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ABSTRACT In this work, N, adsorption was employed to investigate the effects of carbon support, platinum, and ionomer loading
on the microstructure of polymer electrolyte membrane fuel cell catalyst layers (CLs). Brunauer—Emmett—Teller and ¢-plot analyses
of adsorption isotherms and pore-size distributions were used to study the microstructure of carbon supports, platinum/carbon catalyst
powders, and three-component platinum/carbon/ionomer CLs. Two types of carbon supports were chosen for the investigation: Ketjen
Black and Vulcan XC-72. CLs with a range of Nafion ionomer loadings were studied in order to evaluate the effect of an ionomer on
the CL microstructure. Regions of adsorption were differentiated into micropores associated with the carbon primary particles (<2
nm), mesopores ascribed to the void space inside agglomerates (2—20 nm), and meso- to macroporous space inside aggregates of
agglomerates (>50 nm). Ketjen Black was found to possess a significant fraction of micropores, 25% of the total pore volume, in
contrast to Vulcan XC-72, for which the corresponding fraction of micropores was 15 % of the total pore volume. The microstructure
of the carbon support was found to be a significant factor in the formation of the microstructure in the three-component CLs, serving
as a rigid porous framework for distribution of platinum and the ionomer. It was found that platinum particle deposition on Ketjen
Black occurs in, or at the mouth of, the support’s micropores, thus affecting its effective microporosity, whereas platinum deposition
on Vulcan XC-72 did not significantly affect the support’s microstructure. The codeposition of ionomer in the CL strongly influenced
its porosity, covering pores < 20 nm, which are ascribed to the pores within the primary carbon particles (pore sizes < 2 nm) and to
the pores within agglomerates of the particles (pore sizes of 2—20 nm).
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INTRODUCTION
uch effort has gone into the development of new

electrode materials for use in polymer electrolyte
membrane fuel cells (PEMFCs). Current trends of
research include investigation of the high surface area (SA),
novel ordered nanoporous carbons (1), and carbon-nano-
tube-based catalyst supports (2), as well as carbon-free
catalyst supports (3, 4) and thin-film catalyst layers (CLs)
(5, 6). Presently, traditional CLs employing platinum depos-
ited on high-SA carbon black supports, with the addition of
a proton-conducting phase, are most commonly used. The
successful development of novel materials for CLs is hin-
dered by the lack of a fundamental understanding of the
complex, multicomponent nature of the CL, the interplay of
its components, and their independent and cooperative
effects on the effective properties, particularly in the context
of preparing catalyst-coated membranes (CCMs).
Carbon-supported catalysts have been widely used in a
variety of industrial applications because of their high SA,
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onto which fine dispersions of metal particles can be depos-
ited. The supports are relatively stable to a range of condi-
tions and allow for easy recycling of the metal. Three forms
of carbon are commonly used as supports for precious
metals: activated carbon, carbon black, and graphitized
carbon. Carbon black supports, such as Ketjen Black and
Vulcan XC-72, are current technologically standard catalyst
supports for fuel cell applications. Carbon black supports are
manufactured by pyrolysis of hydrocarbons such as natural
gas or aromatic residues of petroleum processing (7, 8). The
most common production process is the furnace black
process, in which the starting material is burned in a limited
supply of air at ~1000 °C. Carbon black supports are known
for their tendency to form chainlike aggregates. The higher
is the degree of aromaticity of the feedstock, the higher the
degree of aggregation. Carbon black supports with specific
SAs ranging from 8 to 1500 m?/g can be produced (8).
Many models have been proposed for the structure of a
single carbon black particle. These are based largely on
electron microscopy studies. The majority of models depicts
the carbon particle as a spherical arrangement of the quasi-
graphitic microcrystalline domains, with their size and order
becoming smaller and more disordered toward the center.
X-ray diffraction studies reveal that carbon black supports
possess large d spacings (3.5—3.6 A) compared to graphitic
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carbon (3.354 A), which indicates that the quasi-graphitic
layers are oriented parallel to each other but exhibit no
turbostratic, long-range three-dimensional order, as in graph-
ite (8—10). These microcrystalline domains are reported to
be only a few layers thick and approximately 20—30 A in
width (8). Aggregation of the microcrystalline domains into
primary particles and further into particle agglomerates
results in complex, high-SA, porous systemes.

Gas adsorption is the most frequently used technique for
evaluation of the specific SA and pore size of porous materi-
als. The Brunauer—Emmett—Teller (BET) method is often the
method of choice for assessment of the specific SA:

ploy 1 Lot
n(l — plpy) Con.C n,C

(p/py) (1)

where p represents the gas pressure, po the saturation gas
pressure, n the amount of adsorbed gas, nn, the monolayer-
adsorbed gas amount, and ¢ the BET constant (which takes
into account the energy of adsorption) (11).

