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ABSTRACT

The proton conductivity of Nafion 117 was measured under various conditions of humidity and temperature usin a
four-electrode ac impedance method. The conductivity of this membrane without heat-treatment was ca. 7.8 X 10 S
cm' at ambient temperature and 100% relative humidity; it varied strongly with the humidity and heat-treatment of the
membrane. After heat-treatment, the membrane showed a slight dependence of conductivity on temperature. From 21 to
45°C, its conductivity at a given relative humidity decreased with increasing temperature, while from 45 to 80°C it
increased with temperature.

Nafion 117® is a proton conducting ion-exchange mem-
brane which is now receiving much attention due to its use
as an electrolyte in the polymer-electrolyte-membrane
fuel cell (PEMFC), which is of great interest for electric
vehicle propulsion.' The performance of the PEMFC is
strongly dependent on the humidification of the mem-
brane, since membrane resistance changes drastically with
water content. The water balance of the fuel cell is also
extremely complicated. During the cell reaction in the
PEMFC, the anode side (fuel side) of the membrane is
readily dried up by the electro-osmotic drag of the proton,
while the water produced in the cathode reaction diffuses
back to the anode side. Analysis of the performance of a
PEMFC requires reliable conductivity data for the mem-
brane electrolyte at different humidities in combination
with water uptake,4-1 water diffusion,8 gas diffusion prop-
erties,914 etc.

The ionic conductivity of membranes has been measured
conventionally using an ac impedance method with two
electrodes.6-8'15'6 Using this two—electrode method for a
material with a low resistance, a high frequency (from 1 to
6 kflz) is needed to separate membrane resistance from
inteefacial capacitance, while the measurements can be
practically affected by the electric fields produced by
other instruments, especially in the high-frequency range.
Cahan and Wainright,'7 however, reported that they used a
four-electrode system for impedance measurements and
successfully measured membrane impedance, which is
separated from interfacial capacitance over a wide range
of frequency from dc to 10 Hz. Deslouis and others used a
four-electrode impedance method to study ionic conduc-
tivity of electronically conductive polymers,'8'19 and also
mentioned the necessity of using a four-electrode arrange-
ment to measure the very low impedance of membranes.

In this study, using this four-electrode ac impedance
method, the dependence of conductivity on both relative
humidity and temperature is reported. The results are dis-
cussed in terms of the extent of water uptake from the
vapor phase.4-7

Experimental
Pretreatment of Nafion 117.—A commercial Nafion 117

membrane from Du Pont de Nemours and Company was
pretreated in the conventional way described in the liter-
ature.20'2 First, it was boiled in a 3% H205 aqueous solu-
tion for 1 h, rinsed in boiling deionized water repeatedly,
boiled in 0.5 M H2S04 for 1 h, and finally rinsed again in
deionized water. After this treatment, the membrane was
stored in deionized water.

Conductivity measurements.—The pretreated mem-
brane was fixed in a cell (Fig. la), which consists of two
platinum foil electrodes 3 cm apart to feed current to the
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sample (3 x 1 cm2), two platinum needles 1 cm apart to
measure the potential drop along the film near the center,
a Plexiglas framework, and copper screws to fix these
electrodes. The cell was placed in a double-mantled vessel
with leads as shown in Fig. ib, in which the thermostatic
water was circulated in the jacket to keep the sample at
the desired temperature. During measurements, the
humidity was controlled, while the temperature of the ves-
sel was fixed at 20, 30, 45, 60, 70, and 80°C. The humidity
in this vessel was controlled by mixing water-saturated
nitrogen gas with dry nitrogen gas. Both relative humidity
(RH) and temperature inside the glass vessel were detect-
ed simultaneously using a sensor unit (Testo 601, Gmbh &
Co.), which was placed close to the sample. This cell con-
figuration allows the memhrane to be exposed to the
atmosphere directly and to respond sensitively to alter-
ation in relative humidity.

