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ABSTRACT: The ionomers distributed on carbon particles in the
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Contrast-variation Pt/Carbon

catalyst layer of polymer electrolyte fuel cells (PEFCs) govern 1gf —Small-angle neutron scattering

electrical power via proton transport and oxygen permeation to Wl o

active platinum. Thus, ionomer distribution is a key to PEFC . ol .0

performance. This distribution is characterized by ionomer = .| I‘*;‘\ oy

adsorption and deposition onto carbon during the catalyst-ink g o'l = iAk

coating process; however, the adsorbed and deposited ionomers o
cannot easily be distinguished in the catalyst layer. Therefore, we |
identified these two types of ionomers based on the positional e
correlation between the ionomer and carbon particles. The cross- N

correlation function for the catalyst layer was obtained by small-

angle neutron scattering measurements with varying contrast. From fitting with a model for a fractal aggregate of polydisperse core—
shell spheres, we determined the adsorbed-ionomer thickness on the carbon particle to be S1 A and the deposited-ionomer amount
for the total ionomer to be 50%. Our technique for ionomer differentiation can be used to optimally design PEFC catalyst layers.

Adsorbed lonomer Deposited Ionomy

B INTRODUCTION
Polymer electrolyte fuel cells (PEFCs) have attracted

On the other hand, scanning electron microscopy (SEM)
observations at a low acceleration voltage of 0.5 kV have

increasing interest in the context of realizing the UN'’s
Sustainable Development Goals to achieve a sustainable future.
In PEFCs, the thin ionomer coatings in the catalyst layer of the
electrode play a pivotal role in the mediation of proton
conduction and oxygen permeation."”” To reduce the over-
potential on the reaction of protons and oxygen with electrons
at the catalyst, the coating structure of the ionomer should be
optimized on the catalyst support.”* Thus, the effect of the
ionomer fraction has been investigated to control its
structure,” and previous studies have reported improved
PEFC performances with an increase in the ionomer
distribution homogeneity.”*

The ionomer distribution on catalyst supports has been
studied via state-of-the-art microscopy techniques. A previous
study has reported on electron tomography measurements
with the use of a high-angle annular dark-field scanning
transmission electron microscope (STEM) for a model catalyst
layer of a Cs*-stained ionomer and a carbon support with no
catalyst.” A nanometer-scale 3D ionomer distribution was
observed on the aggregated carbon particles. Moreover, atomic
force microscopy (AFM) was used to observe catalyst-layer
cross sections at high humidity and temperature.'’ Based on
adhesion force mapping, the ionomer thickness was evaluated
as the gap between two separated carbon particles. Both these
studies focused on the ionomer coating around carbon
particles and reported an average coating thickness of 70 A.

© 2021 The Authors. Published by
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indicated micrometer-sized ionomer patches in the catalyst

layers;'" the size distribution of the ionomer patch reportedly

affected the PEFC performance. Here, we note that a

hierarchical model of the ionomer distribution from A to ym

is required to optimize proton conduction and oxygen
L 12,13

permeation in the catalyst layer.

The ionomer distribution characteristic is determined by the
catalyst-layer fabrication process.'* In the wet coating process,
the catalyst ink is applied to the substrate with a slot die, a
doctor blade, spraying, inkjet printing, and so on. Considering
that the ink is a dispersion of the ionomer and catalyst support
in an aqueous mixture, researchers have extensively studied the
dispersion-medium influence on the catalyst-layer struc-

15-19 7 . . . .
ture. Via comparing pre- and post-drying dispersion
structures, it was shown that a homogeneous catalyst layer is
generated by a well-dispersed catalyst ink, whereas a dense
aggregated layer is produced by inks with network-structured

20 . .
agglomerates.” In the structure formation process by drying,
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the ionomer location in the catalyst ink can influence the final
ionomer distribution in the catalyst layer.”"**

