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Water absorption, membrane swelling, and self-diffusivity of water in 1100 equivalent weight Nafion were measured as functions of
temperature and water activity. Free volume per water at 80 °C, determined from water uptake and volume expansion data,
decreases with water content in the membrane from 12 cm®/mol at 4 = 0.5 H,0/SO; to 1.5 cm®/mol at A = 4. The change in free
volume with water content displays a transition at A = 4. Limiting water self-diffusivity in Nafion was determined by pulsed gradient
spin echo NMR at long delay times. The limiting self-diffusivity increases exponentially with water activity; the rate of increase of
diffusivity with water content shows a transition at 4 = 4. The tortuosity of the hydrophilic domains in Nafion decreased from 20 at
low membrane water activity to 3 at 4 = 4. It suggested a change in the connectivity of the hydrophilic domains absorbed water
occurs at A ~ 4. The diffusivity results were employed to separate the contributions of diffusional and interfacial resistance for water
transport across Nafion membranes, which enabled the determination of the interfacial mass transport coefficients. A diffusion
model was developed which incorporated activity-dependent diffusivity, volume expansion, and the interfacial resistance, and was

used to resolve the water activity profiles in the membrane.

B INTRODUCTION

Polymer electrolyte membrane (PEM) fuel cells are a promis-
ing type of energy conversion device. For most of the conven-
tional PEMs, the presence of water in the membrane is essential
for achieving high proton conduction.'~* Water is produced at
the cathode and must be absorbed and transported across the
membrane. Knowledge of the kinetics of water sorption and
transport in polymer electrolyte membranes is essential to
optimize the design and operation of fuel cells.

Currently, the most effective membrane for a PEM fuel cell is
Nafion. It is a perfluorosulfonated random copolymer with a
tetrafluoroethylene backbone and perfluoroalkyl ether side
chains terminated by sulfonic acid groups. Nafion microphase
separates into hydrophilic domains of sulfonic acid groups and
absorbed water imbedded in a hydrophobic matrix of tetrafluoro-
ethylene (TFE) and perfluoroalkyl ether (PFA). Water and
protons are transported through the network of hydrophilic
domains. The hydrophilic domains swell and restructure as water
is absorbed into Nafion, which changes the effective diffusion
coeficient.
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Water transport through Nafion has been extensively investi-
gated for three decades by several different methods. Most
investigators assumed that the rate of water transport was
primarily controlled by diffusion.*”® However, the water diffu-
sivities determined by different methods reported values that
varied by more than 10° cm?/s. In an effort to reconcile these
differences, our group studied absorption, desorption, and
permeation of water in Nafion membranes of different thick-
nesses and showed that depending on the activity and phase,
water permeation, and sorption may be limited by interfacial
mass transport, diffusion, or polymer swelling dynamics.”

Steady-state water transport across Nafion membranes is
independent of membrane thickness when liquid water was
present at one interface, but the transport scales inversely with
membrane thickness when both interfaces were exposed to water
vapor. These results suggested the rate-limiting step for water
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transport was interfacial transport at the vapor/membrane inter-
face when liquid water was present at one interface, but the rate-
limiting step was diffusion across the membrane when vapor was
present at both interfaces.'® Monroe at al. developed a “vapor-
ization-exchange” model with a boundary condition that ac-
counts for interfacial vaporization kinetics to explain the
interfacial transport at a vapor/Nafion interface."’ Majsztrik
et al. found that the effective water diffusion coeflicient decreased
with decreasing water activity, causing diffusion to become rate
limiting at low water activity.

The goal of the present study is to quantify the effect of water
activity in Nafion on both water diffusion and interfacial trans-
port. Pulse field gradient spin echo nuclear magnetic resonance
(PGSE-NMR) is the most reliable technique for self-diffusion
measurements because it is not complicated by interfacial trans-
port or kinetics of polymer swelling. Previous NMR studies have
reported diffusivities of water in Nafion that varied from 10 °—
10~ cm?/s; the water diffusion coefficient increased modestly
with increasing water activity.">” "> Water diffusion coefficients
measured by NMR predict much larger transport rates across
Nafion membranes than have been measured experimentally.

