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Modeling the Morphological Effects of Catalyst and Ionomer
Loading on Porous Carbon Supports of PEMFC
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We present a model of the cathode catalyst layer morphology before and after loading a porous catalyst support with Pt and
ionomer. Support nanopores and catalyst particles within pores and on the support surface are described by size distributions,
allowing for qualitative processes during the addition of a material phase to be dependent on the observed pore and particle size. A
particular focus is put on the interplay of pore impregnation and blockage due to ionomer loading and the consequences for the Pt/
ionomer interface, ionomer film thickness and protonic binding of particles within pores. We used the model to emulate six
catalyst/support combinations from literature with different porosity, surface area and pore size distributions of the support as well
as varying particle size distributions and ionomer/carbon ratios. Besides providing qualitatively and quantitatively accurate
predictions, the model is able to explain why the protonically active catalyst surface area has been reported to not increase
monotonically with ionomer addition for some supports, but rather decrease again when the optimum ionomer content is exceeded.
The proposed model constitutes a fast translation from manufacturing parameters to catalyst layer morphology which can be
incorporated into existing performance and degradation models in a straightforward way.
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List of symbols

On the way to optimizing fuel cell performance and cost, it is
vital to design the cathode catalyst layer (CCL) such that maximum

Subscripts catalyst utilization can be obtained. A performant CCL morphology
C Carbon support provides a high electrochemically active surface area (ECSA) and
cat Catalyst powder (Pt and C) good protonic binding of the catalyst through contact with the
ccl Referring to entire CCL ionomer while maintaining sufficient oxygen supply to avoid mass
inner Inside support primary particle nanopores, referring to entire transport limitations. In this context, highly porous carbon supports
CCL have come to play an important role as their internal nanopores
io Tonomer strongly increase the surface area on which catalyst particles can be
outer On support primary particle surface, referring to entire CCL dispersed. Literature has provided evidence that the partition of
p Primary pore catalyst particles located inside the support primary pores increases
Pt Platinum catalyst with support porosity. Further, particles inside primarz pores tend to
Pt/C After loading the support with Pt be smaller than those located on the support surface.'™ Both of these
Pt/C/ After loading the support with Pt and ionomer facts lead to the trend that a relatively higher catalyst activity and
io specific surface area is contributed by the particles inside pores as
total Referring to the entire CCL the support becomes more porous.
Parameters At the same time, the protonic connectivity of the catalyst
p Material density, kg m > particles within the pores remains a matter of discussion. While it
) Fractional coverage referring to available interfacial surface is generally agreed that water in the pores can provide a protonic
A Area, m? pathway to these particles,>™ there are contradictory opinions as to
d Layer thickness, m whether or not the particles can be contacted directly by ionomer.
L Catalyst loading, kg m 2 Uchida and co-workers’ reported that increasing the ionomer content
l Length, m linearly decreased the secondary pore volume constituted by pores
m Mass, kg >40 nm, but did not affect the volume of pores between 20 and
N Dimensionless number of particles or pores 40 nm in diameter. Contrarily, Soboleva and co-workers found that
n Particle or pore number distribution, m™" the volume of pores between 2 and 20 nm decreased asymptotically
n’ Distribution of particles in pores, m~'m™" with ionomer addition while that of pores larger than 50 nm was
r Particle or pore radius, m only significantly decreased at the highest investigated ionomer
Vv Volume, m® content.® The volume of nanopores below 2 nm decreased as well
V! Particle or pore volume distribution, m*m™" which was taken to be caused by excess ionomer blocking the
wt Dimensionless mass fraction entrances of these pores rather than impregnating them, a process
x Dimensionless fraction or partition which was also postulated in other works.>® However, recent

“E-mail: anne-christine.scherzer @ise.fraunhofer.de

publications'? suggest that, for highly porous supports, some portion

of the ionomer can actually penetrate pores <10 nm and enhance the
electrochemical contribution of the catalyst particles within. While
this is desirable, it is unclear what the optimum extent of pore
impregnation is and how exactly it can be achieved while avoiding
pore blockage. Some groups found that increasing the Nafion
content improved the ionomer coverage on Pt on porous
10,11 .
supports, but others found that the coverage remained largely
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constant with additional ionomer.'> Contact angle studies by
Andersen et al. suggested an increase in coverage up to an optimum
ionomer content of 30 wt%, but a tendency for ionomer aggregation
at higher ionomer contents with subsequent loss of interfacial area to
pe.® Further, some authors found that the ionomer film thickness on
Pt increased with I/C ratio'®'*!'> while others derived that the
thickness remains constant at intermediate I/C ratios and only
increases upon very high ionomer contents."’

These uncertainties notwithstanding, is evident that support
porosity, amount and size of catalyst particles on the support surface
and within the pores as well as the amount and film thickness of the
ionomer and the available Pt/ionomer interface Elay a role in both
fuel cell performance and durability."*'*'%'® Accessing these
parameters for a given CCL is important for understanding and
optimizing electrochemical processes within. Many previous works
thus address one or several of said morphological properties, for
instance using ghysical models of porous supports'® or water-filled
agglomerates,”® pore-network models,”® molecular dynamics
approaches® or models based on microstructure reconstruction.?'~>*
Where these abstractions of the CCL morphology become complex
or computationally expensive, machine learning and artificial
intelligence methods are employed to assist in CCL reconstruction,
control and optimization.>> The various approaches have been able
to provide valuable insights into ionomer coverage on Pt and
carbon,?*?* pore volume loss due to ionomer loading,”® ionomer
film thickness distribution'>*> and the impact of ionomer content on
Pt utilization® or cell performance,”'>* often for different types of
carbon support, to name only a few aspects.

The intention of this work is to contribute a fast morphological
model which simultaneously accounts for pore and particle size
distributions and their effect on ionomer distribution within the
support, particularly regarding the interplay of pore impregnation
and blockage. The model allows to derive morphological properties
unique to the given support/Pt/ionomer system on primary pore and
particle level. These include experimentally hard to access para-
meters such as the available Pt/ionomer interface, ionomer film
thickness and protonic binding of particles within pores. Further, the
obtained pore-scale properties can be summarized to provide
characteristics of the full CCL such as support surface area and
remaining pore volume after Pt and ionomer addition, offering a
variety of parameters for validation. We present the model with the
twofold aim of establishing theoretical correspondence to trends
observed in recent literature'* and providing a general framework
for translating manufacturing properties of CCLs with porous
supports to morphological features that can be integrated into
existing performance and degradation models.

Modeling

In the following, we establish a mathematical description of the
CCL morphology by combining considerations for the different
material phases. We begin with the description of the porous carbon
support and subsequently proceed to the distribution of catalyst
particles and ionomer on the support surface and within the
nanopores.