In the catalyst ink, the ionomer both adsorbs onto the
catalyst-support particles and floats in the dispersion
media.”>** The “adsorbed ionomers” form homogeneous
thin ionomer coatings on the particles after drying because
the shell of the adsorbed ionomer on the particles forms a
monolayer due to electrostatic repulsion against further
adsorption of the floating ionomer. Meanwhile, the floating
ionomers are concentrated at the throats between particles to
form capillary bridges during the drying process due to the
surface tension of the inks.”> Thus, the floating ionomers are
deposited onto aggregated carbon particles heterogeneously
(“deposited ionomers”). Here, we note that adsorbed
ionomers with thicknesses of <100 nm typically exhibit
properties distinct from the bulk deposited ionomers.””**
Therefore, when the volume fraction of these two types of
ionomers is evaluated, we can calculate specific transport
properties of the catalyst layers.””>' We, thus, propose a
minimum structure model expressing the two kinds of
ionomers in the PEFC catalyst layer and a quantitative analysis
technique to determine the hierarchical structure.

B ANALYSIS METHODS

The adsorbed and deposited ionomers must be clearly
distinguished in addition to discriminating the ionomer from
the catalyst support. In this context, small-angle neutron
scattering is a versatile tool for nanomaterial evaluation; the
scattering length densities (SLDs) of the ionomer and the
catalyst support for neutrons are ~4 X 10’ cm™> and 6 X 10"
cm™?, respectively, for a typical catalyst layer based on Nafion
and platinum/carbon. When the pores in the catalyst layer are
filled with a contrast-matched liquid with the catalyst-support
particles, we can explicitly obtain the ionomer scattering
function. The question here is this: how can the adsorbed
ionomer be distinguished from the deposited ionomer? When
the ionomer position is observed from a catalyst-support
particle, the adsorbed ionomer is always located on the particle
surface, whereas the deposited ionomer can randomly
distribute in the remaining space. Therefore, an analysis of
the correlation function between the ionomer and the catalyst
support can be applied for distinguishing the two types of
ionomers. Here, we note that the cross-correlation function
can be evaluated from the cross-term of the partial scattering
function, which was calculated from contrast-variation small-
angle neutron scattering (CV-SANS) measurements of the
catalyst-ink dispersion.*>*

In this approach, with the partial scattering functions of the
scattering vector g, Iij(q), where i, j = C, P, and C and P
indicate the catalyst support and the ionomer, respectively, the
small-angle scattering from the catalyst layer, d £/d Q,(g), can
be expressed as

d2/dQ,(q) = a““ Iec(q) + a Icp(q) + a™ ()
(1)

where a’ is defined as (p' — p,)(p) — p,) with the SLD of the
components, p' and p/ for the catalyst support and the
ionomer, and p,, for the pore-filling liquid. It is noteworthy that
P, can be varied by changing the hydrogen/deuterium fractions
without affecting the structure for neutron observations,
wherein n indexes the hydrogen/deuterium fraction. Sub-

sequently, using a transpose vector [Icc(q) Icp(q) Ipp(g)]’, we
obtain a 3 X n matrix M as

M = [aCCn dCPn aPPn] (2)
Here, the cross-term of the partial scattering function, Icp(q),
and the self-terms, Icc(g) and Ipp(g), are calculated from the
measurement data of d X/d Q,(q) with n > 3 via the singular
value decomposition of M.*>*

In the study, the three partial scattering functions were first
fitted by a model for the fractal aggregation of core—shell
spheres, which was introduced for the catalyst inks of the
ionomer and the catalyst support.”® The support particles and
adsorbed ionomers are expressed as fractal sphere aggregation
and a shell of sphere aggregation, respectively. Because catalyst
layers are the most condensed form of catalyst inks, we assume
that the fundamental structures of the support particles and the
adsorbed ionomer are similar. The scattering functions
considering the sphere-size distribution are represented as
follows

Tec(o) = NS(@) [F(q, IW(R)R )

Ter(g) = N5(@) [ TF(g, ) (e — PIE(g, R + AR)
- fﬁsheuF(% R) }]W(R)d R 4)

Lp(q) = NS(q)
[ 1@ = PIF(@, R+ AR) = s (g, R)F
W(R)d R (5)

where N denotes the number density, R the core radius, AR
the shell thickness, ¢,y the shell volume fraction, and ¢ the
average volume fraction outside the core—shell. Moreover,
S(q) represents the structure factor of fractal aggregation,®
and F(q, R) and W(R) are the scattering amplitude of a sphere
and the Schultz distribution of the radius, respectively. We
have

