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a b s t r a c t

Nafion, within the anode and cathode catalyst layers, plays a large role in the performance of fuel cells,
especially during the operation of the direct formic acid fuel cell (DFAFC). Nafion affects the proton
transfer in the catalyst layers of the fuel cell, and studies presented here show the effects of three different
Nafion loadings, 10 wt.%, 30 wt.% and 50 wt.%. Short term voltage–current measurements using the three
different loadings show that 30 wt.% Nafion loading in the anode shows the best performance in the
miniature, passive DFAFC. Nafion also serves as a binder to help hold the catalyst nanoparticles onto the
proton exchange membrane (PEM). The DFAFC anode temporarily needs to be regenerated by raising the
anode potential to around 0.8 V vs. RHE to oxidize CO bound to the surface, but the Pourbaix diagram
O poison
orrosion

predicts that Pd will corrode at these potentials. We found that an anode loading of 30 wt.% Nafion showed
the best stability, of the three Nafion loadings chosen, for reducing the amount of loss of electrochemically
active area due to high regeneration potentials. Only 58% of the area was lost after 600 potential cycles
in formic acid compared to 96 and 99% for 10 wt.% and 50 wt.% loadings, respectively. Lastly we present
cyclic voltammetry data that suggest that the Nafion adds to the production of CO during oxidation of
formic acid for 12 h at 0.3 V vs. RHE. The resulting data showed that an increase in CO coverage was

Nafio
observed with increasing

. Introduction

The increasing demand for small, portable electronic devices
ecessitates the need for the design of small-scale power devices.
s a result, batteries and fuel cells have been miniaturized with

he goal of maintaining large energy densities. At the present time,
uel cells show an advantage over batteries. Fuel cells are able to

aintain a high power density with a decrease in size [1].
Miniature fuel cells are a major contender to replace small-scale

atteries and lithium ion batteries in the future. Lithium ion batter-
es show a drastic reduction in energy density as the total system
olume is decreased [2]. As catalysts, membranes and fuel deliv-
ry/waste removal systems are optimized, fuel cells could in fact
e a lower cost energy source than small-scale batteries.

Complete optimization (finding new membranes or catalysts)
s often not needed to show improvement in current fuel cells. For

xample, simply by changing the thickness of the membrane [3] or
omposition of the catalyst ink/catalyst layer [4–11], better perfor-
ance can be achieved. However, a well-designed catalyst layer is

he most important aspect of a well-performing fuel cell [12].

∗ Corresponding author. Tel.: +1 217 333 6841; fax: +1 217 333 5052.
E-mail address: r-masel@illinois.edu (R.I. Masel).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.04.001
n content in the anode catalyst layer.
© 2010 Elsevier B.V. All rights reserved.

The DFAFC is a good choice for miniaturization because it
requires virtually no balance of plant components, and it has a high
power output compared to other liquid fuel choices, e.g. methanol
[13–15]. Although the intrinsic energy content of formic acid is
lower than methanol (two electrons per molecule of formic acid
vs. six electrons per molecule of methanol), formic acid makes up
for this shortcoming, because formic acid can be used in higher
concentrations than methanol. This is due to the fact that formic
acid has a lower crossover rate than methanol [16–19]. Jeong et
al. found that the rate of methanol crossover increases six times
as fast as formic acid when compared at the same concentrations
[17].

While proton conduction is mainly attributed to the membrane
used in the fuel cell, an adequate dispersion of Nafion ionomer must
also be present within the catalyst layer to ensure efficient proton
conduction to the membrane. Passalacqua et al. studied the distri-
bution of Nafion and the effects on structure and performance of
the catalyst layer for hydrogen fuel cells [20,21]. This paper used an
illustrative figure to explain why the optimum Nafion loading is not

at either extreme of Nafion loadings. At very low Nafion loadings
there may be poor proton conduction through the catalyst layer,
and there may be low adhesion to the PEM. On the other hand, at
high Nafion loadings, there is poor electrical connection between
the catalyst particles, and the electron has a difficult time leaving

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:r-masel@illinois.edu
dx.doi.org/10.1016/j.jpowsour.2010.04.001
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temperature using a Solartron potentiostat (SI 2187). To obtain
VI curves, the cell was placed in a Teflon holder, built in house,
as depicted in Fig. 2. The fuel cell was held in the Teflon holder
by tightening screws on each corner of the holder. Approximately
1 mL of 12 M formic acid (Fluka, HPLC grade) fuel was placed in the
406 R.D. Morgan et al. / Journal of P

he catalyst layer. While this study was for the hydrogen fuel cell,
he qualitative results can still apply to liquid fuel cells.

