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Influence of Nafion® ionomer on carbon corrosion
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Abstract Corrosion of the three carbon black materials
which differ in their textural, sub-structural, and morpho-
logical characteristics is studied in H,SO, electrolyte at
80 °C at positive polarization. Impregnation of carbon
blacks with Nafion® ionomer is found to strongly affect their
susceptibility to corrosion, which varies non-monotonically
as a function of the Nafion® loading. Low temperature
nitrogen adsorption is applied to study the distribution of the
ionomer molecules in the carbon matrix.
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1 Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are
considered as promising power sources for small stationary,
vehicle and portable applications due to their intrinsically
high thermodynamic efficiencies and environmental
friendliness [1]. Corrosion stability of carbon materials,
which are used as supports for fuel cell electrocatalysts, is
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of paramount importance for the long-term operation of
PEMFCs. In 1970s-1980s corrosion of various carbon
materials was extensively studied in H3;PO, medium in
relation to the development of phosphoric acid fuel cells
[2-5], and reviewed in a comprehensive treatise of Kinoshita
[6]. Kinoshita and Bett [2] suggested simultaneous occur-
rence of two parallel anodic reactions: formation of surface
oxides and evolution of CO,, the rates of both processes
decaying with time. Stonehart [3] discussed the correlation
between the electrochemical properties of carbon and its dyg;
spacing, while Giordano et al. [7] examined the dependence
of corrosion current on the concentration of oxygen-
containing groups. Influence of Pt on carbon corrosion has
also been explored [8, 9].

Recently, electrochemical corrosion of carbon attracted
much attention in relation to the research and development
of PEMFCs [10-16]. Various aspects were investigated and
discussed, namely the influence of the temperature [3, 4,
11, 17, 18], the electrode potential [3, 13], the presence of
water and the electrolyte concentration [4, 13, 19], the
structure and pretreatment of carbon materials [12, 20, 21],
and the catalytic effect of Pt [8, 9, 12, 16, 22]. However, to
the best of our knowledge, the effect of Nafion® on the
carbon corrosion has not been investigated yet. Consider-
ing that catalytic layers of PEMFCs usually contain
significant (from 10 to 50%) amounts of Nafion® for
improving their proton conductivity and increasing the
catalyst utilization, the knowledge of its influence on the
catalytic layer durability is essential. It is thus the aim of
this study to study the influence of Nafion® on the corro-
sion of carbon blacks. Vulcan XC-72 furnace black was
taken as the carbon support most widely utilized for the
fabrication of the catalytic layers for PEMFCs, while
acetylene black (AB) and thermal black T-900 were stud-
ied for comparison.
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2 Experimental
2.1 Materials

Carbon blacks utilized in this study, Vulcan XC-72
(Cabot), AB (Shawinigan), and T-900 (Omsk carbon black
plant, Russia), differ strongly in their specific surface areas
(decreasing in the range Vulcan XC-72 > AB > T-900),
the presence of micropores (present in Vulcan, but not
in the other two carbon blacks), the dibutyl phthalate
absorption (DBPA) numbers (high for Vulcan XC-72 and
AB, but low for T-900), and sub-structural parameters (the
interlayer spacing dy;, the size of graphite-like crystallites
in the direction parallel (L,) and perpendicular (L.) to
graphene layers) as represented in the Table 1.

2.2 Characterization of carbon materials

Textural characteristics of the carbon blacks, both pristine
and impregnated with Nafion®, were obtained from the
data on the N, adsorption measured at 77 K with an
automatic volumetric device ASAP 2400 (Micrometritics).
All samples were pre-treated at 373 K to a residual pres-
sure of ca. 0.13 Pa. The values of the BET surface area
Aggr were calculated from the adsorption isotherms at
relative pressures P/Py of 0.05-0.2 (here P, is the satura-
tion pressure). The volume of micropores V,, accessible to
nitrogen at 77 K was determined by the comparative
method of Karnaukhov et al. [23], which is similar to the
as-method of Sing and #-method of Lippens-de Boer [24].
The volume Vgjy and the surface area Agjy of the pores

between 1.7 and 300 nm were calculated from the
desorption branches of the capillary condensation hyster-
esis according to the BJH model [25]. The cumulative
pore volume of the pores with d < 10 nm (V,g) and with
d <300 nm (Vs) were calculated from the values of
adsorption at P/P, = 0.8 and at P/P, = 0.98, respectively.
The average mesopore diameters were calculated as
Dger = 4 Vs/Ager and Dgyy = 4 Veyu/Agyu [24, 25]. The
values of the surface and the volume of the pores were
calculated per gram of the starting carbon material.
Sub-structural parameters of carbon materials were
determined with URD6 X-ray diffractometer and Cu Ku
radiation using the procedure described in reference [26].