The method extends the Langmuir theory of monomo-
lecular gas adsorption on a solid surface to multilayer
adsorption, assuming the physical adsorption of gas mol-
ecules in sequential layers. Despite its simplicity, the theory
has been shown to provide an adequate representation of
real systems, which are usually complex, and is consistent
with experimental data for a variety of porous materials
(12, 13). The Kelvin equation, which relates the pore size to
gas partial pressure for capillary condensation or evapora-
tion, has been used effectively to quantify the pore structure:
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where p represents the gas pressure, po the saturation
pressure, y the surface tension, V, the molar volume of the
liquid, and r, the capillary condensation radius and R and
T have their usual meanings. However, the Kelvin equation
in its original form is a crude simplification of the actual
process of capillary condensation (13); hence, numerous
corrections and modifications have been developed. Intro-
duction of the statistical film thickness (¢ thickness) that
accounts for the formation of the liquidlike layer on the pore
wall prior to commencement of capillary condensation was
shown to more accurately represent experimental data. A
universal dependence of the ¢ thickness on the partial
pressure of nitrogen was found for various adsorbate surface
types (14, 15). de Boer et al. conducted an extensive study
of the t-curve method for various porous materials (15—21)
and determined the actual pore radius to be the sum of the
radius calculated by the Kelvin equation and the thickness
of the adsorbed ¢ layer at each given partial pressure. An
important refinement of the Kelvin equation using the
t-thickness correction was performed by Barrett, Joyner, and
Halenda (BJH) (22).

A significant contribution to understanding the nature of
the CLs was made by Eikerling’s agglomerate model (23) and
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by the experimental work of Uchida et al. (24, 25), which
indicate the formation of carbon particle agglomerates
exhibiting a bimodal pore-size distribution (PSD). These
include 6—20-nm-sized pores within agglomerates of carbon
particles and larger 20—100-nm-sized pores that exist be-
tween aggregates of agglomerates. Within the fuel cell
scientific community, these are often referred to as primary
and secondary pores. lonomer is believed to be distributed
within the secondary pores, forming a complex three-
dimensional network. However, there exists also a <2 nm
pore structure in the primary carbon particle, the function
of which in a fuel cell electrochemical reaction has not been
clearly determined yet.

In this work, we employ N, adsorption to investigate the
microstructure of carbon supports, carbon-supported plati-
num catalysts, and three-component platinum/carbon/iono-
mer CLs. Two types of carbon supports are chosen for the
investigation, Ketjen Black and Vulcan XC-72, and a range
of perfluorosulfonate ionomer loadings are investigated to
determine the effect of the ionomer on the resultant micro-
structure of the CL. The microstructure is described in terms
of the PSD, pore volume, and SAs of the pores. The termi-
nology used throughout this work for micro-, meso-, and
macropores is that adopted by IUPAC (26, 27). Pores <2 nm
are termed micropores and ascribed to the pores within the
carbon primary particles. Pores in the range of 2—50 nm
are referred to as mesopores, and pores larger than 50 nm
are termed macropores. Pores larger than 2 nm are assumed
to be found within the complex agglomerate—aggregate
organization of the primary particles.

EXPERIMENTAL SECTION

Materials. Ketjen Black and Vulcan XC-72 carbons were
received from Tanaka Kikinzoku Kogyo (TKK) and Cabot Corp.,
respectively. Catalyst powders with 46 wt % platinum on Ketjen
Black and Vulcan XC-72 were received from TKK. Catalyst inks
for spray deposition were prepared by mixing a catalyst pow-
der, platinum/carbon (Pt/C), in a water and methanol mixture
(1:1), corresponding to 0.70 g of Pt/C in 100 g of a water/
methanol solution. The dispersion was sonicated for 30 min
during the dropwise addition of 0.74, 1.6, 6.0, and 14 gofa5
wt % Nafion solution (Alfa Aesar) to the mixture to produce 5,
10, 30, and 50 wt % ionomer loadings, respectively. The final
mixture was sonicated at room temperature for 2 h.

All CLs comprising of platinum, carbon, and ionomer were
fabricated by spray deposition on a Nafion 211 membrane,
which was used as received, producing CCMs with CL deposited
on both sides. Spray deposition of the ink on a Nafion 211
membrane was performed at 80 °C. CLs with 5, 10, 30, and
50 wt % ionomer were prepared corresponding to 0.1, 0.2, 0.8,
and 1.8 ionomer to carbon dry weight ratios (I/C ratios). Carbon
and platinum loadings in all CLs were held constant at 0.475
and 0.4 mg/cm?, respectively. The thickness of the CLs was 12
+ 2.0 um.