However, the structure of the anode must be different in a liquid
uel cell. There are two reasons why liquid fuel cells must have a
ifferent anode structure. The first reason is the need for the fuel
o wet the surface of the catalyst. The second is that while fuel

ust wet the surface and internal pore structure, there must be
dequate room for gaseous products to be removed—CO2 for the
ase of methanol and formic acid oxidation [22–24]. Shin found
hat colloidal Nafion produced the best fuel cell results. This was
ecause the Nafion did not block the pores within the catalyst layer
25]. Tucker et al. showed that a higher pore volume improves the
erformance of a direct methanol fuel cell (DMFC) [26]. This is likely
chieved at lower Nafion loadings, since Poltarzewski et al. showed
hat at higher Nafion loadings films were observed on the surface
27]. These films would not allow for adequate infusion of the liquid
uel and removal of the gaseous products.

It was shown by Boyer et al. that the proton conductivity of a cat-
lyst layer prepared with Nafion solution is directly proportional to
he volume fraction of Nafion within the catalyst layer [28]. Chenitz
nd Dodelet found that equal volumes of Nafion and palladium
ave the best performance in the DFAFC [29]. However, Thomas
t al. found that there are benefits having lower Nafion loadings in
he catalyst layer. They hypothesized that the lower Nafion load-
ng decreases the thickness of the catalyst layer, which could then
llow more catalyst particles to come in contact with the membrane
or adequate proton conduction, which would even be enhanced
fter hot pressing [30]. McGovern et al. found that, upon the addi-
ion of Nafion to the surface, the surface areas were suppressed
uring cyclic voltammetry [31]. The general shape of the CV did
ot change; however, there was an overall reduction in peak cur-
ents. It was determined that Nafion reduces apparent surface area
s well as formic acid oxidation current by blocking electrochemi-
ally active catalyst sites. Kang et al. studied how Nafion aggregates
nd processing temperature affected the performance of the fuel
ell. The main conclusion from their work was that smaller Nafion
ggregates show better catalyst utilization and thus better fuel cell
erformance [32].

Nafion is, however, a necessary binder for the anodes and cath-
des of fuel cells. It is also a strong acid, which can catalyze the
ehydration of small organic molecules such as formic acid. In fact,
ates and Schwab published work, which studied the dehydration
f formic acid using polystyrene sulfonic acid [33]. Gates found
hat the polystyrene sulfonic acid could catalyze the dehydration of
ormic acid directly to CO with no traces of CO2. This was verified
sing gas chromatography. Since Nafion is similar to polystyrene
ulfonic acid, it too may catalyze the dehydration of formic acid to
O. In addition it has been shown that using 5 M formic acid, no
ppreciable amounts of CO at 0.3 V vs. RHE accumulate on a pal-
adium surface compared to platinum at the same conditions after
h [34].

Here we present our work on three representative Nafion load-
ngs with applications to the miniature DFAFC. We studied the
ffect of the three different Nafion loadings on fuel cell perfor-
ance. We also studied how three different Nafion loadings affect

lectrochemical area loss after potential cycling in formic acid and
O accumulation during constant voltage operation.

. Experimental methods
.1. Fabrication of the fuel cells

The fuel cells were fabricated using the method presented in
3]. 25 �m-thick stainless steel plates with 2 mm diameter holes
ere used as current collectors. Adhesive was transferred to a
Fig. 1. A top and side view of the assembled stainless steel foils and Nafion mem-
brane. Dimensions are listed where necessary.

PDMS puck, and the adhesive was then transferred to the stainless
steel foils. A small piece of conditioned Nafion® 117 membrane
(Ion Power) was then sandwiched between these two stainless
steel plates and the metal–membrane assembly was cured at
110 ◦C for 20 min. The fuel cell was then hot-pressed at 90 ◦C for
2 min at an appropriate pressure. The fabricated fuel cell and its
dimensions can be seen in Fig. 1.