We report here a systematic series of experiments measuring
water absorption, linear expansion coefficient, and self-diffusivity
of water as functions of water activity and temperature. The
results provide the first direct measures of free volume and
tortuosity of the hydrophilic domains associated with water
sorption in Nafion. The detailed measurements of water diftusion
as a function of water activity coupled with previous measurements
of water permeation were able to separate the contributions of
diffusion and interfacial transport of water across Nafion membranes.

B EXPERIMENTAL SECTION

Membrane Preparation. Extruded Nafion, equivalent weight
1100 (EW = mass of polymer/mol HSO3), was purchased from
Ion Power and treated following the standard cleaning protocol
developed in our lab for making reproducible Nafion films:
anneal for 2 h at 80 °C in vacuum for 2 h, boil 1 h in 3% H,O,
solution, boil 1 h in deionized (DI) water, boil 1 h in 0.5 M
sulfuric acid, and boil 1 h in DI water twice. The vacuum
annealing is necessary to erase memory of membrane history.
Membranes used for PGSE-NMR were ion-exchanged with
0.1 M EDTA (ethylenediaminetetraacetic acid) solution before
boiling in sulfuric acid. This step removed paramagnetic impu-
rities, such as Na™ ions which can significantly shorten sépin—
lattice relaxation time (T;) of water in the membrane.'® The
resulting clean and protonated Nafion was dried under compres-
sion between filter papers under ambient conditions for 2 days.

Equilibrium Water Absorption Experiments. The equilib-
rium mass uptake by Nafion was measured in an isothermal
pressure vessel, similar to the device previously described by
Yang et al.'” A Nafion sample was mounted inside a vacuum
container between two clamps. The vessel was placed in a
temperature controlled oven. The vessel was evacuated to a base
pressure of 10 ¢ bar. 5—25 uL aliquots of water were sequen-
tially introduced to the vessel. The water was allowed to
equilibrate for 30—60 min, until the pressure stabilized. The
difference between the moles of water injected and the moles of
water vapor in the vessel was equal to the water absorbed by the
membrane, and the pressure in the vessel was equal to the water
vapor partial pressure. Recording the pressure as a function of
volume of water injected provided the measure of the moles of

water absorbed as a function of the water activity. Water uptake
was measured at 50, 60, and 80 °C.

Equilibrium Swelling Strain. Equilibrium swelling strain of
Nafion due to water uptake from vapor was measured using a
custom creep instrument with an environmental chamber."® Cleaned
and dried Nafion membranes were cut into 0.64 cm wide strips
and then clamped in the jaws of the instrument to give a gauge
length of approximately 2.54 cm. The film was dried in situ at 80 °C
for over 2 h in a purge of dry N,. A small stress of ~0.1 MPa was
applied (enough to pull the film taught, but not enough to induce
measurable creep). A step change in temperature and/or water
activity was introduced and the length of the sample was
monitored as a function of time while the temperature and water
activity of the environmental chamber was held fixed. The final
length was recorded when a steady-state length was reached.
(Steady state was defined as when the rate of linear expansion
was less than 0.1% per hour, de/dt < 0.001 h™'.) Depending on
the temperature and water activity, the time needed to reach
steady state took anywhere from 10 min to over 24 h. Equilibrium
swelling strain was measured at 30, 40, 50, 80, and 98 °C from
water activity of 0—0.95 at intervals of ~0.1. Swelling strain was
calculated with reference to dry Nafion at 23 °C.

PGSE-NMR. Cleaned Nafion membranes were cut into strips
of 5.1 cm X 0.25 cm and inserted into NMR tubes. The NMR
tubes used were cut to 7.6 cm long and had both ends open to fit
in the environmental chamber and to facilitate equilibration. The
Nafion samples in the NMR tubes were dried in a vacuum oven at
80 °C for 2 h; no residual water was observed by NMR after that
drying treatment. Samples in the open NMR tubes were equili-
brated at water activity from 0.05 to 0.9, and at 23, 50, and 70 °C
in the environmental control chamber of the creep instrument.
The times for equilibration were determined based on the membrane
swelling measurements using the same apparatus.'” Significantly
longer time (5—30 h) was given in this set of experiments to
ensure complete equilibration. Immediately after equilibration,
NMR tubes containing strips of Nafion were quickly sealed at
both ends by a plug and a positioning rod both made of Teflon,
and then inserted into an insulated box before testing.