Porous carbon support.—We consider a CCL of constant
thickness d..; spread over the cell active area A, and hence with
the volume

Veer = Acardec [1]

From the given platinum loading Lp,, we can calculate the total Pt
mass within the CCL

Mpy 1otal = LpiAc [2]

and subsequently the total mass of solid carbon

Mpy total
mc iotal = [3]
Wipy/c

where wtp,c is the weight percentage of the catalyst compared to the
support for the given CCL. Note many sources provide the weight
percentage

Mpy total
Wiptjeq = ——————————— (4]
Mpy total + mc total

instead of wtp,c, in which case the latter can be obtained as

WtPt,cat
Wipyc = ————— (5]
1 - WtPt,car

We assume that the catalyst support structure consists of spherical
carbon primary particles of radius ro which feature multiple
nanopores. Assuming that, on average, a certain partition xc, of
the sphere volume is devoted to nanopores, the total number of
primary particles within the CCL for a given carbon mass is

mMc total

NC=—
4
Sartpe(l = xcp)

(6]

where pc is the density of the solid carbon phase. The overall
volume taken up by solid carbon and nanopores is hence

4
%mpgwm (7]

and the overall nanopore volume is
Vp,tatal = xC,pVC,total [8]

In most cases, the specific pore volume V, ;o1ai/Mc o1ar 1S given by
experimental data and can be used to calculate xc, by combining
Egs. 6 to 8

1

L+ mc ot (Pc Vp,total)_l

(9]

Xc.p

If there is no information available on the CCL thickness d,..;, we
propose to estimate this value from the obtained number of carbon
primary particles in an approach similar to that of Darling.®®
Assuming a certain packing density xc pqcx < 0.74 where the latter
is the maximum packing density of spheres, d.; is calculated as

1 VC total
deet = -

[10]
xC,pack Accl

In this work, we assume nanopores of cylindrical shape and uniform
length [,. The volume of a single pore for a given pore opening
radius 7, is hence

Vo (rp) = lpﬂrg [11]
The surface of the pore walls, excluding the bottom of the pore is

Ap,wall(rp) = 27”1) lp [12]

and the surface of the pore opening, which equals that of the pore
bottom, is

Ap,opening (7'[,) = ﬂ'r; [13]
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We assume a distribution dn,, «(r,,)/dr, which describes the number
of nanopores of a certain size class r, in the unloaded catalyst
support. For simpler notation, we will use the abbreviation

[14]

for distributions throughout this work. In the model, all distributions
can either be an analytical relation or discrete values for each size
class, e.g. obtained from TEM data. The Egs. stated in the following
refer to a continous distribution, but analogous relations hold for the
discrete case with the integrals replaced by an appropriate summa-
tion rule. The pore size distribution can either be adapted directly
from measured data or be any relation n’(r,) which is then normal-
ized to

Vp Jtotal

= " [15]
/ Vo ) df, )

n/p,C(rp) =

to ensure that the distribution yields the correct overall pore volume
for the given pore morphology. Using this distribution, we can
estimate the overall surface area of the catalyst layer. We assume
that the carbon surface area of a primary particle which is lost due to
a pore opening approximately equals the area gained at the pore
bottom. Any surface area increase due to nanopores in otherwise
spherical carbon primary particles is then due to the pore walls such
that the overall support surface area is calculated as

[s+)
Ac o = 472Ne + /0 Apat G)10 p (7 d7, [16]

The pore size distribution of the carbon support before Pt and
ionomer loading can be transferred into a pore volume distribution
(PVD)

V/p,C(rp) = V(rp)n/p,c(rp) [17]

which will be used frequently throughout this work. Analogous to
Eq. 14, we define v'(r) = dv(r)/dr.

Catalyst distribution in pores and on support surface.—Similar
to the pore size distribution, we introduce continous or discrete
distributions 7’ p; juuer (rp;) and 1’ py oueer (rpr) Which denote the catalyst
particle size distributions inside the nanopores and on the support
surface, respectively. The particles are assumed to be spherical with
a volume

4
Ve (rpr) = gﬂrgz [18]

and surface area
Ap (rp) = 4arp, [19]

and density pp,. For a given catalyst layer, we assume that a mass
fraction wtpy ., Of the overall Pt loading resides within the support
nanopores and obtain appropriately normalized distributions from
initially unnormalized relations n';,,., (rp,) and n’ .. (rp;) as

WtPt,innermPt,total
oo A A~ A~
Prc fy VerGedn ier (Fpo) A,

n/inner (rPt) [20]

n/Pt, inner (TP1) =

and

(l - WtPt,imzer)mPt, total

Poc [y VerFedn ouser (Fpo) dfpy

n’Pt,uuter (rp) = 1 ouer (Tpr) [21]

(compare to the approach in Ref. 27). Alternatively, the respective
partitions of inner and outer 2particles may be defined by particle
counts (e.g. from STEM data®), rather than weight percentages. In
this case, Wtp, juner must be calculated such that, next to normalizing
to the overall Pt loading (Eqs. 20 and 21), the measured relation
between inner and outer particle numbers is also satisfied

® _, A~ ~
NPt,inner _ /(.) nPt,inner(rPt)drPt

_ o M mer T 2]
NP!.DMEV /(; nPf,outer(rpt)drPt

From the normalized distributions, the ECSA can be calculated as
o A~ A~ A~
APt,inner = [) APt (rPt)n/Pt,inner (rPt)drPt [23]

and analogously for the outer Pt.>® Next, we link the inner Pt particle
size distribution to the pore size distribution in order to define how
Pt is distributed within the nanopores. A Pt particle of radius rp, can
only be situated in a nanopore of size r, > rp,. We assume that inner
Pt is distributed according to pore volume, that is, the larger the pore,
the more particles can be found there. Among pores of the same size,
each pore is attributed the same number of Pt particles. The total
number of Pt particles of size rp, that can be found in the pores of
size r,, can hence be described by the two-dimensional distribution

n”Pt,p(rPts Vp)

Vp(rp)n/p,C(rp)

1 ptinner (TP~ for oy S 1p
= / VoG o () di, [24]
rpt

0 otherwise

with n”p; ,(rp;, 1p) = dnp(rp;, 1p)/drpdr,. In the above expression,
the factor V,(r,)n’p c(r,) / / ® Vy (7))’ c(Fp)d7, compares the
pt

differential volume contributed by the observed pore size class r,
with the total volume of pores which are large enough to host a
particle of size rp,. With n’p; jun.r(rp;) corresponding to the total
number of particles of size class rp, slated for distribution into pores
with 7, > rp,, the amount of particles which is attributed to the pore
size class 7, then corresponds to 7'p; juper(rp,) multiplied by the
aforementioned factor. The expression n” p,, will allow us to derive
several quantities of interest throughout this work, one example
being the ionomer coverage on Pt particles of a given size within
support nanopores.

To conclude this Section, it should be noted that loading Pt into
the pores causes the PVD v, ¢(r,) of the support to change to a
different distribution v',, pyyc(r,)."*® We will illustrate how V', py/c
was obtained from n”p,;, for different qualitative scenarios in the
results part, and assume that V', p,c is given for the following
considerations on ionomer loading.