2.3 Solutions

Solutions were prepared from Milli-Q water (18 MQ cm),
H,SO, (puriss. Russia), isopropanol (puriss. Russia),
Nafion® (equiv. wt. 1100, 10 wt% dispersion in water,
Aldrich). Working electrodes were prepared by spreading
an ink prepared from a mixture of carbon and corre-
sponding amount of Nafion® on Toray TGP-H-060 paper
under Ar flow. For the ink preparation, a carbon speci-
men was suspended in 2 ml of isopropanol:water (3:2)
mixture and sonicated in an ultrasonic bath for 15 min,
then an aliquot of Nafion® dispersion in water was added
and the mixture was sonicated for another 15 min. The
samples were dried at 105 & 1 °C during 1.5h in a
furnace and mounted in an electrochemical cell filled
with 2 M H,SO, and purged with Ar. In order to ensure
that the electrodes were wetted by the electrolyte, they

Table 1 Textural, sub-structural, and morphological characteristics of carbon black samples impregnated with various amounts of Nafion®
Vulcan XC-72 Acetylene black T-900
Nafion® loading mg gc! 0.00 355 44.4 175 694 0.00 129 50.8 0.00 6.04
mg mg? 0.00 0.16 0.20 0.79 3.13 0.00 0.20 0.79 0.00 0.79
Surface area® (m? g7')  Aggr 222 205 173 70.7 70.6 64.3 64.7 58.8 7.64 6.57
Apin 89.6 96.0 91.1 90.7 70.0 46.6 47.8 45.0 5.22 5.57
Pore volume® (cm® g™ ') Vs~ 0.429 0.536 0.533 0.600 0.586 0.179  0.184 0.190 0.0241  0.0228
Vein 0.356 0.475 0.487 0.626 0.585 0.164 0.168 0.179  0.0224  0.0224
V, 0.026 0.018 0.008 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Vos 0.170 0.156 0.135 0.101 0.066 0.067 0.068 0.060 0.0075  0.0065
Vs — Vos 0.259 0.380 0.398 0.499 0.520 0.112 0.116  0.130  0.0166  0.0163
Vos — Vi 0.144 0.138 0.127 0.101 0.066 0.067 0.068 0.060 0.0075  0.0065
Mean pore size (nm) D) 7.7 10.5 12.3 22.8 33.2 11.1 11.3 12.9 12.6 13.9
D@1 des) 159 19.8 21.4 27.5 394 14.1 14.8 15.9 17.2 16.1
DBP absorption (cm>/100 g) 193 260 43
Substructural parameters  dyp (1&) 3.54 3.48 3.53
L. (A) 23 37 23
L, (A) 20 29 18

% The values are normalized to the mass of carbon black
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were soaked in it for 16 h before the start of the
measurements.

2.4 Electrochemical measurements

Electrochemical measurements were carried out in a three-
electrode glass cell at 80 £ 1 °C after deaeration with Ar.
The counter electrode was Pt foil and the reference was
mercury sulfate electrode (MSE) HglHg,SO42 M H,SO,4
connected to the cell via Luggin capillary. Electrode
potentials were controlled using Autolab PGSTAT100
potentiostat, and hereinafter are reported versus the
reversible hydrogen electrode RHE (Epgg = 0.61 V vs.
RHE). Corrosion currents were measured at 1.1 V versus
RHE for 1 h, and for selected samples for 72 h. Current
densities were normalized to the mass of carbon. In order
to exclude any artifacts arising from the oxidation of either
remaining solvent molecules or impurities originating from
Nafion® solution, blank experiments were performed. To-
ray paper was impregnated with Nafion® and the samples
obtained were subjected to positive polarization at 1.1 V
vs. RHE in 2 M H,SO4. For Vulcan XC-72, this back-
ground contribution was below 1%, while for T-900
approached 20%.

3 Results and discussion

Typical chronoamperogramms for the electrooxidation of
Vulcan XC-72 and AB are shown in Fig. 1. In agreement
with the literature data [2, 3], corrosion currents decay in
time following ¢~" law. The value of n is equal to 0.52 and
0.54 for Vulcan XC-72 and AB, respectively. Similar
behavior was observed for T-900 (not shown) with
n = 0.64. Long-term experiments showed no steady state
current even after 72 h of the electrolysis. The discussion
of the kinetics and the mechanism of the carbon corrosion
being beyond the subject of this communication, we turn to
the analysis of the influence of Nafion® on the carbon black
oxidation.