Pulse-field gradient spin echo NMR measurements were
performed on a Varian Inova 500 spectrometer with a S mm z-
gradient probe and temperature control. The samples were
heated in the NMR spectrometer sample compartment to
thermally reequilibrate for 30—60 min to the same temperature
of the water absorption equilibration. The samples were tightly
sealed so that the water activity would be the same as previously
established. A stimulated echo pulse sequence was employed for
the measurement.”’ Using bipolar pulse pairs, eddy currents
induced by the gradients were minimized.”' The radio frequency
pulse width was calibrated for Nafion samples to obtain max-
imum signal intensity. Gradient pulses (g) were varied from 0.5
to 110.5 G/cm with 1 ms pulse width (). The spin echo signal
decay can be related to water self-diffusion by eq 1,”° from which
self-diffusivity of water in Nafion was calculated, where I, and I
are echo signal intensities at initial gradient and subsequent
gradients, respectively; y is the gyromagnetic ratio, and A is the
duration of the diffusion experiments.

é = exp [—D(Vg6)2 (A - g)} (1)

The logarithm of the intensity ratio (In(I/I,)) was plotted as a
function of the gradient strength, g, at fixed delay time to obtain
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Figure 1. Linear swelling strain and ideal swelling strain based on
water mass uptake of 1100 EW Nafion as a function of water activity
at 30, 50, and 80 °C. The solid symbols are the experimentally
measured linear swelling strain. The open symbols are the swelling
strain predicted from water mass uptake assuming zero excess volume
of mixing.

the diffusion coeflicient. Diffusion coefficients were determined
as A was varied from 10 to 2000 ms to obtain the limiting self-
diftusivity, D.., of water; 3 to 4 samples were tested at each
environmental condition, and each sample contained two pieces
of identical Nafion strips to enhance signal intensity. The
estimated error in determining D.. was ~1 x 10~ cm”/s. This
was limited by the signal-to-noise ratio of the intensity at high
gradient strength and was particularly sensitive to alkaline
impurities in Nafion.

B RESULTS

Equilibrium Water Absorption and Equilibrium Swelling
Strain. Equilibrium water sorption (reported as A = #H,0/SO53)
and equilibrium swelling strain &(@.,,) were measured as func-
tions of temperature and water vapor pressure. At equilibrium,
the activity of water in the membrane and in the vapor phase are
the same and equal to the partial pressure (P,,) normalized by the
vapor pressure of water (P3,) at the temperature of the measure-
ment (a, = P,/P)). Membrane water activity scales with
membrane water concentration (similar to water absorption into
a solution). Figure 1 is a graph of the membrane water concen-
tration as a function of water vapor activity, which shows the data
at different temperatures may be superposed. Swelling strain
depends on water sorption and scales with water activity, also
evident in Figure 1.

The swelling strain for water absorption with perfect mixing
corresponds to zero excess volume of mixing and can be
determined from the equilibrium water sorption. The volume
of water sorbed per unit volume of dry Nafion is given by
(ipNaﬂon'MWwater)/(EW'pwater) (pNaﬂon and Pwater are densi-
ties of Nafion and water, and MW, is the molecular weight of
water). The linear expansion coefficient, &, for perfect mixing is
given by eq 2.

ipNaﬁonMwwatET

(14e) =1+ (2)

The fractional excess volume change of water sorption (actual
swelling minus swelling assuming perfect mixing) normalized by

12 ® 3o

50°C o
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Figure 2. Free volume of water per water molecule as a function of 4 =
#H,0/SO5 in 1100 EW Nafion. Data are shown for both 50 and 80 °C.
Free volume was determined from polynomial fits of the swelling strain
data and the ideal swelling strain data.

the initial membrane volume (V) is given by eq 3. The excess
volume change may be thought of as the free volume (V)
associated with water sorption.

(14 = (1420 = & 3)

It is most useful to consider the free volume per sorbed water
molecule, which is given by eq 4, where N, is the molar density of
water.