Ionomer distribution and Pt/ionomer interface.—A central
contribution of our model is the calculation of the distribution of
available ionomer on the support surface and in the nanopores,
depending on the given Pt/C morphology and ionomer loading. The
total mass of ionomer within the CCL can be obtained using
the weight percentage wt;, which links the ionomer mass to that of
the Pt/C catalyst

wit;
7m(mc,mtal + mPt,toral) [25]

Mo, total =
1- Wty

If the ionomer to carbon mass ratio I/C is given instead of wt;,, the
weight percentage can be derived as
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(T)ia/f’f.nufr-'r <1 (_-)f(J/Pi'.thrJ" =1 @[!)/Pf.!)tllrr' =1
(_)ia/Pl.imu-r =0 ein[}’f.inurr >0 ein/}’f‘imu‘r >0
Tpeut = dm =i dw.mm Tp.cut = dm = dlU.HHH Tp.cut = dm = diu.nuw

Figure 1. Different ionomer impregnation cases: (a) Case 1 at low I/C; (b) Case 2 at intermediate I/C; (c) Case 3 at high I/C. Grey: carbon primary particle,
black: Pt particles, blue: ionomer film. Solid blue color indicates partial ionomer coverage, solid plus hatched blue color indicates maximum possible ionomer
coverage in the respective case. Pt particles with blue halo indicate the maximum protonically connected ECSA in the respective case. Green areas indicate

accessible pore volume after ionomer loading.

Wiy, = e [26]
wtpyc + 1/C + 1

The total ionomer volume for a given ionomer density p;, is hence

Mo, total
Vio,total = [27]

io

We assume that the ionomer forms a film of constant thickness d,,,.
In order to calculate how the available ionomer volume is distributed
on the support and inside the nanopores, we formulate the schematic
proposed by Kobayashi et al.” into three qualitative cases:

1. At low ionomer contents, ionomer impregnation sets out on the
outer surface of the support primary particles. Ionomer may not
penetrate the nanopores until all available outer support surface
is covered by an ionomer film with a set minimum thickness
dip = dio,min-

2. If full outer coverage with d;, = djpmin is reached, ionomer
starts to penetrate nanopores which are sufficiently large, that is,
which have pore openings larger than a cutoff radius r, ., which
is considered to equal the film thickness d;,. With increasing
ionomer content, a growing part of these pores is filled until
100% impregnation of the valid pores is reached.

3. In case the ionomer content exceeds the volume that would
suffice for complete impregnation of the outer surface and pores
larger than dj, min With a film of that same thickness, the model
solves for the value 7, = diy > djpmin that satisfies the
condition that the support surface and all pores larger than
Tpcur bE impregnated with a film of constant thickness d.
Figure 1 illustrates the possible cases of ionomer filling
schematically. In case 3, the increased film thickness and,
subsequently, the larger cutoff radius have the effect that
more pores are excluded from ionomer impregnation as
compared to lower ionomer contents. Consequently, the overall
amount of carbon and Pt surface which is covered by ionomer
increases with increasing I/C ratio in cases 1 and 2, but the inner
ionomer coverage is reduced again in CCLs with sufficiently
high ionomer content to trigger case 3. Also, the accessible
nanopore volume decreases much more dramatically when
pores are cut off by ionomer (case 3) as opposed to merely
being slowly filled with ionomer (case 2). It should be noted that
the total ionomer loading determines in which qualitative case a
CCL is, and the different configurations correspond to different
CCL entities. An individual CCL cannot e.g. transit from case 2
to 3 with a sudden reversion of pore impregnation. Besides
being adapted from reference,” the proposed qualitative beha-
vior concurs with the observations of Andersen et al.'* who
suggested a distinct change in ionomer structure toward

aggregation at high ionomer contents. The overall ionomer
coverage on Pt consequently increased with ionomer content
when the weight percentage was low, but decreased at higher-
than-optimum ionomer contents. The proposed increase in
jonomer film thickness, either proportional to the I/C ratio'®'*
or only at high ionomer contents'' is likewise supported by
experimental findings. We will show below that further aspects
observed in literature, such as no change in ionomer coverage
with (low) I/C ratio'"*!? or constant film thickness in certain
conditions do not necessarily contradict these assumptions, but
can actually be predicted by the proposed model depending on
the combination of support morphology, catalyst particle dis-
tribution and ionomer content.

In the remainder of this Section, we illustrate how parameters
which quantify the ionomer distribution are calculated for the
different impregnation cases. At full coverage, the ionomer volume
on the outer support surface can be estimated as

4
Via,outer,max(dio’ rp,cut) = g”NC(("C + dia)3 - "g)

- dio Ap,opening (fp - dio)n’p,Pt/C (fp) dfp [28]
Tp.cut
where
n/p,Pt/C (rp) = V/p,Pt/C (rp) /Vp (rp) [29]

is the number of pores remaining after Pt loading. The first term in
Eq. 28 describes a homogenous ionomer film of thickness d;, around
a carbon primary particle.”® As illustrated in Fig. 1a, this film is
interrupted above all nanopores that have an opening radius larger
than r, ., =d;, i.e. which can potentially be impregnated by
ionomer if sufficient ionomer loading is available. For simplification,
we assume that the gaps in the otherwise continous ionomer film
above these pores can be approximated as disc-like shapes. The
overall contribution of these discs is described by the second term in
Eq. 28. We distinguish between d;, and r,, ., in the given Egs. since
these quantities can generally be set to different values, although we
consider them to be equal in our model setup to reduce experimen-
tally unaccessible degrees of freedom.

Note that calculating n’;, py/c from v, pyc as in Eq. 29 implies
that we consider the nanopores to still be of cylindrical shape after Pt
loading and to approximately have retained their radius-specific
volume V,(r,,). Any losses in V'j, pyc(r,) compared to V', c(r,) are
taken to be caused by a decreased number of pores of size class 7,
rather than a changed pore volume. It is likely that both these
processes have some influence on experimental PVDs, but they
cannot be distinguished without further measurements. However,
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particle size distributions measured in literature'? suggest that the
inner Pt volume is small compared to the total nanopore volume and
thus insufficient to account for the losses in pore volume usually
observed. It is more probable that inner or outer Pt blocks the pore
entrances,"® thereby reducing the number of accessible pores, but
not significantly changing the shape and volume of pores that remain
accessible which is why we deem Eq. 29 valid.

To determine the appropriate impregnation case, next to
Vio.outer,max, W€ need the maximum ionomer volume that can
theoretically be stored within the nanopores of a given Pt/C for a
certain film thickness. We consider a fully impregnated pore to be
covered in a film of thickness d;, along the pore walls and bottom,
see Fig. 1c. The corresponding ionomer volume in an individual pore
is then composed of a cylinder mantle and a disc at the pore bottom,
both with thickness d;,, which is expressed as

Vio,p,max(rm dj,) = (”r;dio + (lp - dj,)
X (ary = 2 (ry = dip)?)) [30]

In most cases, this is the maximum ionomer content that can be
located in a pore of size class r, > r, ., under the assumption of
cylindrical pores and uniform film thickness. However, the deposi-
tion of Pt in the pores can in principle cause the remaining available
pore volume after Pt loading to be smaller than V;, , ma.x. We take this
into account by comparing the differential volumes v, py/c (7;,) and
1 pric(1p) Viop.max (Tp» dip) and choosing the smaller value for each
pore size class. Expressed as a distribution, the maximum ionomer

volume that can be stored in the pores in this way is

’
v io,p,max (rps dim rp,cut)

{0 lf 72; < Tp,cut

min (V/p,Pt/C (rp); n/p,Pt/C (rp) Vi(),p,max (rp7 dio)) otherwise
(31]

and the maximum total ionomer volume within the support
nanopores is

Vio,inner,max (dio, rp,('ut)

o0
=[) V/io,p,max (fp’ djo, rp,cut) d?p [32]

For a given Pt/C combination and minimum film thickness, we abbreviate
two characteristic volumes Vi, 1 = Vs suter.max (dio.mins» dio,min) and
Vio.2 = Vig.inner.max (dio,min> dio,min). The impregnation case is determined
by comparing the available ionomer volume Vi, ;. With these quantities:

1. For Viy o < Vip1, all ionomer volume is located on the support
surface such that Vi, purer = Vio totar a0 Vi jyner = 0. We assume that
the ionomer film cannot become arbitrarily thin but, due to surface
tension, rather forms islands which exhibit the set minimum
thickness d;, = djpmin. The overall coverage of the available
support surface can hence be smaller than unity (Fig. 1a).