Methods. N, physisorption experiments were performed at
77 K on a 3100 surface area analyzer (Beckman Coulter). N,
gas of ultrahigh purity, 99.999 %, was used. Carbon and Pt/C
samples of ~100 mg were degassed at 160 °C for 12 h prior to
the adsorption experiment. CCMs of 50 cm? were cut into thin
strips, placed in the sample tube, and degassed for 12 h at 105
°C. Adsorption experiments were performed immediately after
degassing. A blank adsorption experiment on a Nafion 211
membrane was performed for the case of CCMs. It was found
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that Nafion 211 absorbed ~3 cm?/g of N, at 0.98 (STP),
contributing negligibly to the total amount of gas adsorbed by
the CCM. Adsorption isotherms of Pt/C powders and CCMs were
all replotted after normalization to the carbon content in each
sample. The BET SA was calculated from the BET equation by
plotting the left-hand-side term of the equation against P/Py in
the range of 0.05—0.2 P/P,. The monolayer volume, nn,, was
found from the slope, S, and intercept, I, of such a BET plot:

M= < 3)

Surface area SAggr was calculated from eq 4:

_ nNs
SAger =~ (4)

where N is Avogadro’s number, s the cross-sectional area of the
N, molecule (0.162 nm?), and V the molar volume of adsorbent
gas.

The total pore volume was found at a partial pressure of 0.98
PIP, (STP) by conversion to the liquid N, volume using the
conversion factor of 0.001 547, under the assumption that the
density of condensed N, in the pores is equal to the density of
bulk liquid N, (28).

The PSDs were calculated using the BJH method. The method
is based on the Kelvin equation and accounts for the formation
of a condensed layer of gas molecules on the pore wall prior to
capillary condensation using the Harkins—Jura equation:

= 13.99
0.034 — log(p/py)

o,
) (&) )

where t is the thickness of the adsorbed layer on the pore wall
(A), p the partial pressure of Ny, and po the saturation pressure
of Ny at 77 K (14).

RESULTS AND DISCUSSION

Carbon Powders. Ideally, all pores larger than the
molecular diameter of N, (3.5 A) can be detected by the N,
adsorption technique. The physical adsorption in micropores
(26, 27), <2 nm, that is observable at very low gas partial
pressures (<0.01 P/Py) is described by the theory of mi-
cropore filling (29—31). Adsorption in these pores occurs
through volume filling, with the adsorption enthalpy strongly
enhanced by the overlap of adsorption forces from the
opposite walls of the pore; i.e., neither mono/multilayer
adsorption nor capillary condensation takes place. Concur-
rent with the filling of micropores, adsorption of a monolayer
of N, occurs on the pore walls of meso- and macropores (>2
nm) and on the external surface of the particles. Although it
is difficult to distinguish between these concurrent pro-
cesses, the consensus is that the steeper is the rise in the
adsorption isotherm at these very low partial pressures, the
larger the total volume of micropores (13, 32).

As the partial pressure is increased, monolayer formation
evolves into multilayer formation until the pore radius
related to the capillary condensation at a given partial
pressure is reached, instantly filling the pore. Thus, at
medium and high partial pressures, two processes may
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FIGURE 1. N, adsorption isotherms for Ketjen Black (squares) and
Vulcan XC-72 (triangles) carbon supports. The secondary x axis
indicates the pore size and regions of the isotherm characterized
by different adsorption mechanisms.

occur simultaneously: multilayer formation and capillary
condensation. At a partial pressure close to unity, either all
pores are filled with N, and the isotherm reaches a plateau
because the saturation point is reached or multilayer forma-
tion continues in macropores and no saturation point in the
isotherm is observed. The latter situation is characteristic for
aggregate-type systems that possess macropores between
agglomerates.

In Figure 1, sorption and desorption isotherms for Ketjen
Black and Vulcan XC-72 carbon supports are shown. Both
isotherms are type Il according to IUPAC classification
(26, 27). Type Il isotherms are characteristic of systems
containing micropores because they exhibit a strong interac-
tion between adsorbate and adsorbent, which results in a
steep rise in the isotherm under low partial pressures. At
partial pressures close to unity, no saturation is observed,
which provides evidence for the presence of macropores and
which is interpreted as an indication of the presence of large
aggregates of particles.

It is extremely difficult to unambiguously deconvolute the
microstructure of carbon black supports and the arrange-
ment of primary carbon particles into agglomerates and
further deconvolute aggregates of agglomerates. However,
it may be assumed that the micropore-filling process, i.e.,
the filling of <2 nm pores, occurs in the primary carbon
particles, which themselves are ~30 nm in diameter (8, 23).
The micropores are thought to exist either between the
turbostratic graphite planes of the crystallites or between the
edges of two crystallites. The primary carbon particles
arrange into 100—300 nm agglomerates. Within these ag-
glomerates, mesopores of 2—20 nm diameter exist. Ag-
glomerates coalesce into chainlike aggregates, and a con-
tinuous network of pores, >20 nm, is formed in the
interstices. Shown in Figure 2 is a depiction of carbon black
particles, agglomerates of particles, and aggregates of ag-
glomerates; the corresponding micro-, meso-, and macropores
formed by these structures are indicated by arrows. In Figure
3, supporting transmission electron microscopy (TEM) im-
ages of carbon powders are shown.