Using the cell, the conductivity of the membrane was
then measured in the longitudinal direction, and was cal-
culated using the equation

11 = l/RS lii
where cr, I, R, and S denote the ionic conductivity, distance
between the reference electrodes, the resistance of the mem-
brane, and the cross-sectional area of the membrane,
respectively. To simplify the analysis, we assumed the thick-
ness of the membrane to be 200 Ism. The impedance meas-
urements were carried out in the frequency region from 60
mHz to 6 MHz using a frequency-response analyzer
(Solartron Model 1255 H. F. frequency analyzer) and poten-
tiostat (Solartron Model 1286 electrochemical interface).

When the conductivity of the membrane without heat-
treatment was measured, the water attached on the sur-
face of the membrane was removed with filter paper just
before it was positioned in the cell. The cell was then
placed in the glass vessel, and the sample was dried using
a stream of dry nitrogen gas. After the measurements
under various humidification conditions and tempera-
tures, this membrane was heat-treated at normal atmos-
pheric pressure for 10 h. During this heat-treatment, the
membrane was still tightly fixed to the cell to avoid
change in the position of the electrodes.

Immediately after heat-treatment, the membrane was
set in the glass vessel into which the humid nitrogen gas
stream with ca. 80% RH was supplied. After a constant
conductivity was obtained, the membrane was exposed to
dry nitrogen gas, and then the conductivity measurements
under various humidification conditions and temperatures
were begun; relative humidity was varied in step sizes of 5
to 10%. When we increased the humidity, we observed a
change in the conductivity, at a constant frequency of 100
Hz, for more than 1 h. It took about 30 mm to reach a con-
stant conductivity with increasing humidity, while it took
several hours with decreasing humidity. When a constant
conductivity had been obtained, it was measured in the
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Fig. 1. Apparatus for measuring proton conductivity under expo-
sure to a stream of humid gas. (a, top) Cell with four platinum elec-
trodes and (b, bottom) glass vessel in which to set the cell folder.

frequency region from 60 mHz to 6 MHz. The conductivi-
ty of the membrane was thus measured after heat-treat-
ments at 80, 105, and 120°C.

It was difficult in practice to obtain the same conductiv-
ity for different membranes. To compare the dependence

of conductivity on temperature and humidity, the measure-
ments were thus made on the same membrane. Thereafter,
we checked the conductivity again using different mem-
branes and observed the same dependence.

Results and Discussion
Impedance measurements—Figure 2 shows a typical

example obtained by the ac impedance method using four
electrodes; this was obtained using the membrane without
heat-treatment under 100% RH. As shown in Fig. 2, we
observed an impedance independent of frequency over the
range from 100 to i0 Hz. This meant we were able to sep-
arate membrane resistance from interfacial resistance in
this frequency region. Using a Bode plot, we first checked
the frequency region over which the impedance had a con-
stant value. The resistance of the membrane was then
obtained from a Cole-Cole plot. For instance, the conduc-
tivity calculated in Fig. 2 is 7.8 X 102 S cm', almost iden-
tical with that calculated from two-electrode impedance
measurement using a swollen membrane.6'7'5 When the
two-electrode system was used, the resistance was usually
measured in the tranverse direction (i.e., across the mem-
brane as in a PEMFC). In Nafion, protons migrate via water
molecules absorbed in the micropores. Since Nafion has an
amorphous structure with micropores, it is reasonable to
expect an isotropic proton movement which is indepen-
dent of the direction of the measurement.

Basic proton conductivity of Nafion 117.—Conductivity
measurements were carried out using a membrane without
heat-treatment and with heat-treatment at 80, 105, and
120°C. Just after the heat-treatment, the membrane per-
formed like an insulator. Figure 3 shows the change in
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Fig. 2. Typical expression of impedance analysis using four-elec-
trode impedance method, using (a, top) Bode type plot and (b, bot-
tom) Cole-Cole type plot.
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Fig. 3. Change in conductivity after the heatireahnent at 80°C
under an RH of 80%.

conductivity of the membrane after heat-treatment at
8 0°C. When this membrane was first placed in the gas
stream and the relative humidity varied up to ca. 80%, the
conductivity increased rapidly with relative humidity and
reached a constant value after 30 mm. We maintained this
membrane under the same conditions for 24 h and
obtained almost the same conductivity. After heat-treat-
ment at 105 and 12 0°C, we observed the same type of
change in conductivity when the membrane was first
exposed to a humid condition.