! D,I'(D, - 1)
S(g) =1
(q) + (qK)D‘“ {1 + 1/(q252)}(D"‘_1)/2
sin{(D,, — 1)tan™'(qE)} ©
F(q, R) = 47 331sin(qR) — (qf)cos(qR)}
(qR) )

W(R) = F(ZRiil)(Z; I)ZHexp{—%(Z + 1)} ®)

where R denotes the average particle radius, D,, the mass-
fractal exponent, and E the cutoff distance related to the
gyration radius for an aggregate. Moreover, Z corresponds to

the standard deviation of the Schultz function with 6 = R/Z

B EXPERIMENTAL SECTION

The catalyst layer was prepared with an automatic applicator
(Toyo Seiki Seisaku-sho, Ltd.) and a baker applicator (YBA,
Yoshimitsu Seiki) on a silicon wafer (S inch diameter X 626
um thickness, P-type (100), Mitsubishi Materials Corpora-
tion). The coating speed was 20 mm/s, and the gap was 70
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um. The wet film was exposed overnight to an ambient
atmosphere and dried for 1 h in vacuum at 80 °C. The catalyst-
layer thickness was 6 um. The ionomer-to-carbon weight
fraction was set to be 0.75:1. The ionomer and the catalyst
support in the catalyst ink were Nafion (D2020, Chemours)
and platinum-supported carbon (TEC10V30E, Tanaka Hold-
ings Co., Ltd.), respectively, which were dispersed in aqueous
ethanol (water/alcohol ratio = 7/3 in weight) via a planetary
mixer/deaerator (KK-50S, Kurabo Industries Ltd.) and an
ultrasonic homogenizer (UH-600, SMT Co., Ltd.). The
ionomer and catalyst-support volume fractions depend on
the void space in the catalyst layer. By measuring the film
weight and thickness and employing the component mass
density in air, we evaluated the ionomer, catalyst-support, and
void volume fractions to be 0.20, 0.27, and 0.53, respectively.

SANS measurements were performed with a TAIKAN time-
of-flight instrument at the BL1S beamline of the MLF in J-
PARC, Japan.*® The samples included 6 pieces of the catalyst
layers on the silicon substrates cut into 15 mm squares from a
coated S inch wafer. Contrast variation was performed with
water/ethanol mixtures (9/1 in volume) to realize 6 different
SLDs by changing the hydrogen/deuterium fraction of both
water and ethanol. Each sample was immersed in the contrast-
variation mixture to fill the pores between the ionomer-coated
catalyst support and placed in 1 mm-gap titanium cells with
two quartz windows. The scattering data were corrected for the
backgrounds and incoherent scattering and normalized to an
absolute intensity with a standard glassy carbon.

B RESULTS AND DISCUSSION

Figure 1 shows the SANS profiles of the catalyst layers with
different pore-filling mixtures for contrast variation. The inset
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Figure 1. Small-angle neutron scattering from a series of catalyst
layers with various contrast mixtures in the pores with decreasing
scattering length densities (SLDs). The inset presents the SLDs of the
mixture (solid line and circles), carbon, Pt, and the ionomer. The
color in the inset corresponds to the color of the curves in Figure 1.

shows the SLD values of platinum-supported carbon, Nafion,
and the mixture for the contrast-variation measurements. We
clearly observe that neutrons are differently scattered by the
identically structured catalyst layers depending on the contrast.
When the SLD of the mixture of water and ethanol is 6 X 10"
cm™?, those of platinum and carbon are close to this value as
shown in the inset of Figure 1. Thus, the SANS profile at the
bottom reflects the ionomer structure. From the slope around
—2 in the low-q regime, the shape of the ionomer is modeled as
a thin film in the catalyst layer. Another SANS profile feature is

the shoulder in the high-q regime. As the shoulder disappears
when the mixture SLD is comparable with that of Nafion, 4 X
10'° em™2, we can attribute this shoulder to ionomers with
some periodicity. In the case of contrast matching with the
ionomer, the SANS profile reflects the structure of the catalyst
support. The blue curves are nearly linear in the log—log plot
with slopes of —3 to —4, thereby indicating that the catalyst
supports have a nature of mass fractal and surface fractal. Here,
we can neglect the scattering from the small amount of 2—3
nm-diameter platinum nanoparticles because of the little SLD
difference to the carbon. With a further decrease in the mixture
SLD, the shoulder and a slope of around —4 are both observed
for the top curve, corresponding to the ionomer and the
catalyst support.