2.2. Preparation of catalyst inks for fuel cell

The anode catalyst ink was prepared by mixing Pd black (Aldrich,
high surface area) with 5% Nafion solution (Ion Power), 18.2 M�
Milli-Q water, and isopropanol (Sigma–Aldrich, >99.5%) in an
appropriate ratio, and then ultrasonicating the mixture in an ice
bath. The cathode ink was prepared in the same manner using
Pt black (Alfa Aesar) using the same method. The cathode Nafion
content was maintained at 17 wt.%. This was chosen based upon
previous work [3] and also the fact that over long periods of times,
the anode limits the fuel cell performance [35]. The ink was then
applied to the 2 mm diameter exposed Nafion® using the direct
paint method. The amount of Nafion in the anode catalyst layer
was varied based upon Eq. (1). The values used for the experiments
were 10 wt.%, 30 wt.% and 50 wt.%.

wt.% Nafion = 0.05(mass of Nafion)
mass of catalyst + 0.05(mass of Nafion)

(1)

The final loadings of the anode and cathode were estimated to
be roughly 15 mg cm−2.

2.3. Fuel cell VI testing

All electrochemical measurements were performed at room
Fig. 2. The fuel cell from Fig. 1 is placed in the Teflon housing for electrochemical
testing.
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ig. 3. Polarization curves for the miniature DFAFC showing the performance
ependence on Nafion loading in the anode catalyst layer. The Nafion loading in
he cathode catalyst layer was maintained at 17 wt.%.

node reservoir, while the cathode was exposed to quiescent, ambi-
nt air. Once a steady open circuit potential was obtained, the VI
urve was measured. The potential was stepped from open circuit
o 0.1 V. Several VI curves were obtained until the curves stabilized.

.4. Cyclic voltammetry and chronoamperometry

Because our interest was in isolating the effects of Nafion loading
n the fuel cell anode, a standard three-electrode electrochemical
ell with Solartron potentiostat (SI 1287) was used for electrochem-
cal measurement. The palladium catalyst ink was made by adding
mg Pd black (Aldrich, high surface area), an appropriate amount
f Nafion based upon Eq. (1), and 1 g of 18.2 M� Milli-Q water. The

nk was then ultrasonicated, and 12.5 �L was applied to the tip of
gold electrode. Platinum gauze (Alfa Aesar, 52 mesh woven from
.1 mm diameter wire, 99.9%) was used as the counter electrode,
nd a Ag/AgCl/sat’d KCl reference electrode (BAS) was separated
rom the working electrode via a Luggin capillary. All solutions used

ig. 4. SEM images showing anode catalyst layers with various Nafion content. (A) Palla
0 wt.% Nafion.
ources 195 (2010) 6405–6410 6407

were degassed by bubbling high purity argon through them. Cyclic
voltammetry in 0.1 M H2SO4 (GFS, double distilled) was performed
in order to determine electrochemical surface areas by analyzing
the area under the hydrogen desorption peaks. The potential was
scanned from 0.02 to 1.2 V vs. RHE. Electrochemically active area
loss studies were then performed using an electrochemical cell and
12 M formic acid with 0.1 M H2SO4. The potentials were scanned
between 0.02 and 1.45 V vs. RHE. The sulfuric acid was added to
maintain a constant pH to stabilize the reference electrode poten-
tial. The working electrode was rotated at 2000 rpm (Princeton
Applied Research, Model 616) in order to avoid CO2 accumulation
on the surface. The electrochemically active surface area loss was
then characterized by placing the working electrode in a 0.1 M sul-
furic acid solution and scanning from 0.02 to 1.2 V vs. RHE. Using the
hydrogen desorption peaks, the electro-active area was determined
and compared to the areas from before.

For CO build-up studies, initial areas were measured using
cyclic voltammograms in 0.1 M H2SO4. The working electrode was
then placed in 12 M formic acid with 0.1 M H2SO4 and rotated at
2000 rpm. The potential was held at 0.3 V vs. RHE for 12 h. The CO
adsorbed on the surface was then measured using CO stripping
cyclic voltammetry in 0.1 M H2SO4 scanning between 0.02 and 1.2 V
vs. RHE.

