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The agglomerate model of a polymer electrolyte fuel cell (PEFC) electrode typically assumes
a single, representative agglomerate diameter, while in reality there is a distribution of
agglomerate sizes. Here, we analyze how the agglomerate model’s predictions are affected
by incorporating an agglomerate diameter distribution. Our analysis shows that the
diameter distribution causes the agglomerate model predictions to differ by as much as
70% when compared to even reasonable single agglomerate diameter choices. The error in
the model’s predictions is highly sensitive to both agglomerate diameter and overpotential.

Keywords: Even the agglomerate diameter that gives the lowest maximum error in our results,
PEFC 115 nm, errs by as much as 15% at certain overpotentials.

Electrode Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
Agglomerate model reserved.
Morphology

1. Introduction approach, the agglomerate size is still a single value across

The agglomerate model for PEFC electrodes [1-16] uses
analytical solutions to coupled oxygen diffusion and the
reduction reaction in an idealized, spherical agglomerate. It
thereby offers a more detailed physical and mathematical
description of the transport processes in the electrode
compared to the macro-homogeneous or interface
approaches [2]. However, most prior implementations of the
agglomerate model have assumed a single, representative
agglomerate diameter [1-15] (though references ([3,7,13]
parametrically vary the agglomerate diameter) and do not
consider the non-uniform size distributions that actually exist
within an electrode. One notable exception is Yoon and Weber
[16], who consider a deliberate gradient of agglomerate sizes
from the membrane to the diffusion medium. In that
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a plane of constant depth. They modeled a hypothetical
engineered agglomerate size gradient to examine the possible
benefit. In contrast, we consider a size distribution arising
from the primary particle aggregate size distribution and
uncontrolled agglomeration, and examine how it affects the
oxygen reduction reaction (ORR) rates predicted by the
agglomerate porous electrode model.

Our recent work [17] used commercial nanoscale X-ray
computed tomography (nano-CT) equipment (UltraXRM-L200,
Xradia, Inc., Pleasanton, CA) with 50 nm resolution to recon-
struct the 3D microstructure of PEFC electrodes (Fig. 1a). The
nano-CT imaging distinguished solid agglomerates from
secondary pores, but it did not distinguish the individual
constituents (e.g. Nafion and Pt/C). The reconstructions were
verified using other established characterization techniques,
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which also indicated through comparisons that the
segmented solid volume included the Nafion film. In the solid-
phase geometry, we fit inscribed spheres to obtain an
agglomerate diameter distribution (Fig. 1b).

In the present work, this particular geometry will be
incorporated into a simplified agglomerate model to demon-
strate the impact of an agglomerate diameter distribution on
the total ORR current prediction. In this work, we do not model
the performance of an entire fuel cell, nor do we use the model
to predict the overall voltage—current behavior. Instead, we
consider an idealized volume slice within the electrode (Fig. 2)
in which the oxygen concentration in the secondary pores
surrounding the agglomerates and the electric potentials are

V]

z [um]

T

N
o

=y
(&)}

o

Percent volume [%)]
=

o

0 100 200 300
Diameter [nm]

Fig. 1 — Nano-CT characterization of a PEFC electrode’s
microstructure. a, Nano-CT reconstruction (50 nm
resolution) of the solid phase of a PEFC electrode, from
Ref. [17]. b, Histogram showing the agglomerate diameter
distribution, found by fitting inscribed spheres into the
reconstruction shown in image a. The displayed average
diameter of 188 nm was computed using volumetric
weighting of each agglomerate bin.
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Fig. 2 — Schematic of the model domain. The model
presented here considers a small area slice of the catalyst
layer at constant depth, in which the gas phase oxygen
concentration in the secondary pores and electric
potentials are constant. The bottom image depicts
nomenclature concerning the spherical agglomerates. Note
that the agglomerate diameter includes the ionomer film
for comparison to physically measured values, whereas
Tagg does not, to conform to the method of Thiele [18].

uniform. We thereby focus on the significant difference in
predictions incurred by incorporating the agglomerate diam-
eter distribution, when compared to the usual assumption of
a single, representative agglomerate size. An advantage of this
approach is that it is general. The results we present are
relative, not absolute, and they provide a framework for
considering agglomerate diameter distributions in a full fuel
cell model.