2. For Viy1 < Vipsotar < Vioa + Vieo, there is full coverage with the
minimum film thickness on the outer support surface such that

Table 1. Morphological parameters of investigated CCLs from experimental and simulated data at an I/C ratio of 0.7. Parameters with only one

value are the same for simulation and experiment.

Carbon support (exp/sim) Unit CB GCB Vi K4 K8 K13
Nanopore volume Cm3gE] 0.57 0.16 0.09 0.23 0.48 1.05
Specific surface area ngel 8751997 164 / 364 141/ 293 382 /471 778 1762 1335/ 1216
Primary particle porosity xc,, % —/36.3 —/ 13.8 —/ 8.3 —/ 18.7 —/ 32.4 —/ 512
Pt/C (exp/sim) Unit CB GCB V1 K4 K8 K13
Nanopore volume cm3gEI 0.34 / 0.46 0.14/0.15 0.07 / 0.07 0.20/0.19 0.42/0.29 0.88 /0.82
Specific surface area ngE' 477 |— 137 I— 128 /— 320 /— 677 |— 1235 1 —
Inner Pt particle radius nm 1.15+0.25 1.45+0.25 1.2+0.15 1.2+0.15 1.15+0.15 1.1+0.15
Outer Pt particle radius nm 1.4+0.25 1.65 +0.25 1.7+0.3 1.6+0.8 1.4+0.25 14+0.2
Inner Pt particle frequency % 62 5 13 25 64 73
Outer Pt particle frequency % 38 95 87 75 36 27
Inner ECSA ng;ll 62 4 6 14 60 72
Outer ECSA ng;ll 38 68 78 77 50 43
Pt/C/ionomer (exp/sim) Unit CB GCB Vi K4 K8 K13
Nanopore volume cm3gz.1 0.14 / 0.028 0.04 /0.011 —/ 0.003 —/0.011 —/ 0.055 —/0.65
Specific surface area ngEl 205 /— 51— —— —— —— ——
Tonomer coverage outer Pt — —/ 1.0 —/ 1.0 —/ 1.0 —/ 1.0 —/ 1.0 —/ 1.0
Avg. ionomer coverage inner Pt — —/ 0.88 —/ 0.82 —/ 0.56 —/ 0.68 —/ 1.0 —/0.32
Partition ionomer in pores % —/22.1 —/ 12.0 —/ 5.8 —/ 17.6 —/ 382 —/ 28.1
Cut—off radius nm —/ 1.38 —/2.02 —/2.27 —/ 1.81 —/ 1.18 —/ 1.0
Secondary pore volume in CCL % —/34.8 —/ 34.8 —/ 34.8 —/ 348 —/34.8 —/ 348
Pore volume occupied by Pt/io % —/252 —/46.2 —/ 41.1 —/48.0 —/ 51.6 17.9
Materials (exp/sim) Unit CB GCB Vi K4 K8 K13
deer m —/5.40 —/3.63 —/ 8.40 —/9.47 —/ 11.40 —/ 15.79
Acel cm? 29.2 29.2 36.0 36.0 36.0 36.0
Lp, mg cm ™2 0.051 0.048 0.19 0.19 0.19 0.19
W% pyjcar % 28.6 29.3 40.0 40.0 40.0 40.0
wit%;, % 333 33.1 29.6 29.6 29.6 29.6
Ic — 0.7 0.7 0.7 0.7 0.7 0.7
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Vio,outer = Vio,1. Pores with openings larger than r, .,y = dio min
can now become partially impregnated with ionomer, the degree
of coverage depending on the available inner ionomer volume
Vio,inner = Vio,total — Vio,outer (Flg lb)

3. For Vi rora > Vio.1 + Vi, all pores larger than the cutoff radius
are 100% impregnated. In order to use all available ionomer and
still fulfill the condition that the cutoff radius be the same value
as the film thickness, the film thickness is adapted to the value
dio = Tpcur > dipmin Which satisfies the condition

Vio,outer,max (dioa dio) + Vio,inner,max (dio, dio) = Vio,total [33]

with ionomer volumes Vio,inner = Via,inner,max (dioa dio) and
Vio,nuter = io,outer,max(dim dio) (Flg IC)

The distribution behavior of ionomer within the porous CCL is thus
fully determined by the given ionomer content, the minimum
thickness of the formed ionomer film, the carbon primary particle
size, the nanopore distribution and the distribution of Pt within the
pores. Lastly, we use the derived quantities to give a mathematical
description of the Pt/ionomer interface. For Pt located on the outer
support surface, the coverage with ionomer is independent of the
particle size. An individual particle can either be covered or not
covered by ionomer, but the statistical coverage of all particles in a
size class equals the coverage found on the outer surface

‘/iO outer
, OUl [34]

®i0/Pt,0uter =
Via,outer,max (diw rp,cut)

For Pt particles located in nanopores, the case is different. Particles
situated in pores below the cutoff radius are never contacted by
ionomer while the statistical coverage on particles in pores above the
cutoff radius corresponds to the percentage to which the pore is
impregnated (Fig. 1b). In order to find a general expression for the
ionomer coverage on inner particles of a size class rp,, we therefore
need information on how many particles of that size class are located
in pores that are contacted by ionomer. This information is provided
by the previously introduced distribution n”p, ,(rp,, r,) and we can
derive

G')i()/Pt,inner(rPts diw rp,cut)

_ Vio, inner

Via,inner,max (dioa rp,cut)

C ” A A
/;_p out n Pt,p(rPt, rp)drp

(35]

n/Pt,inner (rPt)

where the second fraction expresses the partition of inner Pt particles
of size rp, sitting in impregnated pores. In summary, for a
morphological description of the CCL, the model requires the
material composition, pore and particle size distributions, partition
of particles inside pores and assumptions on carbon primary particle
size, basic pore morphology and minimum ionomer film thickness.
We will show that this information, in our case obtained from
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Figure 2. Measured PVDs of CB before loading (solid black) and after Pt
loading (solid red), obtained from Ref. 1. Corresponding simulations
for different scenarios of Pt deposition (a) using Eq. 36; (b) using Eq. 38.
Green areas in inset schematics indicate accessible pore volume after Pt
loading.

Table II. Set model parameters which are the same for every investigated CCL.