Integration of either the hydrogen peaks or the CO stripping
peak can be used to calculate the charge passed for the one or
two electron process, respectively. The catalyst oxidation por-
tion of the CV is subtracted from the CO peak resulting in the
charge passed only for CO oxidation. It is widely accepted that
palladium can be characterized in this manner, where the surface
area from the hydrogen peaks is determined from the relation-
ship of 210 �C cm−2 and from the CO peaks by the relationship of
420 �C cm−2 [36–41].

3. Results and discussion
3.1. Fuel cell results

Fuel cell polarization curves are shown in Fig. 3 using 12 M
formic acid as the fuel. It can be seen that the 30 wt.% Nafion cata-

dium with 10 wt.% Nafion, (B) palladium with 30 wt.% Nafion, (C) palladium with
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yst layer shows the best performance of the three Nafion loadings
hosen. Each of the three cases shows very similar open circuit volt-
ges; however, in the high current density region, the 30 wt.% fuel
ell has the best performance. These results can be substantiated by
xamining the SEM (Hitachi S-4700 High Resolution SEM) images
f the anode catalyst structures with varying amounts of Nafion.
rom the SEM images in Fig. 4, it is clear why 50 wt.% Nafion does
ot show higher performance in the miniature fuel cell. At this level
f Nafion loading, there is a Nafion film that forms on the surface
f the catalyst layer, which leaves very few exposed catalyst clus-
ers. This was also observed by Poltarzewski et al. [27]. This Nafion
lm also could offer a mass transfer limitation, which could drasti-
ally decrease the performance of the fuel cell. While performance
oss in the mass transfer region is not manifested in the miniature
FAFC because the absolute currents are small, it could drastically
ecrease performance in the larger scale DFAFC where the absolute
urrents are on the order of amps. Mass transfer limitations would
e apparent by using lower concentration formic acid. However,

t is not desirable to operate a DFAFC with lower concentrations
ue to the reduction in fuel energy content. There are also sub-
le differences between 10 wt.% and 30 wt.% Nafion loading. In the
mages with 30 wt.% loading, there is enough Nafion for adequate
roton conductivity but not so much that it forms a polymer film as

n the case of the 50 wt.%. In the 10 wt.% image, there is obviously
ess Nafion, which may not allow for adequate proton conductivity,

hich can also be seen by the slight increase of slope in the VI curve
f Fig. 3.

.2. Electrochemical surface area studies

The loss of electrochemical surface area with varying amounts
f Nafion in the palladium anode catalyst was investigated by per-
orming potential cycling in 12 M formic acid. In order to isolate
he effects of anode composition, the following experiments were
one using a three-electrode electrochemical cell. Figs. 5–7 show
ycles 1 and 80 of 600 in formic acid for the cases of 10 wt.%, 30 wt.%
nd 50 wt.% Nafion, respectively. Because the currents of the 600th
ycle for each were very small, they were not included in the figures
or clarity. Active area is lost in each of the three cases, however, at
he completion of the 600 cycles 10 wt.% and 50 wt.% showed the

ost dramatic loss. To quantify the loss of palladium, the electro-
hemical surface area before and after cycling in formic acid was

easured in 0.1 M H2SO4 by cyclic voltammetry. The systems with

0 wt.% and 50 wt.% showed the highest overall loss in area. These
ere 96 and 99%, respectively. However, for 30 wt.%, the loss in

rea was only 58%, which is much smaller compared to the other

ig. 5. Cyclic voltammograms for a 10 wt.% Nafion loading showing the loss of activ-
ty for cycle 1 and cycle 80 of 600 in 12 M formic acid and 0.1 M H2SO4. Cycle 600
ies on the x-axis. The scan rate was 50 mV s−1.
Fig. 6. Cyclic voltammograms for a 30 wt.% Nafion loading showing the loss of activ-
ity for cycle 1 and cycle 80 of 600 in 12 M formic acid and 0.1 M H2SO4. The scan rate
was 50 mV s−1.