Figure 4 shows the change in membrane conductivity
with increasing heat—treatment temperature. The change
in membrane structure and water uptake performance
after heat-treatment was reported by Yeo and Yeager,22
who described three different forms of the membrane. The
membrane without heat-treatments was called E-form
(expanded form), and the membranes which were heat-
treated at 80 and 105°C were N-form (normal form) and 5-
form (shrunken form), respectively. According to a previ-
ous study, the membrane is supposed to have a porous
structure.24 When the membrane is heat-treated at 80°C,
some of the micropores are attached to each other, and
some are closed by the thermal treatment. When the mem-
brane is heat-treated at 105°C, the shrinkage of the mem-
brane further increased. This is because the Nafion-type of
membrane has a glass-transition temperature of about
110°C, at which value molecular motions take place more
easily.25 This molecular motion changes the structure of
the membrane and causes a lower water content of the 5-
form than of E- and N-forms. According to Ref. 4, the
amount of water uptake from liquid water decreases from
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Fig. 4. Conductivity of Nafion 117 using the membrane 10) with-
out heat-treatment (E-farm), with heat-treatment at (•) 80°C (N-
form), (fl 105°C (S-farm), and (A) 120°C (FS-form).

0.37 (E-form) to 0.22 (N-form) and to 0.18 g H20/g dry
membrane (S-form). The amount of water absorbed from
the vapor phase is even less than that from the liquid
phase, and also decreases with increasing heat-treatment
temperature.4 Furthermore when the proton conductivity
is measured, protons located near the sulfonic groups

0 migrate via water molecules. Thus a lower water content
of the membranes results in a decrease of proton carriers,
and hence a lower proton conductivity. The membrane
heat-treated at 120°C shows a lower conductivity than
that heat-treated at other temperatures (E-form, N-form,
and S-form). As stated above, Nafion has a glass-transi-
tion temperature of 110°C. The fuel-cell electrodes are
normally hot-pressed to the membrane at still higher tem-
peratures. The difference in the conductivity at 105 and
120°C indicates that the membrane shrinks further (FS-
form) at the higher temperature; the difference in the con-
ductivity is, however; very small. For a further analysis,
the extent of water uptake from vapor phase is needed.

Dependence of conductivity on relative humidity and
temperature—Figure 5 shows the dependence of the con-
ductivity of Nafion 117 on humidity and temperature. The
conductivity of this membrane depends strongly on
humidity and slightly on temperature. The measurement
at 80°C using the E-form of the membrane was not possi-
ble since, at this temperature, the conductivity of the E-
form decreased rapidly to that of the N-form.

The temperature dependence of conductivity can be
described as follows. When the conductivity was measured
at 20, 30, and 45°C at the same value of RH, it decreased
with increase in temperature as shown in Fig. 5a, c, e, and
g. It then increased when the temperature was increased
from 45 to 80°C as shown in Fig. Sb, d, f, and h. The rela-
tionship between ionic conductivity and temperature can
be expressed by the Arrhenius relation

a = A exp (—E/RT) [2]

where a, A, E, P and T denote the ionic conductivity, fre-
quency factor; activation energy for ionic conduction, gas
constant, and temperature, respectively. This equation
indicates that the conductivity of the membrane should
increase when the temperature of the sample increases. In
contrast, the series of results obtained here at 20, 30, and
45°C could not thus be explained using the above equation.

The water uptake of the membrane from the vapor phase
at different temperatures has been measured in our labora-
tory with RH fixed at 100%. The water uptake decreased
drastically between 20 and 45°C, while above 45°C it was
rather constant. Comparing these results to those obtained
in the conductivity measurement, we can say that the
decrease of conductivity between 20 and 45°C was due to
the decrease of water content in the membrane. Above 45°C
the membrane had a fairly constant amount of water, and
the increase in conductivity with temperature from 45 to
80°C can be explained on the basis of the Arrhenius equa-
tion. Analysis of the water uptake measurements will be
made elsewhere.