IENAPPLIED MATERIALS 377

X INTERFACES

VOL. 2 « NO. 2 » 375-384 ¢ 2010




Micropores

Crystalline domain Primary particle

10-20A ~20 nm

» Meso & macropores

Agglomerate Aggregate

~100 - 300 nm ~1-3um

m FIGURE 2. Schematic representation of the microstructures of carbon black supports: turbostratic crystalline domain, primary carbon particle,
agglomerate, and aggregate of agglomerates. Representative micro-, meso-, and macropores are indicated by arrows.

<
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FIGURE 3. TEM micrographs of (a) Ketjen Black and (b) Vulcan XC-72 carbon aggregates.

It can be seen that carbon primary particles agglomerate
into spherical-like agglomerates of ~200 nm, which further
aggregate into larger entities of several micrometers, creat-
ing an extensive porous network. A similar character of
particle aggregation is observed for Ketjen Black and Vulcan
XC-72.

Both Ketjen Black and Vulcan XC-72 carbon supports
show hysteresis in the adsorption isotherms, but it is more
pronounced for Ketjen Black and extended to the wider
range of partial pressures, reaching the limiting hysteresis
partial pressure at 0.4 P/P,. The partial pressure of the
hysteresis closure is attributed to the tensile strength of the
liquid adsorbate because it is assumed that N, condenses in
pores at 77 K and possesses bulk properties of liquid N,. For
N,, independent of the nature of the adsorbent, the partial
pressure of 0.4 is found to be the critical pressure (13). Both
hysteresis curves are H3 type according to the IUPAC
classification, which is characteristic of aggregates of plate-
like particles giving a rise to slit-shaped pores and is common
for carbonaceous materials (26, 27). The pronounced hys-
teresis in the case of Ketjen Black carbon implies the
presence of a more extensively developed pore network
wherein the fraction of larger pores trapped within the
network of smaller pores is much higher (33—36). This is
consistent with the fact that Ketjen Black possesses a large
fraction of micropores and a broad PSD, as will be illustrated
later. The calculated BET SAs for both carbon supports were
found to be 890 + 64.3 m?/g for Ketjen Black and 228 +
3.57 m?/g for Vulcan XC-72, estimated in the range of partial
pressures 0.05—0.2 P/P,. The total pore volumes, calculated
at a partial pressure of 0.98 P/P,, are 1.02 £ 0.15 and 0.40
+ 0.02 cm®/g, respectively.

The PSDs of both types of carbon are estimated from the
adsorption branch of the isotherms to avoid the incorpora-
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FIGURE 4. PSD curves for Ketjen Black (squares) and Vulcan XC-72
(triangles).
tion of pore network effects in the PSD (13) and are shown
in Figure 4. PSD curves are very similar in shape with the
PSD maxima at ~55 nm. However, they differ significantly
in their total pore volumes, especially in the micropore-to-
mesopore region (2—20 nm), where Ketjen Black carbon
adsorbs a notably larger amount of N,.

The same trend in the shape of the isotherm and the
amount of N, adsorbed is seen in Pt/C powders (Figure 5).
Pt/Vulcan XC-72 powder, exhibiting a BET SA of 228.7 £
0.657 m?/g, possesses only ~'/5 the sorption capacity of Pt/
Ketjen Black powder, which has a BET SA of 639.2 +26.16
m?/g.

In both cases, hysteresis loops are identical with those of
the native carbon powders, i.e., observed in the range of
0.4—1.0 P/P, in the case of the Ketjen Black support and only
at pressures above 0.8 for the Vulcan XC-72 support.

The Harkins—Jura (eq 5) was used to determine the
t-thickness values over the entire range of partial pressures
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FIGURE 5. N, adsorption isotherms for Pt/Ketjen Black (squares) and
Pt/Vulcan XC-72 (triangles) catalyst powders.
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FIGURE 6. t plots for Ketjen Black and Vulcan XC-72 carbon supports
and corresponding Pt/C-supported catalyst powders: Ketjen Black
(circles), Pt/Ketjen Black (triangles), Vulcan XC-72 (diamonds), and
Pt/Vulcan XC-72 (triangles). Linear regions are used for t-plot
analysis.

and subsequently used to determine the microporosity of
the carbon supports by replotting of the adsorption iso-
therms as a ¢ plot, i.e., a plot of the quantity of adsorbed N,
against t (13, 15—18, 37) (Figure 6).