two cases. For each system, the potential was scanned from 0.02
to 1.45 V vs. RHE to include portion of the CV that includes the
palladium deactivation by surface oxidation. While these potential
cycles do not depict what is happening during normal operation of
a fuel cell, they do depict what happens during a regeneration step.
The formic acid fuel cell produces CO, which is strongly bound to
the palladium surface. Due to this poison, the fuel cell must be peri-
odically regenerated by raising the potential of the anode to oxidize
the poison. CO is oxidized from the surface at a potential between
0.8 and 0.9 V vs. RHE [42]. However, upon inspection of the Pour-
baix diagram, palladium corrodes between 0.8 and 1.2 V vs. RHE at
a pH of 1 [43]. Potentials above 1.2 V vs. RHE do not add to the dis-
solution of Pd. According to the Pourbaix diagram from 1.2 to 1.45 V
vs. RHE, palladium is passivated. This can explain why a loss of area
during the potential cycles is seen. For the 10 wt.% case, there is lit-
tle binder to hold the palladium nanoparticles in place during the
cycles. This resulted in a large amount of palladium being exposed,
which readily dissolved into the solution. For the case of 50 wt.%,
there is a thick polymer film which forms over the catalyst layer.
This leaves a much smaller number of active sites exposed that
are available to do the oxidation reaction. This polymer layer also
allows for slower dissolution of the Pd, which explains why in Fig. 7
there is not a substantial loss of activity after 80 cycles. However,

only after 600 cycles is the substantial loss observed. While fewer
palladium sites may dissolve during the potential cycles, there were
far fewer active sites exposed at the beginning of the experiment.
For this reason, it can be assumed that a large fraction of the pal-

Fig. 7. Cyclic voltammograms for a 50 wt.% Nafion loading showing the loss of activ-
ity for cycle 1 and cycle 80 of 600 in 12 M formic acid and 0.1 M H2SO4. Due to the
polymer film, the dissolution of palladium is slower, and the 99% surface area loss
is not manifested until after all 600 cycles. The scan rate was 50 mV s−1.
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dize the CO from the surface. The data still suggest that there is
R.D. Morgan et al. / Journal of P

adium that was exposed did in fact corrode, which resulted in the
9% loss of area. A 30 wt.% composition was much more stable in
erms of area loss than the other two cases. This can be attributed
o the fact that there was an adequate amount of binder in the
atalyst layer, which did not allow the palladium to readily cor-
ode. However, there was not an overwhelming amount of Nafion
o cause the polymer film on the catalyst surface, as in the 50 wt.%
oading. Transmission electron microscopy, TEM, was done using a
EOL 2100 Cryo TEM, to determine if particle agglomeration played
major role in the loss of performance. In each of the three cases,

he particles grew from 7.5 ± 1.7 nm to 10.6 ± 2.2, 11.8 ± 2.3 and
1.0 ± 2.0 nm, respectively. The final nanoparticle sizes are fairly
lose, which indicates that particle agglomeration is not the main
ause of loss of performance. The major contributing factor to the
oss of performance can be attributed to the corrosion of palladium
uring potential cycling, which is the case during the regeneration
tep for the DFAFC.

.3. Catalyst poison build-up studies

Catalyst poison build-up studies were also performed using
he same three Nafion compositions, 10 wt.%, 30 wt.% and 50 wt.%.
nitial electrochemical surfaces areas were measured using the
ydrogen desorption peaks of cyclic voltammograms in 0.1 M
2SO4. The initial cyclic scans were also to ensure that the cata-

yst surface was clean. This was followed by chronoamperometry
n 12 M formic acid with 0.1 M H2SO4 for 12 h to allow the poi-
on to accumulate on the surface of the palladium. The palladium
orking electrode was held at 0.3 V vs. RHE to allow CO accu-
ulation, while not allowing any CO to oxidize off the surface.