References 4 and 5 reported water uptake of membranes
from the atmosphere. In these reports, polynomial equa-
tions of order three were fit to the relationship between rel-
ative humidity and membrane water content, To our
knowledge, no scientific reason has been shown for the
order of this polynomial equation. The curves in Fig. 5
could also be well fit using the following equation, espe-
cially under high-humidity conditions (RH = 40 to 100%),
though we have no scientific reason yet for this order

a = a + Ox + cx2 + dx3 [3]

where a and x denote ionic conductivity and relative
humidity, respectively, and the coefficients of a, 5, c, and d
are listed in Table I.

According to Eq. 3 and Table I, the conductivity at 100%
RH was calculated at temperatures of 45, 60, 70, and 80°C.
Using these results, the activation energies for proton con-
duction, according to Eq. 2, were calculated and are shown

100 150 200
time/mm.
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Fig. 5. Conductivity dependence on temperature and relative humidity. (a) Conductivity measured at 20, 30, and 45°C using the membrane
of the E-form. (bj Conductivity measured at 45, 60, and 70°C using the membrane of the E-form. (c) Conductivity measured at 20, 30, and
45°C using the membrane of the N-form. (dl ConductIvity measured at 45, 60, 70, and 80°C using the membrane of the N-form. (e)
Conductivity measured at 20, 30, and 45°C using the membrane of the S-form. (f) Conductivity measured at 45, 60, 70, and 80°C using the
membrane of the S-form. (g) Conductivity measured at 20, 30, and 45°C using the membrane of the FS-form. (h) Conductivity measured at
45, 60, 70, and 80°C using the membrane of the FS-form.
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Table I. Coefficients for the polynomial Eq. 3.

Structure
of the

membrane

Temperature for
measurement

(°C)
a

(10-s S cm')
S

(10° S cm1)
c

(10_B S cm')
d

(10_B S cm_B)

F-form 20a
30
45
60
70

—19.8
—8.01
—1.75
—3.41
—1.56

16.6
6.72
1.45
2.73
1.21

—34.5
—11.6

0.0161
—2.67

1.01

28.4
11.8
3.45
5.72
3.95

N-form 20
3Øa
45
60
70°
80

—11.2
—5.74
—3.18
—2.84
—8.36
—1.45

9.73
4.58
2.80
2.51
7.35
1.57

—22.9
—9.80
—6.55
—6.17

—17.5
—4.55

19.7
9.81
7.63
8.18

16.3
8.86

S-form 20°
36°
45
60
70
80'

—7.52
—3.78
—3.89
—3.65
—4.62
—4.66

6.23
3.13
2.87
3.24
3.78
4.13

—14.6
—7.45
—6.42
—8.32
—9.02

—10.3

12.4
7.46
6.31
8.77
9.34

11.0
FS-form 20'

3Qa
45
60
70
80

—7.59
—3.35
—2.58
—3.80
—7.02
—7.49

5.61
2.72
1.74
2.92
5.23
5.82

—12.4
—6.53
—3.87
—7.36

—12.5
—14.1

10.2
6.20
4.11
7.65

11.5
13.4

'polomial Eq. 3 does not fit specially at RH less than 40%.

in Table II. The activation energy was less than 2 kJ mol'
for all forms of membranes.

In this type of low-temperature proton conductor, proton
migration is primarily by the Grothuss mechanism. In this
mechanism, the proton which forms an H3O ion jumps to
the neighboring lone pair of electrons of a water molecule.
For such a mechanism, the activation energy for proton
conduction should be about 14 to 40 kJ moY';26 however,
the values obtained in this work are much smaller than
those reported in Ref. 6, 15, and 16. One explanation could
be that the membrane in our measurement was fully
exposed to the atmosphere. At higher temperature, the
membrane keeps less water, and this decrease in water con-
tent causes a lower conductivity. On the contrary, accord-
ing to Eq. 2, the conductivity increases with temperature.
These two phenomena simultaneously influence the mem-
brane conductivity and thus yield an apparent activation
energy of less than 2 kJ mol' for proton conduction. The
relatively small values of the activation energies suggest a
Grothuss mechanism for proton conduction in Nafion 117.