2. Theory

To evaluate the effect of the agglomerate diameter distribu-
tion on the predicted reaction rate, we first use the solid-phase
diameter distribution in Fig. 1b to estimate a distribution of
agglomerate effectiveness factors, drawing on expressions
from Sun et al. [1] based on the original work by Thiele [18].
The effectiveness factor represents the reaction rate within an
agglomerate divided by the hypothetical reaction rate if
transport were infinitely facile. A value close to unity is
optimal: this means intra-agglomerate O, transport is not
hindering the reaction rate. The effectiveness factor is given
by

1 1 1
E =5 <7tanh(3<bL) *:Tq) (@)

where Thiele’s modulus, @, is given below by Eq. (2), in which
Tagg Tepresents the radius of the agglomerate up to, but not
including, an assumed surrounding ionomer film; k. is the
ORR rate constant (given by Eq. (3)); D is the diffusivity of O, in
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Nafion®; and £agg is the agglomerate ionomer fraction, which
represents the volume fraction of ionomer within the
agglomerate (not including the surrounding ionomer film).

ragg kc
o, = 2
"3 \Delg, @

The ORR rate constant is found from the Butler—Volmer
equation as:

_ ap i70 acnFn, B —(1 — ac)nFn,
ke = 4Ffaggcroezf {exp( RT ) exp(iRT (3)

where ap; is the electrochemically active volumetric surface
area of platinum, F is Faraday’s constant, faee is the elec-
trode’s volume fraction of agglomerates not including ion-
omer film (calculated based on the diameter distribution, the
ink composition, a known electrode thickness from TEM, and
the assumed thickness 6 of the ionomer film), iy is the
exchange current density, c&f is the reference oxygen
concentration associated with iy, «. is the cathodic transfer
coefficient, n is the number of electrons transferred in the
rate limiting step of the reaction, and 7. is the representative
local overpotential. We note that recent work has suggested
the ORR to have an order less than unity [19]. Yoon and
Weber [16] have implemented this finding into an agglom-
erate model through a numerical model and an approximate
correction. However, we assume the common reaction order
of 1 for the ORR, which facilitates the exact, analytical solu-
tion for the agglomerate model. Also note that k. is a volu-
metric parameter for the agglomerate and does not depend
on the agglomerate size.

From the distribution of agglomerate effectiveness factors,
we calculate a volumetric distribution of reaction rate vs.
agglomerate radius. The volumetric reaction rate in an
agglomerate is given by:

. ,.Do, 1 Taggd
Jorw = 4F? Ekefage  QageD(Tagg +9)

-1

(4)

where po, is the local partial pressure of oxygen, H is Henry’s
constant, and dags is the agglomerate surface area per unit
catalyst volume; dagg is taken to be 3f,gs/Tags, Which is found
from the surface area of a sphere of active material (radius 7,gg)
divided by its volume, scaled by the electrode’s volume fraction
of the active material in the agglomerate (excludes outer film),
fagg- Note that the form of jorr presented in Eq. (4) differs from
Eg. (8) in Sun et al. [1]. We present a derivation in the
supplementary material that explains this in more detail. In
short, the difference is the inversion of rag/(ragg +¢) in the
second term. Although Sun et al. use a different form, the
inversion of the fraction does not substantially impact the
model results for the larger agglomerate sizes they model. The
effect is more significant for smaller (order of 100 nm) agglom-
erates, where the original form results in an unphysical, non-
monotonic dependence on diameter. Some of the agglomer-
ates considered in the present work are in that size range.

To understand the effects of the agglomerate size distri-
bution, the quantity we wish to evaluate is the fraction of the
total reaction rate carried by each agglomerate diameter, PJ;.
This is done by finding the reaction rate for each agglomerate

diameter, weighting it by the volume V; occupied by agglom-
erates of that diameter, and dividing it by the total reaction
rate for the electrode:

pJ, = _ Uore); Vi _ )

5= [Gow) V]

It is important to note that, since jorg has a linear depen-
dence on po, and H in this model, those terms cancel out in
this local ratio as shown in Eq. (6).

7,0
4 Po: L 22 v
H | Ek, a,Dlr,

agg agg

> 4p 8. LI
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agg agg

Since we wish to demonstrate the effect of a non-uniform
agglomerate diameter distribution on the model predictions,
we consider a simplified system where po, is uniform in the
gas phase — this could be considered as a small plane of
electrode at constant depth within a catalyst layer, as depicted
in Fig. 2. Hence, for each current density considered, the gas
phase po, is the same regardless of the agglomerate size,
allowing it to cancel in Eq. (6).

Model parameters are given in Table 1. For the sake of
simplicity in this demonstrative model implementation, we
made the following further assumptions and generalizations
regarding the agglomerate model:

e Because we are considering a planar volume of electrode
with a uniform po,, the overpotential, 7. is also uniform
throughout the electrode plane.

Table 1 — Operating, transport, and electrochemical
parameters used in the model.