Vi _ (14+e)’[(1+¢)’ — (1+20)]] @

N_w A PNafion
EW

The free volume of water sorption per mole of water as a function
of A is shown in Figure 2. At 80 °C the free volume decreases from
12 em®/molat A = 0.5 (a,, = 0.02) to a value of ~1.5 cm®/mol at A =
4 (a,,=0.5). The free volume increases with A to ~3 cm>/mol at
A =8 (a, ~ 0.8) and then decays toward zero with further
increase of water uptake. At 50 °C the free volume per water
molecule decreases from ~7 cm®/mol at A = 0.5 to a value of
1 cm®/mol at A = 4. The free volume increases with A going
through a maximum at 4 = 8 and then decreases toward zero.

Figures 1 and 2 suggest two stages to water sorption. (I) Water
activity 0 < a,, < 0.5: swelling strain increases (& > 0), the rate of
strain increase with water activity decreases ((d’e/da,,”); < 0),
and the free volume per water molecule decreases, [d(V¢/N,,)/
dA]; < 0 with increased water activity. (II) 0.5 < a,, < 1.0: swelling
strain increases (& > 0), the rate of strain increase with water
activity increases ((d*e/do2)y > 0), and the free volume per
water molecule is almost constant [d(Vy/N,,)/dA]; ~ 0. We
suggest that the first stage of water sorption corresponds to the
first solvation shell of the hydrophilic sulfonic acid groups. This is
expected to involve strong bonding between the water and acid
groups and is the reason why it is necessary to dry Nafion at 70—
80 °C in vacuum for several hours to produce fully dry films. The
second stage of water sorption forms a more weakly bound water
(second solvation shell and beyond) which more closely resem-
bles liquid water and creates much less free volume.

PGSE NMR. The hydrophilic domains of Nafion form a
network within a hydrophobic matrix. Water is primarily trans-
ported through the hydrophilic network. Probing diffusion at
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Figure 3. Decay of the self-diffusivity of water in 1100 EW Nafion with
diffusion delay time at T = 23 °C and @, = 0.1. At short delay time the
diffusion coeflicient is the molecular diffusivity. The effective diffusivity
reflecting the tortuosity of the diffusion path through the hydrophilic
domains is captured as delay time goes to .
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Figure 4. Limiting self-diffusivity of water (D..) in Nafion as a function
of membrane water activity at 23, 50, and 70 °C. The standard error is
below 10% for all data points. The data were fitted to an Arrhenius form
to obtain a empirical equation D., = 02650, %38/ (em?/s),
plotted as the smooth curves.

short times will only allow the water molecules to translate a
short distance and they will not feel the restrictions of the
tortuous network of the hydrophilic domain. The short time
delay measurement is the molecular diffusivity D, where
molecules only interact with near-neighboring molecules. Prob-
ing at longer times, the restrictions to diffusion imposed by size
and tortuosity of the hydrophilic domains are sampled. As the
delay time increases, the effective diffusion coefficient reaches a
limiting value, D.., corresponding to where molecular diffusion is
sufficient to permit the molecules to sample the entire inter-
connected hydrophilic domain.

Figure 3 is an example of the measured self-diffusivity of water
in Nafion as a function of the pulse delay time, A, for samples
with EDTA ion exchange. The effective self-diffusivity decreases
from 4.5 X 10 ° cm?/s when the delay time was 10 ms to a
limiting value of 1.0 X 10~ cm®/s at delay times of ~1000 ms.
The decay of the effective diffusivity with delay time has been
seen for liczluid molecules in interconnected networks and porous
medium.** The limiting self-diffusivity, D.., accounts for the
volume fraction of the hydrophilic domain (@pyarophiiic) and the
tortuosity (7) of the domain network is given by eq S. Tortuosity
is a measure of the connectivity of the hydrophilic domains. It
represents the ratio of the length of the diffusion path through the
hydrophilic domains to straight-line distance across the mem-
brane.

Do = qu)hydrophilic (5)
T

The molecular diffusivity can be determined from the effective
self-diftusivity as the delay time approaches zero. The limiting
diffusivity D.. is found for long delay times, A = 1000 ms. The
swelling experiments provide the measurement of @nydrophitic-
Combining the NMR and swelling experiments, we can deter-
mine the tortuosity for water diffusion through the hydrophilic
domains.