Figure 1 shows that impregnation with Nafion® ionomer
leads to remarkable changes in the oxidation currents for
Vulcan XC-72 and for AB. The amplitude of the current
first decreases, and then, above ca. 1 mgnafion maz,
increases. Simultaneously, the value of n slightly decreases
(from 0.52 to 0.42 for Vulcan XC-72 and from 0.54 to 0.40
for AB) and, above ca. 1 mgnafion mEZ, restores its original
value. These changes are reflected also in the cyclic vol-
tamogramms (CVs) of carbon blacks taken before and after
the corrosion measurements. These are shown for Vulcan
XC-72 in Fig. 2a, b. While CVs after the oxidation show a
significant increase of the double layer splitting due to the
formation of surface oxygen-containing groups, in partic-
ular quinine/hydroquinone, they scale with the amount of
Nafion® in the same order as before the oxidation (see
insets to Fig. 2a, b). As follows from the experimental data,
the variation of corrosion currents with the amount of
Nafion® is non-monotonic both for Vulcan XC-72, and for
AB.

In order to compare the influence of Nafion® on the
corrosion of different materials, currents after 100 s (j;o0)
and 3600 s (j3600) Of electrolysis are plotted in Fig. 3 as a
function of the Nafion® loading. We applied a formalistic
approach, and normalized the mass of ionomer to Aggr for
pristine carbon materials. As one may see, jigp and j3eoo for
Vulcan XC-72 and for AB obey similar inverted volcano-
like dependence, with a shallow minimum between 0.5 and
1.2 mgnafion mEz. However, for T-900 the current is scal-
ing down monotonically. Note that for Vulcan XC-72
1.0 mgnafion me? corresponds to ca. 15 wt% of Nafion®
which is comparable to the ionomer content in the catalytic
layers of the PEMFCs.

In order to rationalize the observed influence of Nafion®
on the corrosion of carbons, it is essential to understand
how ionomer molecules are distributed in their pore net-
work. Despite their importance for the performance of the
PEMEFCs, studies on the interaction of carbon materials
with ionomers are not numerous. The most systematic
studies were performed by Uchida et al. [27-31] who
explored the influence of (i) the carbon support porosity,

Fig. 1 Chronoamperogramms
of Vulcan XC-72 (a) and
Acetylene black (b) oxidation in
2 M H,SO, at 1.1 V vs. RHE.
Carbon blacks are impregnated
with (1) 0; (2) 0.16; (3) 0.20; (4)
0.79; (5) 1.56; and (6) 3.13 mg
Nafion® per mc? Note that
symbols do not correspond to
the actual data points
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Fig. 2 Cyclic voltamogramms measured at 0.01 Vs~' in 2 M
H,SO, a before electrooxidation and b after electrooxidation for
Vulcan XC-72 impregnated with different amounts of Nafion®: (1) 0;
(2) 0.16; (3) 0.79; (4) 3.13 mgNafion mEz;. Note that symbols do not
correspond to the actual data points. The inserts show the charge of
the anodic scans versus the Nafion loading
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b Acetylene Black, ¢ T-900
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(i1) the procedure employed for the preparation of the
catalyst layers, and (iii) the amount of ionomer on the
performance of a PEMFC. Based on the mercury porosi-
metry study of membrane-electrode assemblies prepared
from different carbon materials and various amounts of
Flemion® ionomer, they concluded that the ionomer mol-
ecules occupied 0.04-1.0 um pores between carbon
agglomerates (named “secondary pores” by Watanabe
et al. [32]) and did not penetrate into 0.02-0.04 pm pores
between primary carbon particles (named “primary pores”
[32]). The authors suggested that ca. 40 nm size colloidal
particles of Flemion® could not penetrate pores with the
diameter below 40 nm.

Recently Zawodzinski et al. [33] arrived at a somewhat
different conclusion. Based on the mercury porosimetry of
the membrane-electrode assemblies prepared from Vulcan
XC-72 with various amounts of Naﬁon®, they concluded
that the smaller pores (3.5-17 nm in diameter) are filled or
blocked by the ionomer, and suggested that in polar sol-
vents the latter exists in the form of rod-like particles with
the size between 1.5 and 2.5 nm depending on the ionomer
nature and the type of the solvent.