As noted above, the proton conductivity depends highly
on the relative humidity. For a relative humidity of less
than 20%, the conductivity decreased drastically. Further,
with an RH of less than 15%, Nafion 117 behaved like an
insulator; indicating the absence of proton migration in
Nafion without enough hydration. Using the data on water
uptake from the vapor phase reported in Ref. 4-7, the pro-
ton conductivity was plotted vs. water content (it = mol
H7O/mol SO3H) as shown in Fig. 6. The value for it was cal-
culated for various levels of humidity conditions, using the
equations shown in Ref. 4 and 5. Although the proton con-
ductivity was supposed to be linearly proportional to the
water content of the membrane,7 two different regions are
observed in Fig. 6. Between it = 2 and 4, the proton con-
ductivity increased exponentially; when the water content
was higher than it = 5, it increased linearly with water con-
tent. Moreover, this figure indicates that at least two
water molecules per sulfonic unit are required for proton
conduction.

This analysis suggests the following mechanism for
water uptake. When it is 2, the hydrated water can be
divided into two groups; (i) water molecules are strongly
localized near the sulfonic group because of strong
hydrogen bonding. At the same time, these molecules do
not permit other water molecules to localize near the sul-
fonic groups; (ii) water molecules, attached to the mem-
brane via another water molecule, are held together by a
weak hydrogen bond. The results obtained here indicate

that this type of loosely attached water molecules is
essential for proton migration. This is the reason that
proton conductivity is detected only above it = 2. With
water absorption being more than A = 2, the migration
channels for protons are connected to each other; and
thus the proton conduction rapidly increases with water
content. This phenomenon could thus be described by a
percolation mechanism.27 Further, as previously reported,
a proton drags water molecules by electro-osmotic drag
during its migration;67 the number dragged is 1 to 3 per
proton. Including the water localized strongly on the sul-
fonic unit, four water molecules are needed for the best
proton migration in the membrane. This number coin-
cides with the initial value of the linear increase of pro-
ton conductivity.

Conclusion
Proton conductivity of Nafion 117 was measured

before and after heat-treatment at 80, 105, and 120°C,
respectively. The proton conductivity of the membrane
without heat-treatment was ca. 0.09 S cm' at RH =
100%. Heat-treatment of membrane decreases the con-
ductivity due to the change in its structure.

After heat-treatment, the dependence of conductivity
on relative humidity was measured. This measurement
revealed the strong dependence of conductivity on rela-
tive humidity. Although this dependence had been
expected, such accurate measurements had not been
realized previously because a four-electrode impedance
measurement was not made. At least two water mole-
cules per sulfonic unit are essential for proton conduc-
tion, and, between it = 2 and 4, the proton conductivity
increases exponentially with increase of water content.
Above it = 4, this relationship is linear.

The conductivity of the membrane decreases with
increase of temperature from 20 to 45°C due to loss of
water from the membrane at the higher temperature. In
contrast, above 45°C the conductivity increases with tem-
perature because the water content in the membrane
remains rather constant. The activation energy obtained
above 45°C was less than 2 kJ mol1.

Finally, we should mention that the proton conductivi-
ty of Nafion heat-treated at 105 and 120°C offers impor-
tant parameters from a practical viewpoint. This is
because, when PEMFC is fabricated, the membrane is
usually hot-pressed with platinum electrodes at a tem-
perature higher than 100°C; Nafion has a glass-transition
temperature around this temperature. In addition, the
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loading temperature of PEMFC is normally 80°C. Thus,
the data we obtained, i.e., the dependence of conductivi-
ty on relative humidity after heat-treatment at 105 and
120°C, is important for the mathematical modeling of a
PEMFC performance.
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Table II. Activation energy for proton migration calculated
at RH = 100%.

Membrane structure E-form N-form S-form FS-form

Heat-treated
temperature (°C)
Activation
energy (Es) (kJmo11)

— 80 105 120

1.1 1.3 1.1 1.8
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