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Characterization of electrosprayed Nafion films
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Abstract

Nafion has long served as a benchmark material when evaluating the performance of proton conducting membranes used in PEM fuel
cells. Traditionally, the membranes are either extruded from dry polymer or cast from a liquid polymer solvent solution. Recently, a different
technique for fabricating membranes has been developed. The new approach exploits electrostatic spraying, or electrospraying, to deposit
PEM films, with the longer-term goal of fabricating membrane-electrode assemblies using this technique. The focus of this paper is to
compare the proton transport and physical properties of electrosprayed membranes with those of extruded Nafion.

Audio frequency complex impedance studies of the electrosprayed membranes were conducted at a variety of temperatures and pressures
over a wide range of membrane water contents. The results are compared with similar data for Nafion 117 and for membranes cast from
the electrosprayed solutions. Water uptake, dimensional changes, and electrical conductivity measurements indicate that extruded, cast,
and electrosprayed Nafion films are similar, with the exception that the electrosprayed Nafion absorbs as much as 15 wt.% water more than
the other two membranes with only a slight increase in conductivity. The activation volumes for electrosprayed Nafion are also consistent
with those for Nafion 117 and concur with proposed mechanisms for proton transport in Nafion membranes. As in Nafion 117, a dielectric
loss peak appeared in the electrosprayed Nafion at low temperatures after heating in vacuum at 380 K, further demonstrating the similarity
between the two materials.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Nafion has long served as a benchmark material when
evaluating the performance of proton conducting mem-
branes used in PEM fuel cells[1]. Traditionally, the mem-
branes are either extruded from dry polymer or cast from
polymer solutions in appropriate solvents. Recently, a new
approach for fabricating membranes and catalyst layers has
been proposed[2] that is based upon electrostatic polymer
processing, namely electrospraying and electrospinning. A
long-term goal is the fabrication of membrane-electrode
assemblies (MEAs) using these techniques to control cata-
lyst composition, porosity, and wettability within the MEA.
Electrospraying and electrospinning can afford particles
and fibers with diameters of 100nm or less, suggesting that
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nanostructured electrolytes and electrodes may be obtained
by judicious choice of materials and electrostatic process-
ing parameters. Moreover, these electrostatic processing
approaches may have applicability to other polymer-based
electrochemical devices including batteries, capacitors, and
electrochromic and electroluminescent displays. The focus
of the present paper is to compare the proton transport prop-
erties of electrosprayed Nafion membranes with those of
cast films and commercial membranes[3]. Electrospraying
of a PEM represents the first step toward the fabrication of
an MEA using electrostatic processing. Also, characteriza-
tion of electrosprayed Nafion itself is important for future
work directed toward electroprocessing of electrode layers
containing Nafion.

Electrospraying of polymer particles or films is typi-
cally accomplished by applying a strong electric field (ca.
1–3 kV/cm) to a polymer solution. By providing a small
pressure at one end of a fluid reservoir and a small orifice
at the other, a fine jet can be generated when the solution
is charged beyond the Rayleigh limit[4]. This thin, unsup-
ported liquid column will break up into small droplets due
to a Rayleigh instability. (In the case of electrospinning,
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not discussed here, chain entanglements at higher polymer
concentrations stabilize the jet and allow fiber formation.)
The resulting droplets are charged and, as solvent evap-
orates, droplet diameter decreases and increasing charge
repulsions lead to fragmentation into smaller droplets. The
resulting droplet diameters can be quite small, frequently
in the sub-micron regime. The charged droplets can be
collected and, depending upon the solvent evaporation
rate, dry particles or wet droplets can be deposited onto a
grounded target. Electrospraying of a solution of Nafion in
alcohols is an example of the latter, and leads to the de-
position of free-standing films achieved by coalescence of
wet droplets. Hence, proton exchange membranes can be
directly deposited by this approach. Electrospraying of solu-
tions is anticipated to facilitate bonding of the sprayed layer
to a film on the target (e.g., catalyst on proton exchange
membrane), affording good molecular adhesion at this crit-
ical interface. We use the phrase ‘Nafion solution’ rather
loosely as such systems are believed to contain multi-chain
aggregates rather than truly dissolved polymer chains[5].