In this study, we employed low temperature nitrogen
adsorption for examining the porous structure of carbon
blacks impregnated with various amounts of Nafion® io-
nomer. Compared to the mercury porosimetry, this method
has an advantage of applying no deformation on the carbon
black aggregates, but it only allows the analysis of micro-
and mesopores with the size below 100-300 nm.

We start our discussion by considering the changes of the
textural characteristics for Vulcan XC-72, which has the
highest BET surface area and thus shows the most signifi-
cant changes upon impregnation with Nafion® (Table 1).
First of all, Aggr drops already at 0.16 mgnafion mEz
(corresponding to only 3.55 wt% of Nafion®), and then
decreases gradually as the loading of the ionomer is
increased. This goes along with the decrease of the micro-
pore volume V,, and the volume of mesopores in the
interval 2 nm < d < 10 nm calculated as Vg — V,,. This
finding suggests that both the micropores and small
mesopores are either filled or blocked by ionomer mole-
cules. Considering the size of the ionomer molecules, filling
of micropores is rather unlikely. Preferential adsorption of
the ionomer at micro/mesopore mouths can be explained by
higher adsorption potential of structural defects and by
retention of the solvent in the small pores by capillary forces
upon drying of the samples impregnated with the Nafion®.

It is interesting to note that decrease of the volume of the
pores with the size below 10 nm goes with the increase
of the volume of mesopores in the interval 10 nm <
d < 300 nm calculated as (Vs- — Vy ), and an increase of
the mean pore size Dggr and Dgjy. These changes can be
attributed to the effect Nafion® adsorption exerts on the
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structure of carbon aggregates. The morphology of carbon
black aggregates is characterized by the DBPA number [34].
The so-called “high-structure” carbons are composed of
branched aggregates of carbon globules, and are character-
ized by high (up to ca. 300 cm®/100 g) DBPA numbers. The
“low-structure” carbon blacks with non-aggregated carbon
globules have DBPA numbers close to 40 cm®/100 g. Vul-
can XC-72 is a high-structure carbon (see DBPA number in
the Table 1) comprising highly branched dendrite-like
aggregates composed of interconnected primary particles.
Such carbon materials swell when immersed in solvents, and
that is what happens during the ink preparation. The higher
the surface area of carbon [35, 36], and the more disordered
its crystalline structure [36], the larger is the extent of
swelling. While such swelling is reversible in pure solvents,
it will become irreversible as Nafion® adsorbs at the
micropore mouths and in mesopores. Hence, after drying
these carbon-Nafion® composites will have deformed
structure with larger volume (Vgjy), but constant surface
area (Agyy) of mesopores. And, this is exactly what we
observe for Vulcan XC-72 (Table 1). Deformation induces
strain, primarily in the contact areas between carbon parti-
cles, resulting in an increase of corrosion currents.

If our reasoning is correct, similar behavior must be
observed for other high-structure carbons. Indeed, AB
shows similar dependence of corrosion currents on the
ionomer loading. The textural characteristics also obey
similar trend (Table 1), although the extent of the changes
is much smaller in accord with the smaller surface area of
AB. Thus, Aggt slightly decreases, Vgyyg, DggT, and Dgyy
increase, while Agyy remains constant.

Thus, impregnation of carbon blacks with the ionomer
produces two counteracting effects: (i) its adsorption on the
surface of carbon, leading to the surface blocking and
decrease of corrosion currents, and (ii) structural defor-
mation of carbon aggregates resulting in the increase of
corrosion currents. Surface blockage by adsorbed Nafion®
has been described in a number of publications, e.g. for
glassy carbon [37], Pt [38, 39], carbon supported Pt [40],
and Au electrodes [39]. Maruyama et al. [37] attributed
suppression of the double layer splitting of glassy carbon to
the surface blocking by the hydrophobic perfluorocarbon
fragments of Nafion®. We studied Nafion® adsorption on
various carbon materials from water:isopropanol (1:1)
solution and found the monolayer adsorption capacity of
ca. 0.28, and 0.85 mg m~2 for Vulcan XC-72 and AB,
respectively. These values correspond fairly well to those
reported by Ma et al. [41] for adsorption from aqueous
solutions. The results of the adsorption study will be
reported in a separate publication.