Two linear regions with differing slopes can be distin-
guished in the ¢ plots of the Ketjen Black support and Pt/
Ketjen Black catalyst powder. The first region of steeper
gradient is observed between 3.5 and 5 A; the second linear
region extends from 5 to ~10 A. This observation suggests
that there are two different adsorption phenomena within
the pores: one corresponding to dimensions of one or two
molecular diameters,and the other associated with pores
larger than two molecular diameters but smaller than the
diameter required for capillary condensation, which is ~20
A. This can be explained in the context of micropore filling
and the increased adsorption strength exerted by the pore
surface on the gas molecule. A single gas molecule in a pore
of similar diameter would experience enhanced adsorption
forces from both walls of the pore. In sharp contrast, only
one linear region with constant slope can be distinguished
for ¢ plots corresponding to Vulcan XC-72 and its Pt-
deposited analogue. The intercept of the linear region with
the y axis allows the volume of the micropores to be
estimated. The results are shown in Table 1.

www.acsami.org

From the table, it is seen that pores of size <2 nm
constitute ~25% of the total pore volume in Ketjen Black
carbon, whereas in the case of Vulcan XC-72, they constitute
only ~15% . From the BET SA and ¢-plot analysis, it appears
that the deposition of platinum significantly decreases the
total detectable SA of the Ketjen Black carbon support: from
890 m?/g for Ketjen Black to 639 m?/g for Pt/Ketjen Black.
The volume of the micropores (<2 nm) after platinum
deposition decreases by 30 % in the case of the Ketjen Black
support. Total SAs and pore volumes of Vulcan carbon and
Pt/Vulcan XC-72 are similar, indicating that the deposition
of platinum does not affect these microstructural properties:
228 m?/g for Vulcan XC-72 and 229 m?/g for Pt/Vulcan XC-
72; 0.40 £+ 0.02 cm?/g for Vulcan XC-72 and 0.06 =+ 0.002
cm?/g for Pt/Vulcan XC-72. The volume of the micropores
in the Vulcan XC-72 support does not seem to decrease after
platinum deposition (Figure 7).

The changes in the micropore filling volume after deposi-
tion of platinum onto the carbon supports were examined
by plotting the sorption isotherms in the logarithmic scale
so that the low-pressure region is accentuated, as shown in
Figure 8. Ketjen Black carbon support adsorbs ~59 cm?®/g
(STP) at a partial pressure of 107%. However, for Pt/Ketjen
Black, the amount adsorbed at this pressure decreased by
25% to 45 cm?/g (STP) after normalization to the carbon
content. In the case of Vulcan XC-72, the volume associated
with micropore filling is only 11 cm?®/g (STP) at a partial
pressure of 1074, i.e., significantly lower than that of Ketjen
Black carbon. Furthermore, after normalization to the car-
bon content, isotherms of Pt/Vulcan XC-72 and Vulcan XC-
72 carbon coincide, indicating no change in the micropore
volume upon platinum deposition on the Vulcan support.

These results are interpreted as blocking, or filling, the
micropores of the Ketjen Black support upon deposition of
platinum particles. It is speculated that particles block the
entrance of these micropores (<2 nm) because the sizes of
the platinum particles range between 2 and 4 nm (38).
Platinum deposition in the vicinity of the micropores can be
explained by the reactivity of the edge sites of crystallites
that exist at the entrances to the micropores that extend to
the inside of particles (refer to Figure 2). In the case of Vulcan
XC-72 carbon, where the fraction of micropores is less
significant, this phenomenon is not observed.

Three-Component CCMs. Isotherms of CLs were
examined in the form of CCMs. Sorption isotherms of CCMs
and the associated hysteresis are similar in shape to the
corresponding Pt/C powder isotherms but differ significantly
in the amount of gas adsorbed, as shown in Figure 9a,b.

Virtually all of the N, is adsorbed by the CL of the CCM
because the contribution from Nafion 211 is negligible (see
the Experimental Section). According to IUPAC classification,
isotherms for the CCMs exhibit typical type Il behavior, with
rapid uptake in the macropore region that can be interpreted
as evidence for the presence of large aggregates of particle
agglomerates in the CL. As the ionomer loading in the CL is
increased, the amount of adsorbed N, decreases, shifting
isotherms downward. This indicates a loss of the total pore
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Table 1.
Adsorption Isotherms®

Microstructural Characteristics of Carbon Supports and Pt/C Catalyst Powders Determined from N,

carbon support BET SAal, mzlgcarbon SAs> nm, mzlgcarbon

2
SA<2 nm, M /gcarbon

3 3
Vpore,[o[al, cm /gcarbon Vpore,<2 nm, CM /gcarbon

Ketjen Black 890.6 + 64.26 409.1 £19.46
Pt/Ketjen Black 639.2 & 26.16 294.1 &£ 19.60
Vulcan XC-72 227.7 £3.570 114.7 £1.930
Pt/Vulcan XC-72 228.7 £ 0.657 1325 £ 13.15

4815+ 61.24 1.02 £0.15 0.25£0.03
3452 £ 17.32 0.86 £0.06 0.18 £0.02
113.0 &£ 3.000 0.40 £0.02 0.06 £0.002
96.19 £ 13.13 0.39 £0.003 0.05 £ 0.01

“The BET SA was determined in the range of 0.05—0.2 N, partial pressure; the volume of micropores was determined from the intercept of
the t plot, the total pore volume from the total adsorbed gas amount at 0.98 partial pressure, SA of mesopores from the slope of the ¢ plot, and
SA of the micropores as the difference between the total SA and the mesopore SA.