2. Experimental

A solution of 5 wt.% Nafion in a mixture of lower aliphatic
alcohols and water (Aldrich) was electrosprayed from a
syringe using a blunted needle and an applied voltage of
20 kV and approximately 5 ml of solution delivered at a
rate of 2 ml/h. The solution was deposited onto a rotating
Teflon-coated mandrel which remained grounded at all times
and was located approximately 7 cm from the needle tip
(Fig. 1). Films with thicknesses of approximately 50–60�m
were removed from the mandrel.

Studies were carried out on commercially extruded Nafion
117 (E.I. DuPont de Nemours), electrosprayed Nafion and
on cast Nafion membranes which were made from the same
starting material as for the electrosprayed samples. The
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Fig. 1. Schematic representation of an electrospraying apparatus.

electrosprayed and cast membranes were approximately
0.05 mm thick and it was verified that the commercial
Nafion 117 was approximately 0.18 mm (0.007 in.) thick.
All samples used in the electrical conductivity and activa-
tion volume studies were approximately 10 mm in length
and 6 to 8 mm in width. The samples used in the dilatation
studies were approximately 20 mm long.

Samples were dried for several hours in vacuum and
transferred to a room temperature, atmospheric pressure
glove box with a water content of less than 1.0 ppm. Sam-
ples remained in the glove box for several days and the mass
and dimensions were measured in situ. Samples used in the
dielectric relaxation studies were loaded into the experimen-
tal cell while in the glove box. The cell was then transferred
to a temperature controlled dewar and the samples were
heat-treated under vacuum at approximately 380 K for an
additional week. Materials used in the electrical conduc-
tivity and activation volume studies were transferred from
the dry glove box to a chamber where the relative humidity
was controlled by an ETS model 514 automatic humidity
controller using an ETS 5612C ultrasonic humidification
system. After allowing the samples to reach equilibrium,
the mass and dimensions were again measured.

Electrosprayed Nafion samples with various water con-
tents were sealed inside Viton tubing and transferred to a
high-pressure vessel. Impedance arcs were measured at room
temperature at various pressures ranging from atmospheric
pressure to approximately 0.25 GPa (2500 bars).

While the samples remained in the chamber, the audio
frequency complex impedance of the samples,Z∗ = Z′ −
jZ′′, was measured using a CGA-83 capacitance bridge, a
Hewlett-Packard 4194A impedance/gain-phase analyzer or
a 1255 Solatron frequency response analyzer connected to
a Solatron 1296 dielectric interface.

Additional samples of Nafion-117 (DuPont) and electro-
sprayed Nafion were allowed to dry under ambient con-
ditions then cut into strips, packed parallel to each other
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and placed into 5 mm NMR pyrex glass tubes containing
0.05 ml of distilled water. Extreme care was taken so that
the membranes were suspended above the surface of the
water, allowing clear separation between the membrane
strips and the water surface. This was necessary so as to
allow equilibration of the membrane by the water vapor and
to ensure that the membranes were at 100% RH during the
measurements. The sample tubes were sealed and allowed
to stand upright for 14 h prior to the NMR measurements.

1H NMR spectra, self-diffusion coefficients and spin-
lattice relaxation times (T1) were obtained on a Chemagnet-
ics CMX-300 spectrometer in which the Larmor frequency
for protons is 301.02 MHz. The temperature range inves-
tigated was 20–87◦C, with 20–25 min intervals between
temperature changes. Pure distilled water was used as the
proton reference, with a pulse width of 15�s. Self-diffusion
coefficients were obtained using the NMR-PGSE technique,
which consists of the Hahn spin echo pulse sequence[6]
(π/2− τ − π) with square shaped magnetic gradient pulses
applied after each RF pulse[7], using a Nalorac Z-Spec
gradient probe. The gradient strengths (g) ranged from 0.2
to 1.2 T/m, while the time interval between two gradient
pulses (∆) and the duration of a single gradient pulse (δ)
ranged from 0.4 to 3 ms and 5 to 15 ms, respectively.

Gradient calibration was done on distilled water at
25◦C where the self-diffusion coefficient is known to be
2.29×10−5 cm2/s. Uncertainties in diffusion measurements
are about 3–5%. Spectra were obtained by the Fourier trans-
form of single pulse FIDs, with pulse delays of at least 5
T1s. Spin-lattice relaxation times were obtained by inversion
recovery, which involves aπ − τ −π/2 pulse sequence with
about 12–15τ values, again with a pulse delay greater than
5 T1. T1 was obtained by fitting the exponential recovery
to [A∞ − A(t)]/A∞ = C exp (−τ/T1) whereA∞ andC are
fitting constants. The uncertainty in theT1 determinations
is ∼3%.