Parameter Unit Set model value
Carbon density pc gem ™ 1.0

Pt density pp, gem™? 21.45
Tonomer density p;, gem™? 1.15
Carbon primary particle radius r¢ nm 15

Pore depth [, nm 10
Primary particle packing density X,acx — 0.37
Minimum outer ionomer film thickness dj, min nm 1.0
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literature, is sufficient to reproduce various measurement methods
with good qualitative and quantitative correspondence.

Results and Discussion

We present simulation results for six exemplary combinations of
a Pt catalyst and porous carbon support which we adopted from
literature. The data were taken from the works of Park and
co-workers' and Kobayashi and co-workers,2 hereafter also denoted
as reference publications. Both works provide extensive measure-
ment data on a variety of supports before and after loading with Pt
and ionomer, respectively. From Ref. 2, two of the presented Pt/
support combinations were adopted, namely Pt on highly porous
Ketjenblack (Pt/CB) and Pt on graphitized Ketjenblack (Pt/GCB).
All four Pt/support combinations presented in Ref. 2 were adopted,
namely, one with Pt on Vulcan (Pt/V1) and three with Pt on
Ketjenblack with ascending porosity (Pt/K4, Pt/K8, Pt/K13). We
first focus on the model representation of porous supports and their
loading with Pt catalyst. Next, we present simulation results for
support impregnation with ionomer and the subsequent properties of
the Pt/ionomer interface within the simulated catalyst layers. Finally,
we exemplify how the model framework can be modified to
represent measured results more accurately in case suitable data
are available. Measured and simulated properties of the individual
catalyst layers are summarized in Table I. Additional model
parameters which apply to all supports are given in Table II.

Pt distribution on porous carbon supports.—First, the log-
differential PVDs extracted from the reference publications were
transferred to the corresponding differential distributions v’p.3 0
Under the assumption of cylindrical pores, the pore size distributions
n’, were then obtained. The inner and outer Pt particle size
distributions were assumed to be Gaussian distributions with mean
particle radius and standard deviation corresponding to the values
obtained from STEM data in the reference publications. By normal-
izing the particle size distributions as described above, it was
ensured that they corresponded to the Pt loading as well as the
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percentage of Pt particles in the nanopores and on the support
surface that were reported in the reference publications. From the
particle and pore size distributions, the distribution of Pt in the
nanopores n”p,, was calculated. Concurrent with the reference
publications, we consider nanopores to denote pores with 7, < 5 nm.

With the basic distributions given, we sought to calculate the
PVD after Pt loading V'), p;sc which is a quantity that can be directly
compared to literature. As an example for our considerations, we use
Pt/CB which has an intermediate surface area and exhibits nanopores
in the whole observed size range from 0.25 to 5 nm pore radius. In
the experiment, Pt loading decreased the accessible nanopore
volume by about 40% for this support. As stated before, this cannot
be explained purely by the comparatively small additional Pt
volume, but is rather attributed to Pt blocking the nanopore
entrances'® with subsequent loss of the full nanopore volume below
and hence a reduction in the number of pores. We used the model to
explore how this process could work in a qualitative way.

The first case we investigated was the assumption that a Pt
particle whose size is close to that of the pore in which it is lodged is
sufficient to block the pore. With the previously obtained distribu-
tion n” p; ,, the number of Pt particles whose radius is 60% or more of
the radius of their pore can be calculated. Assuming that each of
these particles blocks an entire pore, the fraction of blocked pores is

r]) " A A~
n Pps, 1p)dr
/(16r,, Pt,p( Pt> p) Pt

Xp,Pt/C,blocked (Tp) = [36]

n,p,C(rp)
and the remaining nanopore volume distribution after Pt loading is
V/p,Pt/C (rp) =1 - Xp,Pt/C,blocked (rp)) V/p,C(rp) [37]

Figure 2a shows the resultant PVD compared to the data measured in
Ref. 1. For better comparison to literature, all PVDs in this work are
plotted in the log-differential form.*® Clearly, the simulated dis-
tribution fails to capture the qualitative behavior of the experimental
one. The nanopore volume is reduced between 0.5 and 2.5 nm which
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Figure 3. Comparison between experimental (solid) and simulated (hatched) properties of the six catalyst and support combinations.
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is the size range corresponding to that of the inner Pt particles
(rp;=1.15+0.25nm, see Table I). Larger pores are unaffected
because the radii of the Pt particles stored in the pores do not
amount to the 60% of the pore radius we assumed as a criterion for
blockage. Smaller pores are likewise unaffected because Pt particles
are generally too large to be stored in these pores. However,
the experimental data suggests nanopore volume loss in all pore
size ranges. Therefore, we considered a different scenario where the
cross-section of all particles sitting inside the pores of a size class
was compared to the pore opening surface area. We assumed that
nanoparticles can effectively block an area twice that of their
collective cross-sections, hence, in this scenario, the fraction of
blocked pores is approximated as

© 0 ,a N
2/0 arpn" (Fpy, 1) dPpy

: [38]
Ap,opening (rp)n p,C(rp)

Xp,Pt/C,blocked (rp) =

In this scenario, it is possible for several small particles to block a
pore as opposed to necessitating one large particle with a radius
close to the pore size. Note that the model does not distiguish where
in the nanopore or in which particular nanopores of a given size class
the particles sit. It has been suggested that Pt deposition preferen-
tially occurs near the entrance of a pore due to the higher reactivity
of edge sites,® hence, we consider the statistically expressed partition
of blocked pores in Eq. 38 reasonable. The resultant PVD is again
calculated according to Eq. 37 and is shown in Fig. 2b. For pores
larger than 1.5 nm, the model now captures the experimental data
very well, but the predicted volume loss for smaller pores is still
insufficient. It is likely that additional factors contributed to the
measured volume loss, but deriving their nature from the data was
not straightforward. An obvious possibility is the blockage of pores
due to outer Pt. However, in the case of Pt/CB, the accumulated
cross-sections of all outer Pt particles only amount to about 14% of
the surface area constituted by the openings of pores smaller than

r, = 1.5nm. Even if every outer Pt particle sat on the entrance of
one or several of these pores, losses would not be sufficiently high
due to the vast number of small pores in the given sample. Since we
have no information on the Pt deposition method of this commercial
catalyst, we can only speculate that the smallest pores are potentially
more vulnerable to blockage during the process, possibly by small Pt
particles which may have been unresolved in STEM measurements
or by carbon fragments or neighbouring primary particles. In
addition, calculating pore volumes in adsorbents that feature both
pores below a radius of 1 nm and larger pores is challenging due to
the concurrent processes of micropore filling and monolayer-multi-
layer adsorption in such materials.>*' This was addressed in
reference publication' by using quenched solid density functional
theory analysis to calculate the PVDs, but it is possible that small
pore sizes are associated with a higher measurement uncertainty. For
the purposes of modeling Pt deposition, we remain with the second
scenario in the following. The proposed mechanism showed the best
match for the five other supports and reasonable accordance with the
larger pores of Pt/CB. The experimental and simulated PVDs after Pt
deposition for all six supports can be found in the next Section in
Fig. 4, together with the distributions of the unloaded support and
after ionomer addition.