1.2

mmm Pore volume total
1.0 4 =3 Pore volume < 2nm
0.8
0.6
0.4
0.2 § l L
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KB Pt/ KB Vulcan Pt/Vulcan

FIGURE 7. Total pore and micropore volumes of carbon and Pt/C
powders.
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FIGURE 8. N, adsorption isotherms for Ketjen Black carbon support,
Pt/Ketjen Black catalyst powder, Vulcan XC-72 carbon support, and
Pt/Vulcan XC-72 catalyst powder.

volume in the CL with increasing ionomer content. Hyster-
eses show type H3 characteristics, consistent with that of
carbon supports. In the case of Ketjen Black based CLs,
hysteresis is strongly pronounced over the entire range of
partial pressures down to 0.4 P/Py, as it is in the native
catalyst powder. In the case of Vulcan XC-72 based CLs, a
hysteresis similar to that of the Pt/Vulcan XC-72 powder is
seen in the CCM with 5 wt % ionomer. On the basis of the
shapes of hystereses and PSD curves, it is speculated that
the addition of ionomer to the Pt/C systems does not affect
their inherent agglomeration/aggregation characteristics;
ionomer distributes on the preformed porous carbon frame-
work, covering and filling the pores. Moreover, no influence
of the CL fabrication conditions on the microstructural
characteristics of carbon supports was detected (not shown
here). The total BET SA of CLs, total pore volume, volume,
and SAs of micro- and mesopores are estimated as described
in the Experimental Section. ¢ plots and PSD curves for
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FIGURE 9. (a) N, adsorption isotherms of Ketjen Black supported
CLs with 5, 10, 30, and 50 wt % ionomer. Isotherms for Ketjen Black
and Pt/Ketjen Black are shown for reference. (b) N, adsorption
isotherms for Vulcan XC-72 supported CLs containing 5 and 50 wt
% ionomer. Vulcan XC-72 and Pt/Vulcan XC-72 isotherms are shown
for reference.

Ketjen Black based CLs containing 5, 10, 30, and 50 wt %
ionomer and Vulcan XC-72 based CLs containing 5 and 50
wt % ionomer are shown in Figures 10 and 11, and the
results are summarized in Table 2 and Figure 12.

The volume of the micropores was calculated using the
intercept of the ¢ plot with the ordinate; however, in the case
of 30 and 50 wt % Pt/Ketjen/ionomer and 5 and 50 wt %
Pt/Vulcan/ionomer samples, the intercepts are negative,
indicating the absence of detectable micropores. For the Pt/
Ketjen Black case, the values of SA of the mesopores (>2 nm
diameter) at 30 and 50 wt % calculated from the ¢ plot
approach values found for the total BET SAs estimated from
the BET plots. In the case of Pt/Vulcan XC-72 at 5 and 50 wt
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FIGURE 11. (a) PSD curves for Ketjen Black supported CLs showing
the effect of CL ionomer loading on the pore volume and PSD of the
CLs. The PSDs of a Ketjen Black support and Pt/Ketjen Black are
shown for reference. (b) PSD curves for Vulcan XC-72 supported CLs
showing the effect of CL ionomer loading on the pore volume and
PSD of the CLs. The PSDs of a Vulcan XC-72 support and Pt/Vulcan
XC-72 are shown for reference.

% ionomer contents, the total BET SAs are equal to the SAs
of mesopores estimated from the ¢ plots.

With the addition of 10 wt % ionomer in the Pt/Ketjen
Black CL, the volume of the micropores decreases from an
initial 0.18 cm?/g for the catalyst powder to 0.02 cm?/g for
the CL. In the case of Pt/Vulcan XC-72 CL, the small initial
volume of the micropores in the catalyst powder, 0.05 cm?/
¢, was found to disappear after the addition of just 5 wt %
of ionomer, as shown in Table 2. The clear trend in the loss
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of micro/mesopore volume in Pt/Ketjen Black based CLs with
increasing ionomer content is seen in the PSD curves shown
in Figure 11a. The mesopore volume (2—20 nm), which
corresponds to the pore volume within agglomerates, as-
ymptotically decreases with the addition of ionomer, whereas
in the macropore region, i.e., pores > 50 nm, a drastic
decrease in the pore volume is observed only after the
addition of 50 wt % ionomer because macropores become
filled with ionomer. In the case of Pt/Vulcan XC-72 based
CLs, the addition of 50 wt % ionomer causes a complete loss
of porosity over the entire PSD range. These findings are in
contrast with the observations of Uchida et al.’s group, who
report that the primary pore volume within agglomerates
remainsunchanged withincreasingionomer content, whereas
the volume of secondary pores (meso- and macropores)
decreases (24, 25).