3. Results and discussion

3.1. Sample swelling with water uptake

Fig. 2 shows the observed percent change in length from
the dry state as a function of wt.% water uptake. The per-
cent change in length versus water content is essentially
the same for all of the materials for water contents up to
approximately 15 wt.%. The cast and electrosprayed Nafion
samples show slightly less swelling at high water content
than is observed for Nafion 117.

3.2. Electrical conductivity versus water content

All complex impedance diagrams were similar to those
previously reported for Nafion[1]. An impedance arc is
observed at high frequencies and is attributed to the bulk
properties and a slanted line is observed at low frequencies
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Fig. 2. Percent change in length vs. water content in wt.%. The open
squares are for Nafion 117, the closed triangles are for electrosprayed
Nafion and the open circles are for Nafion membranes cast from the same
liquid Nafion solution as the electrosprayed membranes.

attributed to electrode effects. The nonzero intercept of the
arc withZ′ axis is taken to be the bulk resistance of the sam-
ple. The data were transformed to electrical conductivity,σ,
using techniques described elsewhere[1]. For the calculation
of the electrical conductivity, it was assumed that all dimen-
sions changed in a fashion similar to that shown inFig. 2.

The electrical conductivity results for various values of
water content are shown inFig. 3. The most striking feature
of Fig. 3 is the similarity of Nafion 117, cast Nafion and
electrosprayed Nafion in the region of typical water uptake
by Nafion 117. The spread in the data is more representative
of the uncertainty in the measurement than of any signifi-
cant difference in the conductivity of the samples. Since the
conductivity removes dimensional dependence, this figure
adds confidence that the data are representative of the bulk
properties of the material and are not controlled by surface
effects.
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Fig. 3. Electrical conductivity vs. water content in wt.% at room temper-
ature.
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Fig. 4. Activation volume vs. water content in wt.% at room temperature.
The open squares are for Nafion 117 and the closed triangles are for
electrosprayed Nafion. The data for Nafion 117 are previously published.1

However, the electrosprayed sample exhibits one impor-
tant difference. Under normal conditions (room temperature
and pressure), the electrosprayed Nafion absorbs as much
as 15 wt.% water more than the other two membranes with
only a slight increase in conductivity. The reason for this
additional water uptake is not clear at the present time.

3.3. Electrical conductivity versus pressure

The water content of each sample was determined by
comparing the low-pressure conductivity with the results
from Fig. 3. The pressure derivative of conductance was
converted to the pressure derivative of conductivity using
the equations and the estimates of the compressibility given
elsewhere[1]. The apparent activation volume,�V, was
calculated using

�V = −kT

[
d lnσ

dp

]
T

(1)

Fig. 4 is a plot of�V versus water content for electro-
sprayed Nafion and Nafion 117. The data for Nafion 117 are
those previously reported[1]. At a water content of approx-
imately 0.2 wt.% electrosprayed Nafion has an activation
volume of 24.3 cm3/mole. This is consistent with the Nafion
117 data and is consistent with segmental motion playing
a large part in electrical conductivity at low water content.
The smaller values of�V observed at higher water contents
are consistent with water-like proton transport as is the case,
for example, in the Grotthus or vehicular mechanisms.

3.4. Electrical relaxation in electrosprayed nafion heated
under vacuum

Impedance data can be transformed into the apparent com-
plex dielectric constant,ε∗, given by

ε∗ = ε′ − jε′′ (2)
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Fig. 5. Imaginary part of the dielectric constant vs. frequency at three
temperatures for electrospray Nafion dried in situ.

The imaginary part of the dielectric constant,ε′′, can be
expressed in term of the conductivity,σ:

ε′′ = σ

ε0ω
(3)

whereω is the angular frequency andε0 is the permittivity
of free space.