Description Value Unit Source

T, Temperature 80 °C [1]

¢, thickness of ionomer 10 nm Assumed
film

£cL, secondary porosity 0.43 [17]
in catalyst layer

£agg, lonOMer fraction 0.22 Calculated
in agglomerate

fage, €lectrode volume 0.34 Calculated
fraction of agglomerates,
excluding film

apt, electrochemically 1.04 x 10’ m?%ym3c. Measurement

active Pt surface area

a., cathodic transfer 0.61 [1]
coefficient

io, Ref. exchange current 1.5 x 102 A/m? [1]
density

&f, Ref. O, concentration  0.85 mol/m?  [1]

D, diffusivity of O, in 8.45 x 107 m?%s [1]

Nafion
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The effect of liquid water is not considered. This is in part
a consequence of considering relative contributions within
an idealized volume of constant po, .
e The ionomer film surrounding any agglomerate has
a thickness, 6, of 10 nm.
Excluding the ionomer film surrounding them, all agglom-
erates were assumed to have identical volumetric compo-
sition (i.e. eagg is the same for all agglomerates). The values
of 22% and 34% for e,gs and fogs Were estimated from the
nano-CT reconstruction in concert with the assumed value
of 6 and the known ink composition.

e As in other implementations [1,2,4—13,15,16], the inside of
the agglomerate is considered entirely solid material (C, Pt,
and ionomer). This is a reasonable simplification: in our
recent nano-CT work [17], a comparison between the nano-
CT-determined porosity and the expected porosity (calcu-
lated from the ink composition and electrode thickness)
indicates that the inside of the agglomerates should be
roughly 10% porous.

e The volume—average electrochemically active Pt surface
area, apy, of 1.04 x 10" m?/m>¢; was calculated using Hy/N,
cyclic voltammetry performed in our lab on an electrode of
composition identical to that of Fig. 1.

e Other physical values are the same as in Ref. [1].

3. Results and discussion

Fig. 3a shows the general effect of agglomerate diameter on
the effectiveness factor at three different cathode over-
potentials according to Eq. (1). Note that unlike r,gg in Egs. (2)
and (4), diameter values reported in this work include the
ionomer film (see Fig. 2). The discrepancy is because r,gg is
a transport length in the particle agglomerate and a model
input, whereas the diameter values are for comparison to the
measured agglomerate sizes that include the Nafion film.
Fig. 3b shows the contribution to the total reaction rate from
agglomerates of different diameters, calculated by Eq. (5) in
conjunction with each agglomerate diameter's percent
volume from Fig. 1b. The overpotentials in these plots of 0.5,
0.6, and 0.7 V were selected to represent a range in which mass
transport effects are significant. An important observation of
Fig. 3b is that at the lowest overpotential, the reaction rate
distribution follows the volumetric distribution of diameter,
since all diameters are similarly effective and primarily acti-
vation limited. However, at higher overpotentials (and hence
higher currents), the smaller agglomerates with their shorter
diffusion length scales and consequently higher effectiveness
factors contribute to more of the total reaction rate, despite
still occupying the same physical volume fraction. Thus, the
reaction rate distribution shifts to smaller diameters.

As noted earlier, prior uses of the agglomerate model have
assumed a single agglomerate diameter [1—15] or an imposed
size gradient [16]. Consequently, a utility of the distribution in
Fig. 1b is to extract a single “effective” agglomerate diameter,
defs, that yields equivalent ORR rates to predictions obtained
using the agglomerate diameter distributions. In other words,
if we assume a single agglomerate diameter, desr, and imple-
ment the agglomerate model, we obtain some overall reaction
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Fig. 3 — The agglomerate diameter and contribution to
reaction rate. a, The effect of agglomerate diameter on
effectiveness factor at cathode overpotentials of 0.7 V (red
squares), 0.6 V (green circles), and 0.5 V (blue triangles). b,
Each agglomerate diameter bin’s fractional contribution to
the overall cathode reaction rate, based on the volumetric
distribution of effectiveness factors. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)

rate, jiot = jorr(desr, nc). Thus, instead of calculating a vol-
ume—average or surface-area-average diameter value, we are
seeking the value of des that yields the same overall reaction
rate, jior, as when we calculate it based on the results from Egs.
(4) and (5) for the measured agglomerate diameter
distribution:

Jrot = ZP}ijORR.i )