he amount of CO coverage was then characterized by perform-
ng further cyclic voltammograms in 0.1 M H2SO4. The areas under
he CO peak were corrected by subtracting the area under the
xidation portion of the CV, and the hydrogen desorption peaks
ere then corrected by subtracting the base line due to the dou-

le layer charging. These corrected areas were then compared to
etermine the amount of CO surface coverage. The CO and hydro-
en peaks for 10% Nafion loading are shown in Fig. 8. Comparing
he areas for these two peaks showed that the CO build-up after
he 12 h chronoamperogram lead to a 57% coverage of the elec-
rochemically active surface area. Similar cyclic voltammograms

ere obtained for 30% and 50% Nafion loadings. They are illus-

rated in Figs. 9 and 10. By analyzing the CO and hydrogen peaks
or these two cases, the coverage was calculated to be 60 and 64%,
espectively. There is an apparent trend which shows that as the

ig. 8. CO stripping cyclic voltammogram on palladium for 10 wt.% Nafion loading.
he scan rate was 10 mV s−1.
Fig. 9. CO stripping cyclic voltammogram on palladium for 30 wt.% Nafion loading.
The scan rate was 10 mV s−1.

Nafion loading is increased there is an increase in the amount of
CO present after the chronoamperogram. In order to determine
whether this trend was due to Nafion loading or inconsistencies
in catalyst preparation, an experiment was performed with only
palladium and no Nafion. The cyclic voltammogram obtained is
shown in Fig. 11. The resulting CO coverage for the case of just
palladium was 32%. While the data show that CO build-up on
bare palladium nanoparticles over 12 h in 12 M formic acid does
occur, this is drastically less than the CO coverage with Nafion.
Although Larsen et al. showed that in 5 M formic acid negligible
CO building is observed holding palladium at 0.3 V vs. RHE for 1 h
compared to Pt at the same conditions [34], the experiments here
used 12 M formic acid and lasted 12 h. Therefore, it is reasonable
to expect that there is some CO build-up on the surface. However,
the build-up of CO could be enhanced by impurities in the formic
acid, such as methyl formate and acetic acid [44,45]. Impurities may
enhance the accumulation of CO during constant voltage opera-
tion. The impurities, however, do not play a role during potential
cycling, because the catalyst reaches potentials sufficient to oxi-
an additional effect when Nafion is added to the catalyst layer.
The increase in CO production with increased Nafion loading aligns
well with the observations of Gates. Gates and Schwab reported

Fig. 10. CO stripping cyclic voltammogram on palladium for 50 wt.% Nafion loading.
The scan rate was 10 mV s−1.
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ig. 11. CO stripping cyclic voltammogram on palladium for 0 wt.% Nafion loading.
he scan rate was 10 mV s−1.

hat the acid sites in polystyrene sulfonic acid can catalyze the
irect dehydration of formic acid to CO [33]. Nafion is a stronger
cid than polystyrene sulfonic acid due to the number of fluorines,
hich withdraw electrons from the sulfonic acid group (–SO3

−).
herefore, Nafion could catalyze the dehydration more readily than
olystyrene sulfonic acid. As the Nafion loading is increased, the
umber of acidic sulfonate sites is also increased. Therefore, there
re a greater number of these sites which cause the formic acid
ehydration, so as the number of sites is increased, so would the
roduction of CO. This CO could then migrate from the acidic sites
ithin the Nafion to the palladium where it remains strongly bound

35].

. Conclusions

Several electrochemical methods were used to study the effects
f Nafion loading on the direct formic acid fuel cell. Short term fuel
ell tests show that 30 wt.% gives the best performance of the three
afion loadings chosen. This is because it offers a balance between
roton conduction and the ability to bind the catalyst. It also does
ot produce mass transfer limitations. In addition, it was shown
hat during the regeneration, performance loss can be obtained due
o the dissolution of palladium at low pH and high potentials. A
oading of 30% Nafion showed the best stability in terms of active
rea lost after potential cycles. Lastly, it was shown that there is a
orrelation between CO build-up and the amount of Nafion present
n the anode catalyst layer. As the amount of Nafion increases, the
mount of CO coverage increases: 57% for a 10% Nafion loading, 60%
or a 30% Nafion loading and 64% for a 50% Nafion loading. While
hese data were obtained with the miniature direct formic acid fuel
ell in mind, these results are also applicable for larger scale formic
cid fuel cells. Therefore careful consideration needs to be taken
hen determining the proper amount of Nafion to use.
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