We conclude our considerations on loading porous supports with
Pt by comparing characteristics of the simulated CCLs, calculated
from the described pore and particle size and volume distributions,
to experimental data. Figure 3 shows the support surface area, the
total nanopore volume after Pt addition and the ECSA of the inner
and outer Pt. For calculating the support surface area, we only took
into account the contribution of pores with r, > 0.5 nm to approx-
imate the limit®" of the nitrogen adsorption based BET surface area
measurements performed in the reference publications. This only
affects Pt/CB and Pt/GCB as the characterized pore size range for
the other supports starts at 1 nm. Generally, the depicted integral
quantities match the experimental data well, suggesting that our
assumptions on basic pore morphology and catalyst distribution on
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Figure 4. Measured PVDs of (a) CB; (b) GCB; (c) V1; (d) K4; (e) K8 and (f) K13 before loading (solid black), after Pt loading (solid red) and after ionomer
loading (solid blue, data only available for CB and GCB), obtained from Refs.1,2. Corresponding simulations after Pt loading (dashed red line) and ionomer
loading (dashed blue line).
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the support are reasonable when large numbers are involved, even
though representing an individual pore by a cylinder may seem a
strong simplification. A notable fact in Fig. 3 is that the relative
deviation of the calculated support surface area is highest for the
least porous supports, GCB and V1. It is likely that these are not
represented well by cylindrical pores of uniform length I,
Presumably, nanopore morphology is closer to a semi-sphere in
these support types !. At the same opening radius and volume, the
specific surface area of a semi-spherical pore is less than that of a
cylindrical pore which would explain why the model overestimates
the surface area in these cases. By replacing Eqgs. 11 to 13, a different
representation of basic pore morphology can easily be formulated
into the model in case corresponding information on the support is
available. The data shown in Fig. 3 is also summarized in Table 1.

Support impregnation with ionomer.—With correspondence of
the simulated and experimental Pt/C combinations established, we

next focused on the effects of adding ionomer to the catalyst and
support. An I/C ratio of 0.7 was set for correspondence with the
reference work' where pore volume distributions after both Pt and
ionomer loading are provided. A minimum ionomer film thickness
of djp min = 1 nm was chosen for all support types. This value is in
accordance with the findings of Park et al." who reported a uniform
and continous ionomer film of 1-2 nm thickness on Pt/CB. However,
they also observed that the film tended to be less uniform and more
concentrated near Pt particles with increased degree of graphitization
of the support. This was not taken into account in the model, but is
discussed in the context of the Pt/ionomer interface in the next
Section.

With the total ionomer volume Vi, and minimum film
thickness d;, min given, the inner and outer ionomer volumes, the
cutoff radius and the actual film thickness were calculated as
described above. Using these quantities, the remaining PVD after
ionomer impregnation for each support was calculated as

,
V' p.piCrioTps dios Tp.cur)

Via,nurer

Vo pic(ry) — V' prc(ry) Jor 1, <1y

Vin.nutt’r.max (dioa r]).z‘ut)

Vg imer
, io,inner ’ ie
v p.Pl/C(rp) - v ia,p,mux(rw dias rp.cw) otherwise

Vio.inner, max (dio» rp.cm)

[39]

The first case accounts for the fact that, at very low ionomer
contents, the available ionomer volume may not be sufficient to
cover all support surface and pore openings smaller than r, ., in a
film of thickness d;, min. In this case, on average, only a percentage
equal to Vi, ouser/Vio,outer,max (dio» 1p.cur) Of these pores is cut off with
their respective pore volumes being subtracted from the overall
remaining pore volume. If the ionomer content is high enough to
achieve full outer coverage, there is no contribution to the pore
volume from the pores smaller than r, ., anymore. In the second
case of pores larger than r, ., the volume of a pore with size r, is
diminished by the ionomer volume stored in that pore.

Figure 4 shows the simulated PVDs of the carbon support before
and after loading with Pt and ionomer in comparison with the
experimental data. Note that measured PVDs after ionomer addition
are only available for Pt/CB and Pt/GCB since the reference
publication” did not feature this data. After the addition of ionomer,
the remaining nanopore volume is significantly reduced. For all
supports except Pt/K13, the calculated ionomer film thickness and
cutoff radius are larger than the set minimum film thickness,
meaning that ionomer impregnation case 3 prevails at I/C =0.7.
The available ionomer volume is more than the volume theoretically
needed to cover the outer support surface and all pores with
7p > djp min = 1 nm in a film of that same thickness. Consequently,
the model solves for a larger value d;, = ;, o, at which all ionomer
can be stored in the CCL, with any pores above the cutoff radius
being fully impregnated (compare to Fig. 1c). The calculated cutoff
radius depends on the support morphology and tends to be smaller
for supports with high nanopore volume. For these, more ionomer
can be stored in the pores and case 3 is only triggered at
comparatively high ionomer contents. However, for instance, Pt/
K8 has a smaller cutoff radius than Pt/CB despite the pore volume of
the latter being larger. This is due to the fact that a large contribution
to nanopore volume comes from small pores <1 nm in Pt/CB. For a
set minimum film thickness of 1 nm, these pores are always cut off
and no ionomer can be stored inside. Contrary to the other supports,
Pt/K13, with the highest specific surface area and nanopore volume,
is in case 2, with the cutoff radius still at 7, o,y = djo,min- The ionomer
volume is sufficient to reach full outer coverage and enter the
nanopores, reducing the nanopore volume, but not enough for 100%
impregnation of pores >1nm. While this is plausible, it must be
noted that the simulated PVD after Pt deposition, which in turn
influences the PVD after ionomer loading, deviates significantly
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from the measured data for Pt/K13 because pore volume gain in
certain size classes cannot be emulated by the model. For CB and
GCB, we exemplify in the last Section of the results part how the
model can be adapted to capture the available validation data better.

In order to compare our model to further data, we performed
simulations corresponding to measurements in the reference pub-
lication of Kobayashi et al.> The authors did not provide pore
volume distributions after ionomer loading, however, they ran N,
adsorption measurements for varying I/C ratios to obtain the
adsorption/desorption hysteresis volume from which they derived
the status of pore impregnation. In order to generate comparable
data, we used our model to calculate the accessible volume within
the CCL at different I/C ratios. As accessible volume, we consider
the secondary pore space between carbon primary particles plus the
nanopore volume which is not taken up or blocked by ionomer. With
a given ionomer volume and corresponding impregnation case, the
secondary pore volume is calculated as

Vcc[,secondary = Veel — V;'o,outer - VPt,oufer - VC,mml [40]

The accessible volume is then calculated by adding the cumulative
contribution of the nanopores after ionomer loading

©
Va‘l,accessible = Vecl,secondary + ‘/(; V/p,Pt/C/io (fp’ dim rp,cut)dfp [41]

Figure 5 shows the reference data and simulated accessible volume
in the CCL for I/C ratios between 0.2 and 1.7. The curves of the
more porous supports (Pt/CB, Pt/K4, Pt/K8, Pt/K13) exhibit inflec-
tion points where the slope of the curve changes to a steeper
decrease and then, for Pt/CB, Pt/K4 and Pt/K8, back to the initial
slope. These points mark the transition between different ionomer
impregnation cases. At low ionomer contents, in cases 1 and 2, any
additional ionomer volume reduces the accessible pore volume by an

equal amount (Figs. la and 1b). However, at higher ionomer
contents in case 3, d;, and r, ., increase, cutting off more nanopores
than at lower I/C ratios and resulting in more drastic loss of
accessible volume (Fig. lc). Once 7, ., is in size ranges above
which there exist only few pores whose blockage hardly impacts the
PVD, adding yet more ionomer mainly increases the outer film
thickness and the curve reassumes its initial slope. For supports with
small overall nanopore volume such as Pt/GCB and Pt/V1, pore
impregnation takes place in a very narrow range of I/C values and
changes in the curve slope are hardly noticeable.

