases the coating penetration depth, and increasing the
pore volume increases the coating penetration depth. Lastly,
we conceptually compared the effect of the ALD process
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temperature on the diffusion-reaction model volumetric reac-
tant number density (m*) and partial pressure (Pa). Our
diffusion-reaction model uses the volumetric reactant num-
ber density (npy) to represent the initial reactant quantity.
Here, the absolute initial reactant quantity has no tempera-
ture dependency, whereas the initial reactant quantity given as
the partial pressure (pao) depends on the temperature. Then,
the absolute quantity of initial reactant molecules and the
achieved penetration depth decrease as a function of the
increasing temperature.

This work presents a diffusion-reaction modelling approach
to ALD on porous media with different particle shapes. We used
a porous and tortuous heterogeneous catalyst particle as an
example substrate. Typically, catalyst particles are simplified as
a spherical particle (s = 2). Furthermore, the model can be
implemented for the ALD process on many other shapes of
porous media, for example, porous membranes (s = 0), high
aspect ratio fibres (s = 1) and monoliths (s = 1). The selection of
the particle shape factor and corresponding partial differential
equation becomes increasingly relevant as the coating penetra-
tion depth is approaching the particle centre.

Symbols and abbreviations

ALD Atomic layer deposition
a Shape factor; a = s + 1(—)

Ao Specific surface area (m” g™ ")

Apar Catalyst particle outer surface area, ideal non-
porous sphere (m?)

Bo Initial sticking probability (—)

D. Effective diffusion coefficient (m? s™%)

D; Gas phase diffusion coefficient (m* s™)

Dxn Knudsen diffusion coefficient (m?> s™*)

Doy Molecular diffusion coefficient (m* s %)

dpore Mean pore diameter (m)

Vin Mean thermal velocity (m s™*)

€ Porosity (0 < ¢ < 1)

GPC Growth-per-cycle

h Height (m)

ks Boltzmann constant (m” kg s> K )

m Mass for a single reactant molecule (g)

Tipo Volumetric reactant number density (m?)

Pao Partial pressure of component A (Pa)

r Radial coordinate (m)

To-1/2 ALD reactant penetration depth (um)

R Particle radius (m)

s Shape factor for a particle; s =a — 1 (—)

s Ratio of surface area (4p) and pore volume (Vp)

So Average surface area of adsorption sites (m?)

SCM Shrinking core model

G Areal number density of metal atoms deposited
on each exposure cycle upon saturation (m™?)

t Time (s)

T Tortuosity (-)

Temperature (K)
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0 Surface coverage (0 < 0 < 1)
Ve Pore volume (m® g™")

Vpar Catalyst particle volume (m?)
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