Summarized structural data of Ketjen Black and Vulcan
XC-72 carbon supports and Pt/C and Pt/C/ionomer systems
are depicted in Figure 12.

On the basis of these findings, it is postulated that at very
low ionomer content (5—10 wt %) ionomer exists in the
meso/macroporous void space formed between agglomer-
ates of carbon particles, presumably being distributed on the
surface of agglomerates. N,, being poorly soluble in the
ionomer, cannot penetrate the ionomeric layer and thereby
is restricted from entering both the micropores within
primary carbon particles and the mesopores formed in the
interior of agglomerates of primary particles. As the ionomer
content is increased, it covers more and more of the ag-
glomerate surface, resulting in the continuous loss of the
detectable micro- and mesopores. At ultrahigh loadings, the
ionomer completely fills meso- and macroporous voids,
resulting in nearly a complete loss of detectable porosity, as
illustrated in Figure 13.

CONCLUSIONS
N, adsorption was employed to study the microstructure

of CLs in PEMFCs and to explain the CL microstructure on
the basis of carbon black supports, Pt/C-supported catalysts,
and the formation of CLs. Carbon black particles, consisting
of turbostratic graphitic structures, coalesce to form ag-
glomerates and aggregates in the powder form. The char-
acter of carbon particle aggregation in powder form is
preserved in CLs, as evidenced by the similar shapes of
isotherms, hystereses, and PSD curves. Two commonly used
carbon supports, Ketjen Black and Vulcan XC-72, showed
significant differences in the total available SA, pore volume,
and fraction of micropores. Ketjen Black possessed signifi-
cantly higher SA, because of its higher proportion of mi-
cropores, <2 nm, and consequently much larger pore vol-
ume, compared to Vulcan XC-72.

The detectable micropore volume within Ketjen Black is
significantly reduced upon deposition of platinum particles.
This raises the question as to whether platinum is deposited
at the necks of pores or inside them. Edge sites of microc-
rystalline carbon domains are known to be highly reactive,
because of the unsaturated electron density, compared to
basal plane carbon (8, 39, 40). Higher SA microporous
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Table 2. Microstructural Characteristics of CLs*?

ionomer BET SAwtal, SAs2 nm. SA% nm» Vore.total» Vpore.<2 nm»

carbon support loading, wt % M?/Zcarbon M?/Zcarbon M*/carbon cmM’/Zearbon cmM>/Gcarbon
Ketjen Black 5 501.6 &= 29.00 209.3 £ 22.45 292.3 £ 18.34 0.70 £0.13 0.11 £0.02
Ketjen Black 10 206.8 = 19.55 1835+ 1.816 23.33 £ 19.55 0.46 £ 0.09 0.02 £ 0.01
Ketjen Black 30 137.1 £21.40 130.1 £0.119 6.21 £21.4 0.35 £ 0.01

Ketjen Black 50 24.9 +3.43 26.06 = 0.695 0.08 £ 0.01

Vulcan XC-72 5 1146 £5616 119.5 4+ 6.709 0.33 £ 0.05

Vulcan XC-72 50 24.8 £0.55 24.8 £0.55 0.02 £ 0.001

“The platinum loading is 0.4 mg/cm? in all CLs. ” The BET SA was determined in the range of 0.05—0.2 N, partial pressure, the total pore
volume from the total adsorbed gas amount at 0.98 N, partial pressure, the volume of the micropores from the intercept of the ¢ plot, the SA of

the mesopores from the slope of the ¢ plot, and the SA of the micropores as the difference between the total SA and mesoporous SA.
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FIGURE 12. (a) SAs of Ketjen Black, Pt/Ketjen Black, and the corresponding CLs showing the effect of platinum and ionomer loading on the
detectable SA of the examined systems. (b) SAs of Vulcan XC-72, Pt/Vulcan XC-72, and corresponding CLs showing the effect of platinum and
ionomer loading on the detectable SA of the examined systems. (c) Total pore volume (plain bars) and micropore volume (checked bars) of
Ketjen Black (black bars) and Vulcan XC-72 (gray bars) carbon supports, Pt/C, and the corresponding CLs.

carbon supports, such as Ketjen Black, are reported to
possess a larger number of edge sites; i.e., they are less
graphitized and thus more microporous. Thus, platinum
deposition may be initiated on the edge sites at the necks
of the micropores because deposition inside the pores is
unlikely as the platinum particle sizes are 2—4 nm. This
phenomenon was not observed in the case of Vulcan XC-72
because of its significantly lower fraction of micropores. By
extrapolation, it is predicted that changes in the microstruc-
tural characteristics of lower SA carbon supports, i.e., graphi-
tized carbon, would not be significantly influenced by
deposition of catalyst particles because of their low mi-
cropore volume, whereas the reverse is true for higher SA
carbon supports.
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CLs prepared with various ionomer contents retained the
key features of the sorption isotherms of the native carbon
powder. Ketjen Black based CLs exhibited hysteresis over a
wide range of partial pressures, from unity to 0.4 P/P,,
indicating a complex pore network within the CL. In con-
trast, Vulcan XC-72 based CLs showed hysteresis only
between partial pressures of unity to ~0.8 P/Py, which is
attributed to condensation—evaporation hysteresis rather
than to a pore-network-induced hysteresis (13).