While no special features were observed in the electro-
sprayed Nafion prior to heating, a new feature (dielectric
loss peak) appeared in the electrosprayed Nafion at low tem-
peratures after heating in vacuum at 380 K.Fig. 5shows the
imaginary part of the dielectric constant plotted versus fre-
quency for three temperatures in the vicinity of the dielectric
loss peak. This is consistent with data observed for Nafion
117 that had been treated in a similar fashion[8].

The peak positions were determined from figures similar
to Fig. 5 at various temperatures. The peak positions are
plotted versus reciprocal temperature inFig. 6. The line
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Fig. 6. Arrhenius plot of the frequency peak maximum for the�-relaxation
in electrospray Nafion dried in situ. The solid line represents a best fit
Arrhenius expression.
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Fig. 7. 1H self-diffusion coefficients vs. temperature of Nafion-117 (empty symbols) and electrosprayed Nafion (solid symbols).

shows a best-fit Arrhenius expression

fmax(Hz) = f0 exp

(−E

kT

)
(4)

The results of the best-fit, log10f0 = 16.8 andE = 0.63 eV,
are close to the values of log10f0 = 15.9 andE = 0.57 eV
observed for Nafion 117. These values are similar to that
observed for theγ relaxation mechanical loss peak ob-
served by Yeo and Eisenberg[9]and Starkweather and Chang
[10].

The results of the heating experiment further demonstrate
the similarity between the electrical properties of electro-
sprayed Nafion and Nafion 117.

3.5. NMR

For a diffusing specie in the presence of a magnetic field,
the application of square-shaped magnetic gradient pulses
of magnitudeg results in an attenuation of the resulting
echo profile that may be fitted to the following gaussian
equation:

A(g) = exp

[
−γ2 D g2 δ2

(
� −

(
δ

3

))]2

(5)

The self-diffusion coefficient,D, is the only unknown in
this expression and can be extracted directly from the atten-
uation. Self-diffusion coefficients for both Nafion-117 and
the electrosprayed Nafion are shown inFig. 7. Both mem-
branes gave comparable results from 20 to 62◦C. Above
this range however, the electrosprayed Nafion exhibits dif-
fusion coefficients higher by about 30 and 70% at 75 and
87◦C, respectively. This may be due to the greater water
uptake of the electrosprayed Nafion versus Nafion-117 at
100% RH, especially at higher temperatures, as shown in
Fig. 8.

Spin-lattice relaxation times are shown inFig. 9. The elec-
trosprayed Nafion has shorterT1s than Nafion-117. In the
temperature range of the measurements (i.e. above theT1
minimum), shorterT1s are associated with more restricted
motion and somewhat broader spectra, which is what was
observed for the electrosprayed Nafion as shown inFig. 10.
Both 1H NMR spectra inFig. 10 exhibit a sharp compo-
nent at 0 ppm attributed to the liquid water in the bottom
of the sample tube, though care was taken to keep the bot-
tom as far away from the RF coil as possible. At tem-
peratures up to 62◦C, Nafion-117 and the electrosprayed
sample give nearly identical Ds but differentT1s, reflecting
high similarity between the two materials in long range wa-
ter transport, but some difference in short range molecular
motions.
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Fig. 8. Water uptake measurements. This is also comparable with ionic
conductivity results obtained at higher levels of water uptake. The data
at 100% RH is for wetted samples.
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Fig. 10. 1H NMR spectra of Nafion-117 and electrosprayed Nafion at 20◦C.

4. Conclusions

Water uptake, dimensional changes and electrical con-
ductivity measurements indicate that extruded, cast and
electrosprayed Nafion films are similar, with the exception
that the electrosprayed Nafion absorbs as much as 15 wt.%
water more that the other two membranes with only a slight
increase in conductivity. The activation volumes of elec-
trosprayed Nafion are also consistent with those for Nafion
117 and concur with proposed mechanisms for proton trans-
port in membranes. As in Nafion 117, a dielectric loss peak

appeared in the electrosprayed Nafion at low temperatures
after heating in vacuum at 380 K, further demonstrating the
similarity between the two materials. The NMR data also
show similarity between the two materials in long range
water transport, but some difference in short-range molec-
ular motions. Further investigation is needed to determine
the reasons for differences seen in NMR spectra and wa-
ter absorption in electrosprayed Nafion membranes with
respect to Nafion 117. Nonetheless, the results support the
use of electrosprayed Nafion membranes for use in polymer
electrolyte membrane assemblies.
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