The qualitative behavior corresponds well to that observed by
Kobayashi and co-workers for Pt/K8 and Pt/K13 (Fig. 5a), which is
to be expected since their considerations on pore impregnation
formed the basis for our model. From a quantitative point of view,
the I/C ratios at which the inflection points taken to be related to pore
blockage occur also match the experimental data well. The ordinate
values cannot be compared directly due to the conversion factor
between pore volume and liquid nitrogen volume’*® and also because
we considered the entire contribution of the secondary pore volume
in the model. In the measurement, N, adsorption in primary pores is
to some extent accompanied by adsorption in larger pores and on the
external surface of the primary particles.® Since the contributions of
these processes cannot be easily distinguished, we considered the
simulations to correspond best to the experiment when the offset due
to secondary pores was taken into account.

Pt/ionomer interface.—Our considerations regarding ionomer in
porous supports so far focused on illustrating in which way
nanopores can be blocked or impregnated by ionomer. In this
Section, we return to the Pt particles located within the nanopores
and on the support surface and the consequences for the protonic
accessibility of these particles. Equation 35 was used to calculate the
ionomer coverage on the inner Pt particles ®;,/p; i for various I/C
ratios. Note that in this equation, the decision whether a Pt particle
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can be contacted by ionomer depends on the size of the pore in
which the particle sits, but not on whether the pore is considered to
be blocked by Pt. One could argue that the statistical portion of Pt
which blocks pores should be removed from the pool of particles
potentially contacted by ionomer. However, we stated above that Pt
blocks the entrance of a pore such that the entire pore is removed
from the PVD and does not appear in n’j, p;;c (compare to inset in
Fig. 2b). The consequence is that the outer ionomer film evolves to
be continous (i.e. not interrupted) above this pore according to
Eq. 28. The particles in turn sitting at the pore entrance, we consider
that coverage on these particles is guaranteed by the outer film in this
particular case.

Figure 6 shows the ionomer coverage on particles inside pores
against the particle size class. At low I/C ratios, in case 1, the
coverage on inner particles is zero until full outer coverage has been
reached. In case 2, the maximum coverage that can be reached on

particles larger than the cutoff radius (and hence in pores larger than
the cutoff radius) is Via,inner/vm,inner,max (dio,mins dio,min)- Smaller
particle size classes exhibit coverages smaller than this value due
to the fact that some of the particles in the size class can be located in
non-impregnated pores below the cutoff radius (Fig. 1a). At the I/C
ratio where the maximum ©;,/p; .- first reaches 100%, case 3
commences. The cutoff radius becomes larger, and is discernable in
the plots as the radius at which the curve assumes a value of 1.
Particles with rp, > 1, ., are always fully covered with ionomer in
case 3 whereas the overall coverage of particles below the cutoff
radius actually becomes less since more of the pores they are sitting
in are blocked at higher ionomer contents.

The consequence of the predicted behavior is that for each
support, there is an I/C ratio where a maximum overall ionomer
coverage on Pt is reached before it is reduced again. In many
publications,'”**™ the existance of such an optimum ionomer
content was shown and is usually considered as the balance point
between sufficient protonic binding and sufficient remaining acces-
sible volume for gas and water transport. Our findings add a further
dimension to this by suggesting that, regardless of reactant transport,
also the protonic accessibility of Pt might not grow indefinitely with
adding more ionomer but in fact exhibit a maximum at intermediate
ionomer contents, a fact that is supported by recent findings of
Andersen et al.'® For a better visualization of this, we used the model
to calculate the actual protonically accessible ECSA on each support
for different I/C ratios. The contribution of each particle size class
was weighted with its respective ionomer coverage, both for inner Pt
and outer Pt particles. The coverage on the latter is independent of
particle size such that

APt,total,pmtnnic = ®i0/Pt,outerAPt,auter

(oo}
+/0 ®i0/Pl,irmer(fPt, diov rp,cut)
X API (fPr) n’Pt, inner (fPr) dfPr [42]

The obtained ECSA, normalized to the total Pt loading, is shown in
Fig. 7 in comparison to ECSA measurements from the reference
publication of Kobayashi et al.> The modeled results match the
experimental data very well. The more porous supports Pt/CB, Pt/K8
and Pt/K13 exhibit distinct maxima around I/C values of 0.8 and 1.2,
respectively. For the less porous supports Pt/GCB, Pt/V1 and Pt/K4,
the ECSA increases up to an I/C value around 0.5 and then remains
mostly constant. The reason is that on these supports, the largest
contribution to the ECSA comes from Pt located on the outer support
surface. In contrast to the ionomer coverage on inner particles, the
coverage on the outer particles always increases with I/C or remains
constant which is why there is little change in the ECSA after full
outer coverage has been reached. From a quantitative point of view,
the model slightly overestimates the ECSA values, particularly for
Pt/V1 and Pt/K4. As mentioned in the previous Section, Park et al.!
noticed in their work that the outer ionomer film tended to be less
continous with less porous supports and increased degree of support
graphitization. The largest part of the ECSA being located on the
surface of Pt/GCB, Pt/V1 and Pt/K4, a discontinous outer ionomer
film would therefore significantly reduce the protonically connected
ECSA which could explain the discrepancy between simulation and
experiment. This could be represented in the model by reducing the
aspired maximum outer ionomer coverage proportional to the degree
of graphitization of the support.

Finally, we recapitulate that there have been different findings in
literature as to whether the ionomer coverage remains constant'> or
changes with I/C'®'" and whether the ionomer film thickness
remains constant®® or increases.'®'*!5 In the presented simulation
results, we can actually find all these aspects. The outer coverage
increases in case 1, but stays constant in case 2. The film thickness
stays constant in cases 1 and 2, but increases in case 3. Thus, all
these processes appear, but when and how depends on the support
morphology and material combination. It is likely that the situation


http://creativecommons.org/licenses/by/4.0/

Journal of The Electrochemical Society, 2022 169 034509

0.60 -

0.50 -

-1

0.40 -

3

dvp/d(log rp) [cm 9c ]

0.30 [

0.20

0.10

io, outer =1.1nm

0.00 -

(a)

0.60 -

0.50 -

-1

0.40 -

3

dvp/d(log rp) [cm 9c ]

0.30

0.20

0.10

=1.2nm

io, outer

0.00 -

(c)

o [nm]

-1

3

dvp/d(log rp) [cm 9c ]

-1

3

dvp/d(log rp) [cm 9 ]

(d)

0.35

0.30

0.25 -

0.20

0.15

0.10 -

0.05 -

=2.1nm

io, outer

0.00 -

0.35

0.30

0.25 -

0.20

0.15

0.10 -

0.05 -

io, outer =2.0nm

0.00 -

o [nm]

Figure 8. Measured PVDs before loading (solid black), after Pt loading (solid red) and after ionomer loading (solid blue), obtained from Ref. 1. Corresponding
simulations after Pt loading (dashed red) and after ionomer loading (dashed blue) for modified ionomer loading: (a) Pt/CB and (b) Pt/GCB for
dio,inner = Tp.cur = 0.6 N and the remaining ionomer attributed to dj, ourers (¢) P/CB and (d) PUGCB for d, juper = 0.47,, 1 cip = 0.6 nm and the remaining
ionomer attributed to d;, .. Green areas in inset schematics indicate accessible pore volume after ionomer loading.

is similar in real CCLs which encourages our distribution-based
modeling approach.