CLs based on Ketjen Black were found to generally
possess higher detectable pore volumes than those based
on Vulcan XC-72 at identical ionomer loadings, especially
in the pore size range <20 nm. It is speculated that ionomer
distributes on the surface of agglomerates, covering the
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FIGURE 13. Schematic representation of platinum on the primary
carbon particles of Ketjen Black and Vulcan XC-72 and the proposed
distribution of ionomer on the surface of agglomerates. Micropores
are blocked, and meso- and macropores exist within aggregates of
agglomerates.

intra-agglomerate pores (<20 nm), and this occurs with quite
low ionomer loadings, e.g., as low as 5 wt % ionomer. These
findings are in agreement with agglomeration models pro-
posed by Eikerling et al. (23). For the purpose of fuel cell CLs,
it is essential that ionomer contents are maintained as low
as possible to sustain the appropriate void fraction for
gaseous mass transport to occur, while still being sufficient
for creating an ionomer network for proton conduction.
Indeed, significant blocking of the pore space by ionomer is
observed with higher ionomer loadings and to a consider-
ably larger degree in the case of Vulcan XC-72 based CLs.
This leads to an assumption that the widely accepted
optimum value of 30 wt % ionomer content in the CL cannot
be truly optimal for both of these carbon supports because
gas and water transport is expected to be hindered to a
greater degree in Vulcan XC-72 based CLs because of the
lower pore volume. Thus, it is suggested that optimum
ionomer loading has to be adjusted for each catalyst support
depending on its SA and pore volume, in particular, the ratio
of micropores to meso- and macropores, because it has been
found that only the SA of pores >20 nm is available for
ionomer distribution. Moreover, the lower the fraction of SA
available for ionomer distribution, the thicker the ionomer
layer created. The thickness of the ionomer has a direct
impact on gas and water transport in the CL.

The significance of incorporating high microporosity, i.e.,
high-SA supports, has to be further investigated because it
was found that a significant fraction of platinum particles
are deposited at the necks of the micropores, thus appar-
ently nullifying the effectiveness of this microporous space.
On the basis of this finding, it is speculated that micropores
(<2 nm) merely serve as active sites for platinum deposition
without contributing to enhanced fuel cell performance.

The presence of an extensive porous network within
Ketjen Black based CLs is indicated by adsorption hysteresis
and PSD curves. Pore-network effects are known to arise in
porous materials with broad PSDs, where larger pores are
trapped between smaller pores. A higher fraction of mi-
cropores to mesopores, i.e., a broader PSD, creates a condi-
tion for pore trapping in Ketjen Black based CLs, which is
absent in Vulcan XC-72 based CLs. This, in turn, has a direct
implication on the water retention properties of these CLs.

www.acsami.org

It is suggested that Ketjen Black based CLs possess a better
water-retaining capability and hence are suspected to per-
form better at lower relative humidities than Vulcan XC-72
based CLs. On the other hand, because of these pore-
trapping effects, Ketjen Black based CLs are expected to
suffer greater gas-transport limitations if operated at high
relative humidities. On the basis of these considerations, it
is suggested that, for anode CLs, catalyst supports with
broader PSDs and more pronounced pore-trapping effects
are advantageous, whereas for cathode CLs, materials with
rather narrow PSDs, which would facilitate water removal
from the layer, are desirable.

As is shown above, a better understanding of the micro-
structure of the CL is valuable for clarification of the existing
controversy about the composition and size of Pt/C ag-
glomerates, structure, and distribution of the ionomer in the
CL; currently, these properties are estimated by modeling
methods without substantiating experimental validation.
These microstructural properties, in turn, directly dictate the
mass-transport properties, such as sorption and retention
of water, the wetting properties of the CL, gas transport to
the reaction active sites, and proton transport within the
ionomer network.

A more detailed understanding of how a microstructure
within the CL is formed, depending on the nature of the
components, in particular, the carbon support, is valuable
for the design of more effective catalyst supports.

Work is ongoing toward an understanding of the porous
networks within CLs as well as toward correlation of the
microstructures presented here to the water sorption and
retention properties, gas transport, electrochemical proper-
ties, and overall electrochemical performance of these CLs
in a fuel cell.
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