Analysis of the electrochemical and N, adsorption data
suggests that corrosion suppression is not directly related to
the pore blocking but is rather connected to the adsorption

capacity of carbon materials. Indeed, the strongest sup-
pression is observed for AB (Fig. 3), which contrary to
Vulcan XC-72 does not exhibit significant blocking of the
pores below 10 nm (Table 1), but whose monolayer
adsorption capacity is significantly higher than that for
Vulcan XC-72. The higher monolayer adsorption may be
related to the more ordered structure of AB (cf. dyg,, L. and
L, values for AB and Vulcan XC-72 in the Table 1).

Note that the magnitude of the changes produced by
Nafion® adsorption and pore blocking/filling varies in the
course of corrosion (Fig. 3). This observation suggests that
the interaction of carbons with Nafion® is affected by the
electrode potential and/or their surface properties (e.g.
presence of functional groups) as inferred earlier in refer-
ence [37].

The second phenomenon, namely, deformation of car-
bon aggregates, is expected to increase as the amount of
Nafion® exceeds monolayer adsorption. It is thus likely
that the increase of corrosion currents for Vulcan and AB at
high Nafion® loadings is due to the described distortion of
carbon aggregates. Swelling and deformation of carbon
aggregates upon impregnation with Nafion® will produce
microstrains in the body of carbon black, especially in the
contact areas between the interconnected primary particles.
Structural imperfections, located in these regions, then act
as the active sites for corrosion attack.

If the above hypothesis is correct, corrosion currents for
low-structure carbon materials are expected to decay
monotonically with the amount of ionomer. In order to
verify this, we tested low-structure T-900 sample with
DBPA number 43, whose morphology is quite different
from that of Vulcan XC-72 or AB. And indeed, T-900
conforms to the expected behavior (Fig. 3). Moreover, an
increase of Vgyg, Dper and Dgjy, observed for Vulcan XC-
72 and AB, which according to our hypothesis is the fin-
gerprint of the aggregate deformation, has not been
observed for T-900.

Figure 4 illustrates schematically the phenomena dis-
cussed in this study. (1) Carbon black aggregates swell
when soaked in a solvent (this happens during the catalyst
“ink” preparation), and this results in the increase of the
pore volume. (2) Nafion®macromolecules adsorb at struc-
tural defects. (3) If the loading of Nafion® is small (A),
carbon globules relax to the original structure upon drying.
Corrosion of such composite material is slower than that of
the pristine carbon black, since Nafion® blocks the surface
sites most susceptible to the corrosion attack, in particular
in the contact points of primary particles. (4) If the amount
of Nafion® in the ink is large (B), drying of the ink results
in the condensation of some Nafion® macromolecules in
the pores between primary carbon particles. (5) This
prevents structural relaxation, and after drying carbon
aggregates retain their deformed expanded shape. The
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Fig. 4 Schematic (a)
representation of the interaction
of ionomer macromolecules
with high-structure carbon
blacks. See text for details

Soaking

Soaking

volume of small mesopores decreases not only because of
their blocking with polymer molecules, but also because of
their transformation into larger mesopores. Simultaneously,
the volume of large mesopores increases. (6) Deformation
of carbon aggregates leads to initiation of microstrain in the
contact areas between interconnected primary carbon par-
ticles. Electrochemical corrosion in the strained zones
(marked with white spots) is accelerated. While the (A)
scenario is possible both for low- and high-structure carbon
blacks, the (B) scenario can only be realized for high-
structure carbons. Hence, the difference in the behavior of
Vulcan XC-72 and AB on the one hand and T-900 on the
other hand. Corrosion attack in the contact areas between
primary particles may explain the thinning of cathode
layers of PEM fuel cells which occurs already at 5-10%
loss of the cathode mass.

4 Conclusions

Analysis of the electrochemical and the nitrogen adsorp-
tion data suggests that Nafion® adsorbs on the surface of
carbon blacks, blocks micropores, blocks or fills small
mesopores, and, at high loadings, leads to deformation of
carbon aggregates for high-structure carbon blacks. These
phenomena strongly influence the rate of the electro-
chemical corrosion of carbon black materials. The extent
of the influence varies depending on the porosity,
the aggregate morphology, and the crystallinity of carbon
materials.

Since Nafion® is an essential component of the state of
the art catalytic layers for the PEM fuel cells, the knowl-
edge of its influence is important for mitigating the deg-
radation processes of the membrane-electrode assemblies.

@ Springer

in a solvent containing
small amount of Nafion

in a solvent containing
large amount of Nafion

Drying

Drying

Further studies are required to better understand the inter-
action of Nafion with carbon materials, and to clarify how
an ionomer is distributed on their surface and in the pore
volume.
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