Adaptation of ionomer loading in the model.—This last Section
is intended to exemplify how the presented model framework can be
refined to obtain good quantitative correspondence to a given
support when suitable experimental information is available. For
Pt/CB and Pt/GCB, the work of Park et al.' provides reference PVDs
after ionomer loading. In Fig. 4a and 4b, we can observe that for the
used parameters, the model underestimates the remaining pore
volume after ionomer addition. In the experiment, ionomer addition
caused pores smaller than approximately 0.6 nm to mostly vanish
from the PVD. This generally agrees with our assumption of small

pores being blocked entirely by ionomer while the volume of larger
pores is reduced. Consequently, we would expect the calculated
cutoff radius to be around 0.6 nm instead of 1.4 nm for Pt/CB and
2.0nm for PU/GCB. However, with the condition that d;, = rp o
should always be the case, these are the minimal values that can be
attained, having to store all given ionomer volume in the CCL. We
illustrate the effects of two qualitative modifications in the model
which led to much better correspondence.

A uniform thickness d;, = diy juner = dioouer and the condition
dio =1y iy Were so far assumed in order to limit experimentally
unaccessible degrees of freedom in the model to a minimum.
Nevertheless, we consider it quite plausible that the inner ionomer
film should be of lesser thickness than the outer film, for instance if
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the ionomer film above a pore stretches and ’drips’ into a pore. First,
therefore, we de-coupled the outer and inner film thickness and
assumed that the cutoff radius equals the inner film thickness, setting
dio.inner = T'pcur = 0.6 nm. Consequently, in order to store all avail-
able ionomer in the CCL, the outer film thickness d;, ., must be
flexible such that all ionomer which does not clad pores with
7, >0.6nm in a film of that same thickness is accomodated.
Figures 8a and 8b show the corresponding PVDs and calculated
dio.outer after ionomer loading for Pt/CB and Pt/GCB. The simula-
tions now capture the jump in the curves around 0.6 nm well.
However, for larger pores, the remaining pore volume is now
overestimated. This is due to the fact that with di, juner = 1 cur» all
pores, no matter which size, are only impregnated with a rather thin
film of thickness 0.6 nm with little loss of pore volume. Hence, as a
further refinement, we considered it plausible that the ionomer film
thickness within a pore can actually become larger when a pore is
larger. If all nanopores were entirely filled with ionomer, for
instance, the inner film thickness inside a pore would be equal to
the respective pore radius. We therefore assumed the inner ionomer
film thickness to be dependent on pore size and amount to 40% of
the pore radius. This factor was motivated from the reference work
of Park et al.' As mentioned above, the authors reported a uniform
and continous ionomer coverage with a thickness of 1-2 nm or less
on Pt/CB. The coverage was found to be less uniform for less porous
supports, but no further quantitative information was given. The
observed primary pore size range being 0.25 to 5 nm, d;, juper Was
hence set to 40% of r, in order to obtain film thicknesses no larger
than 2 nm in agreement with the observations of Park et al. The
cutoff radius remained at 0.6 nm, reflecting the fact that surface
tension will likely keep ionomer from dripping into the smallest
pores below this size. Again, the outer ionomer film thickness was
calculated such that it accounts for all ionomer not stored in the
nanopores. The resultant pore volume distributions are depicted in
Figs. 8c and 8d and match the experimental data very well. For both
supports, the calculated outer film thickness is also within the size
range of 1-2 nm.

In summary, with these exemplary considerations, we intend to
illustrate that our model description of a CCL, while designed to
capture the effects of the different material combinations without
necessitating hard to assess parameters like the inner ionomer film
thickness, still offers to control these parameters in order to obtain
solid quantitative correspondence with available experimental data.

Conclusions

We presented a morphological model of the cathode catalyst
layer which is able to describe established Pt/C systems and their
interaction with the ionomer phase. Individual catalyst supports of
varying porosity are represented by pore volume distributions.
Different Pt deposition methods are accounted for by particle size
distributions of Pt within primary pores and on the support surface,
respectively. The distribution-based approach allows for modeled
processes such as pore blockage due to Pt or ionomer impregnation
of pores to be dependent on the observed particle and pore size,
resulting in a pore-scale morphology which is unique to each
material combination. A central assumption concerning ionomer
addition is that both nanopore impregnation and blockage of the pore
entrances can occur within the same CCL, the interplay of these
processes having a pronounced effect on the characteristic properties
of the CCL. The model provides experimentally hard to access
parameters such as the ionomer film thickness, state of pore
impregnation and the ionomer coverage on Pt depending on the I/
C ratio, particle size and position. Further, the impact of Pt and
ionomer loading on the pore volume distribution as well as global
properties of the CCL such as support surface area and protonically
active ECSA can be predicted.

We compared our model to six catalyst/support combinations
which were characterized extensively in two recent publications'~ and
obtained very good agreement, both qualitatively and quantitatively.

In particular, the model was able to explain why the ECSA has been
reported to follow a non-monotonic trend with respect to I/C on highly
porous supports whereas this is not the case in less porous supports.*
A general advantage of the model setup is that all parameters have a
physical counterpart which allows to calculate a variety of relations
that can be compared to measurements. Access to these parameters
also allows for customizing the model such that it can describe a given
CCL more accurately as was demonstrated by using an ionomer film
thickness distribution within the pores rather than constant film
thickness throughout the CCL. Most model Eqs. can be calculated
analytically, making the simulations computationally inexpensive. We
therefore suggest that our model can be integrated into existing
performance or degradation models as a subroutine, allowing these
models access to relevant morphological properties. For instance, the
available ionomer/Pt interface could be used to assess where catalyst
poisoning effects occur'®2">? or to investigate a possibly enhanced
ionomer degradation near Pt particles.'® Information on whether pores
are blocked or impregnated by ionomer could be used to deduce the
accessibility of Pt within pores for water, protons and oxygen with
subsequent impact on performance. The size and number distribution
of Pt on the support surface and within primary pores could be used to
describe Potential—induced catalyst ageing of various support
types.>*%*! In summary, with our model, we hope to contribute a
reliable translation from manufacturing parameters to CCL nanomor-
phology which can be employed to help account for effects of porous
carbon supports on fuel cell operation.
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