However, since both j..: and each agglomerate-diameter’s
relative contribution to jit, PJ;, depend on overpotential (see
Fig. 3b), desr must also depend on overpotential. Fig. 4a pres-
ents the effective diameters calculated from the reaction rate.
Note that the range of overpotentials plotted extends from
0.05 V all the way to 1 V. Overpotentials as high as 1 V are not
common for PEFC operation, but are relevant nonetheless
since they are used in studies of limiting current, which are
often used to extract electrode transport parameters [20—25],
including estimates of the agglomerate radius [25]. At more
common overpotentials near 0.6 V, Fig. 4a still exhibits
substantial departure from the low overpotential value. The
plot exhibits the strong dependence of the effective diameter,
deff, On the overpotential. The trend toward smaller values of
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Fig. 4 — Relationship between agglomerate diameter choice
and model predictions as a function of overpotential. a,
The effective agglomerate diameter, d.g, versus
overpotential. The volume—average diameter d, is
shown for comparison. b, For each choice of agglomerate
diameter (shown on figure for each curve), the error in ji:
when assuming a single agglomerate diameter. The
baseline for computing the error is the value found by
Equation (7), which accounts for the experimental
agglomerate diameter distribution.

dess at higher overpotentials (higher currents) is consistent
with our earlier finding that as overpotential increases, the
relative contribution to reaction rate by smaller agglomerates
also increases.

The agglomerate diameters shown in Fig. 1b are small
compared to the assumed agglomerate diameter in many
previous implementations of the agglomerate model
[1,2,4,6,7,10—14]. However, the range of sizes used here are in
good agreement with prior SAXS [26], TEM [27], and FIB-SEM
[28—31] studies. Even assuming a single, smaller diameter
like those of Fig. 1b, the errors possible are significant. If the
resulting j..: values from Eq. (7) are taken as the “correct”
values, we can calculate the error incurred by assuming
a single agglomerate diameter as a function of overpotential.
Fig. 4b shows these errors in jio; Over a range of overpotentials
for several different choices of agglomerate diameter.

In Fig. 4b, we display three possible agglomerate diameter
choices based on the nano-CT reconstructions: the largest
diameter (342 nm), the volume—average diameter (188 nm),
and the smallest value of de¢ (105 nm) in Fig. 4a. From among
these choices, the model can over-predict the reaction rate by
as much as 20% and under-predict it by as much as 70%. We

also sought the agglomerate diameter that yields the lowest
error across the entire range of overpotentials. A choice of
115 nm (£2.5 nm) neither over- nor under-predicted jiox by
more than 15%; this choice is also shown in Fig. 4b.

As evident in Fig. 4b, the errors arising from assuming
a single agglomerate diameter are highly sensitive to both the
assumed agglomerate diameter and the overpotential. This
indicates that one should exercise caution when assuming
a single agglomerate diameter. However, if one does make this
assumption, the analysis presented here suggests that one
should assume an agglomerate diameter smaller than the
volume average.

4, Conclusions

The agglomerate model of PEFC electrodes typically assumes
a single agglomerate diameter when simulating PEFC perfor-
mance. The primary goal of this work is to demonstrate the
importance of an agglomerate size distribution for accurate
predictions with an agglomerate model. For this reason, we
did not employ a rigorous, full thickness model, as the
development and implementation of it would detract from the
simpler primary finding. Instead, we used a simplified
agglomerate model on a representative elementary volume
within the electrode without variations of the gas phase
oxygen concentration in the secondary pores or of the elec-
trolyte potential.

Here, we investigated the effect of an agglomerate size
distribution using a diameter distribution measured from
nano-CT imaging of a typical PEFC electrode. We found
a substantial difference between the results of a model that
assumes a single agglomerate diameter versus a model that
accounts for a size distribution. The error between the
agglomerate model with a single diameter and the agglom-
erate model with a diameter distribution is highly sensitive to
both overpotential and the choice of agglomerate diameter.
For our particular geometry obtained from nano-CT imaging,
we found that an agglomerate diameter of 115 nm yields the
lowest error across a broad range of overpotentials, but it still
errs by as much as 15%. Although we believe these results are
representative, the exact values are not universal and do
depend on the size distribution of a particular electrode. In our
previous nano-CT measurements, we identified a notable
change in the agglomerate size distributions with modest
alterations of the electrode preparation procedure.

The results presented here show that a distribution of
agglomerate sizes significantly impacts the results of the
agglomerate model in an idealized volume where the oxygen
concentration is uniform in the surrounding gas pores. In the
present work, we do not model the performance of an entire
fuel cell. However, to do so is possible using methods similar
to those used here to model the ORR for representative
elementary volumes in a computational electrode model. As
in this work, the oxygen reduction reaction would be binned
by the agglomerate size data (as in Fig. 1b), with appropriate
parameters extracted from the ink composition, electrode
thickness, and an assumed ionomer film thickness. A multi-
dimensional model of an entire electrode could employ an
approach similar to Eq. (7), incorporating each agglomerate
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size bin’s contribution to estimate the total reaction rate for
each computational node or cell volume. The overall reaction
rate can then be used to compute the source/sink terms for
each of the governing equations.
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