To quantitatively determine the structure, we evaluated the
partial scattering functions using the singular value decom-
position method. Figure 2 shows the three partial scattering
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Figure 2. Partial scattering functions corresponding to (a) self-term of
the catalyst support, (b) cross-term between the catalyst support and
the ionomer, and (c) self-term of the ionomer. The solid and dotted
lines indicate model fitting with and without the contribution of the
deposited ionomer, respectively.

functions, I;(q). The plots of the self-terms for the catalyst
support and the ionomer, Ioc(q) and Ipp(q), are presented in
Figure 2a,c, respectively, and that of the cross-term between
the catalyst support and the ionomer, Icp(g), is presented in
Figure 2b. The reconstructed scattering curves from the partial
scattering functions obtained with the use of matrix M show
reasonable agreement with the original data (Figure S1). The

Icc(q) plots are aligned linearly with a slope of around —4, as
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Figure 3. (a) Form factor for the catalyst-support particles, obtained by fitting with a core—shell sphere model with a radius distribution. The inset
shows the Schultz distribution function for the radius. (b) Structure factor for the catalyst-support particles, obtained by fitting with a fractal

aggregate model. The slope of the upturn is —3 in the log—log plot.

expected from the contrast-matching data for the pore-filling
mixture with SLD = 4 X 10'® cm™2, and the I;p(q) plots exhibit
a shoulder, similar to the curve obtained for the mixture with
SLD = 6 X 10" cm™* (see Figures S2 and S3). We note here
that Icp(q) reflects the cross-correlation between the catalyst
support and the ionomer. While the function has a slightly
negative value at approximately g = 0.013 A™', an upturn to
positive values is observed with the g value decreasing below
0.01 A~". While the negative regime indicates that the ionomer
does not penetrate the catalyst support, the positive correlation
proves the existence of a shell layer of the adsorbed ionomer
on the catalyst support.’”

To evaluate the adsorbed-ionomer thickness, we employed a
model for the fractal aggregates of the polydisperse core—shell
spheres for data fitting, as described by eqs 3—8. The fitting
curves for the partial scattering functions are overlaid with
dotted lines in Figure 2. The three datasets are globally fitted
with each model function, wherein the common parameters
are optimized simultaneously with only ¢ being fixed at the
measured value of 0.2. Although the calculated curves fit the
scattering functions in Figure 2a,b within the error bars, we
observe a discrepancy in the high-g regime in Figure 2c. From
Figure 2a, we can confirm that the fractal aggregate of
polydisperse spheres is an appropriate model for the catalyst
support. The slight small deviation from the data could
originate from the influence of the surface fractal on the
catalyst support. The structure factor S(q), the form factor
JF(q, R)YW(R)d R, and the distribution function W(R) are
presented in Figure 3. Furthermore, the fitting to the cross-
term in Figure 2b demonstrates that a core—shell correlation
exists between the catalyst support and the ionomer, i.e., the
catalyst-support surface is homogeneously coated with a thin
ionomer layer. However, the excess scattering corresponding to
the self-term of the ionomer, Ipp(q), in Figure 2c suggests that
the deposited ionomer with a random distribution in the
catalyst layer cannot be neglected for the fitting model. Hence,
this overlooked nanostructure is considered in addition to the
contribution of the adsorbed ionomer shell on the polydisperse
spheres. In the study, we assigned the excess scattering to the
Nafion cluster structure because the peak at g of ~0.1 A™" is
similar to that observed for swollen Nafion membranes (Figure
S4, wherein the plots are fitted with the Teubner—Strey (T—S)
model represented by eq 9).** The short-range order in Nafion

15260

was expressed by the T—S model, which is applicable for
microemulsion systems.39

qucd(l _fd)/f
+&E -2 -7 +4°

iTs(‘J) = APZ ©)

where Ap denotes the SLD difference, f; the domain volume
fraction, k/27 the inverse of the characteristic for the domain
size, and £ the correlation length. The correlation function is

sinkre (_L]
PP (10)

Next, we combined eqs 9 and S and fitted the three partial
scattering functions again. The global fitting for the three
curves successfully determined the many parameters of the
functions. These fitting curves are overlaid with solid curves in
Figure 2. The excess scattering in Figure 2c is closely
reproduced upon considering the cluster structure of the
randomly deposited ionomer, while Figure 2a,b shows little
change.

Table 1 lists the global fitting parameters obtained by the
model for the fractal aggregates of the polydisperse core—shell
spheres with the deposited ionomer. Here, AR = 51.3 A
represents the adsorbed-ionomer thickness on the carbon

y(r) =

Table 1. Fitting Parameters for the Catalyst Layer as
Obtained by the Fractal Aggregate Model of Polydisperse
Core—Shell Spheres and the Teubner—Strey Model”

fitting parameters

fractal aggregate model of N (ecm™3) 1.4 x 10%
core—shell spheres AR (A) 513 408

o 0.74 +0.01
R (A) 72.3 +0.5
o (A) 44.0 £0.3
D, (A) 3 +0.004
= (A) 3500 +300

Teubner—Strey model k (A™H 0.081 +0.001
£ (A) 32 +3
fa 0.085 +0.007

“For the symbols in the table, see the description of each model in the
text. Errors in the table are estimated from standard deviation of the

fitting.
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particles, which is consistent with that for similar systems
observed by STEM and AFM, 70 + 20 A" Furthermore, the
volume fraction in the shell, ¢y, is obtained to be 0.74,
thereby indicating that the rest of the volume in the ionomer
shell contains the water/ethanol mixture. The average catalyst-
support radius, R, and standard deviation, o, are evaluated to
be 72.3 and 44.0 A, respectively. The wide distribution with a
long tail to a large radius (inset of Figure 3a) demonstrates the
polydisperse nature of the carbon particles. The particle
aggregation structure was characterized by two parameters, the
fractal dimension D,, = 3 and the cutoff length = = 3500 A, of
a mass-fractal object with a clustered network in a limited g
range. Thus, an upturn with a slope of —3 from unity could be
confirmed in the structure factor (Figure 3b). We note that a
fractal dimension, D,, of ~3 was estimated for calcium
carbonate crystallization,* corresponding to the measurement
and modeling of sedimentary rocks.*** The structure factor
represents the fractal distribution on the center of the core—
shell particles.

The adsorbed-ionomer volume fraction, f,, can be calculated
from the specific surface area of the catalyst support Sy as

f, = SvAR¢, (11)

where Sy is obtained by fitting to the high-q regime of Ic(q)
in Figure 2a with Porod’s law

2nSy,
4
1

iporoa(q) = Ap?
Porod\q (12)

As Sy is evaluated to be (23 + 1) X 107* A™" by the fitting at g
= 0.04—0.12 A7', f, is calculated to be 0.086 + 0.007. In
contrast, the deposited-ionomer volume fraction, f3, is obtained
to be 0.085 + 0.007 from the Teubner—Strey model. The
result suggests that the volume fractions of the adsorbed and
deposited ionomers are 50 and 50%, respectively. The
deposited ionomer exhibits a short-range order with the
correlation function given by eq 10 within the patch, which is
developed on the catalyst support during the catalyst-ink
drying from the dispersion media. The period, 277/k = 77.6 A,
can be attributed to the repulsive interaction between the rod-
like micelles of the ionomer.”> Summing the f, and f;, the total
volume fraction of ionomers is 0.171 + 0.01, which is smaller
than the value (= 0.2) evaluated from the macroscopic
measurements on the film weight and thickness and the mass
densities in air. The SANS measurements, on the other hand,
were done for the samples immersed in the mixture of water
and ethanol but not in air. In this situation, it is expected that
the ionomers and the catalyst layer somehow expanded,
leading to the increase in the void fraction. This increase may
reduce the volume fraction of total ionomers in the system.
This is one of the possible explanations for the discrepancy of
the volume fraction between the SANS measurements and the
macroscopic measurements.

The SEM micrograph of the catalyst layer is shown in Figure
4a. Primary particles with a diameter of ~200 A construct
secondary aggregation with a fractal nature, wherein bright
spots from Pt nanoparticles are found on the surface. However,
it is difficult to distinguish the ionomer and the catalyst
support because of their similar composition in terms of the
average atomic number. Moreover, the adsorbed and deposited
ionomers also cannot be distinguished. Nonetheless, micro-
graphs obtained in the beam-deceleration mode may support
the existence of a thin coating for a penetration depth of <20 A

15261

Deposited lonomer patch
from Teubner-Strey model

Adsorbed lonomer thin film
from core-shell model

Figure 4. Scanning electron microscope (SEM) micrographs of the
catalyst layer at landing voltages of (a) 0.5 kV and (b) 0.2 kV,
obtained by using a Regulus 8230 instrument (Hitachi High-Tech
Corporation). The bar in the micrograph represents 1000 A. A
difference in a white spot of a Pt nanoparticle is presented by arrows
in the insets. (c) Schematic of the adsorbed and deposited ionomers
on the catalyst support, where Pt nanoparticles are omitted for clarity.
The two types of the ionomers are distinguished by the positional
correlation expressed with the partial scattering functions. A core—
shell model and the Teubner—Strey model are used for the fitting.

of 0.2 kV incident electrons (as per Monte Carlo simulations).
Comparing the two expanded insets, we hardly observe Pt
nanoparticles with white spots in Figure 4b, as indicated by
arrows. The visibility fluctuation of Pt nanoparticles reflects the
thickness distribution of the ionomer coating, which may be
affected by the deposited ionomer present on the adsorbed
ionomer.

Figure 4c shows the quantitative nanoscale model of the
ionomer on the catalyst layer. We note that some ionomer
molecules homogeneously adsorb onto the aggregated carbon
particles. In the thin film, the nanostructure in the ionomer is
distorted from that in bulk membranes. The adsorbed-ionomer
thickness, AR = S1 A, was evaluated from the partial scattering
functions via the fractal aggregation model of polydisperse
core—shell spheres. Meanwhile, some ionomer micelles in a
dispersion may randomly deposit to form patches, where we
also observed a short-range-ordered cluster structure with a
period of 78 A. Note that it was hard to model the shape of the
deposited ionomer because the g range of the current SANS
measurement was limited to S X 107> A™". The two types of
ionomers exhibit distinct features in terms of the relative
position of the catalyst support and the inner structure of the
coating.

The structure parameters for the adsorbed and deposited
ionomers are available to validate and improve simulation of
the catalyst layer performance. Some models have been
proposed to simulate PEFC performance recently, where the
proton diffusion and oxygen permeation are directly evaluated
from tortuosity in a three-dimensional microstructure model of
a catalyst layer.”>**™*® Since the models are based on the
porous structure of the carbon particles and the coating
structure of the ionomer, focused ion-beam SEM and TEM
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tomography can provide data for construction of a catalyst-
layer structure, respectively.47 However, the limited observa-
tion volume, elaborated sample preparation, and inevitable
radiation damage require complemental methods. Further-
more, our approach for the ionomer coating structure by
considering the positional correlation with the carbon support
has an advantage for modeling the catalyst layer more
sophisticatedly. The two types of ionomers with different
thicknesses and properties should be essential to express the
interesting nature of the ionomer in a catalyst layer.

B CONCLUSIONS

From the three partial scattering functions obtained by CV-
SANS, we could distinguish the adsorbed and deposited
ionomers based on their correlation with the catalyst support.
We applied a fractal aggregate model of polydisperse core—
shell spheres to evaluate the adsorbed-layer thickness and
volume fraction. The deposited-ionomer amount was found to
be sensitive to the peak intensity of the self-term for the
ionomer modeled by the Teubner—Strey function. From fitting
with a model for a fractal aggregate of polydisperse core—shell
spheres, we determined the adsorbed-ionomer thickness to be
S1 A on the carbon particles and the fraction of the deposited
ionomer to be 50% of the total ionomer.

Because proton conductivity and oxygen transport in a
catalyst layer depend on the ionomer coating structure on the
catalyst support, CV-SANS-based structural analysis can
critically aid optimal PEFC design.
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