A critical experimental detail necessary to obtain accurate
value of D.. is to minimize the magnetic dipolar coupling induced
by unpaired electrons of the paramagnetic impurities, which
significantly shortens the spin—lattice relaxation time (T;).”*
The ion extraction with EDTA was essential to minimize the
dipolar coupling with cations, such as Mg, Fe, etc., that can

associate with the sulfonate groups. We observed that, without
the EDTA ion exchange, T; is less than 20 ms, making it
impossible to determining the limiting diffusivity; the spin echo
signal was buried in the noise after 100 ms for all but the highest
applied gradient fields.

Effective diffusivities were determined at pulse delay times of
10 ms (Dy,) and 1000—2000 ms (D..) as functions of tempera-
ture and water activity. Diffusivites were in the range of 10~ °—
106 for D.. to 10> cm?/s for D,,. The characteristic length
scale of a porous network that can be sampled during the delay is
approximately (2D,,A)"22*** Delay times of 1000 ms corre-
spond to a molecular diffusion distance on the order of 50 um,
consistent with values reported in the literature,” and also the
same magnitude as the Nafion membrane thickness. At delay
times of 1000 ms the PGSE probes a distance that spans the
membrane to allow determination of the effective diffusion
coeflicient across the membrane.

The limiting self-diftusivity of water in Nafion 1110 is dis-
played as a function of membrane water activity at three
temperatures in Figure 4. At constant water activity, diffusivity
increases by about a factor of S from 23 to 70 °C. In contrast, the
diftusivity increases by 2 orders of magnitude with increasing
water activity at constant temperature. Diffusion of solutes in
polymers is often correlated with an exponential function of free
volume. Figure S is a plot of In(D..) as a function of A. The self-
diffusivity of water showed two regimes with a change in slope
circa A = 4.

dIn Do,
dwwater

dIn D.,
>
d(pwater

(6)

A<4 A>4

The diffusivity shows a change in behavior at the same water
volume fraction, or water activity where free volume per mole-
cule of water also shows a change in behavior. We suggest the
change in diffusivity is also associated with the binding of water to
the HSO5 groups. The waters in the first solvation shell more
strongly interact with the sulfonic acid groups and display a
reduced diffusivity. Subsequent water molecules are less strongly
attached to the sulfonic acid group and diffuse more easily.

The tortuous network of hydrophilic domains reduces the effective
diftusivity as indicated in eq 5. Both the molecular self-diffusion
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Figure 5. Plot of In(D..) vs membrane water content in Nafion at 23,
50, and 70 °C.
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Figure 6. Tortuosity for water diffusion in Nafion as a function of water
content in Nafion at 23, 50, and 70 °C.

coeflicient and limiting self-diffusion coeflicients were deter-
mined by PGSE NMR. The volume fraction of the hydrophilic
domains can be determined from the volume of water sorbed and
the volume fraction of dry Nafion assumed to be hydrophilic. If
we assume that the sulfonic acid groups are the only hydrophilic
species in dry Nafion, the volume fraction of the hydrophilic
domains as a function of water activity is given by eq 7.

(1+e)°—1+¢,

(phydrophilic - W (7)
#o = (Pasion)/ (EW)Vso, is the volume fraction of the hydro-
philic phase in dry Nafion. The tortuosity of the hydrophilic
domains can be evaluated by combining eqs 6 and 8 along with
the values of D, and D... Figure 6 is a plot of the tortuosity as a
function of A. The tortuosity is very large, T ~ 20, at 4 = 0.5 (low
water activity) and decreases by an order of magnitude to

approximately 2 at high 4 (4 > 5).

W DISCUSSION

Nafion is known to consist of two components that are
strongly phase separating. In its dry state, there is a hydrophobic
matrix consisting of a tetrafluoroethylene backbone and per-
fluoroalkyl ether side chains that account for ~90 vol % and very
hydrophilic sulfonic acid groups that account for ~10 vol %.

S
> %”s &

NN

Figure 7. Schematic of hydrophilic network for water diffusion in
Nafion. The figure at the top is at low water activity. The connectivity
of paths across the membrane is low indicating a high tortuosity. At the
bottom, hydrophilic domains are swollen from water sorption connect-
ing different paths reducing tortuosity. The liquid/Nafion interface and
vapor/Nafion interface indicate the differences in entry points for water
molecules to enter the hydrophilic domains in the membrane.

Water interacts with the hydrophilic sulfonic acid groups; water
sorption hydrates the sulfonic acid groups swelling the hydro-
philic domains that are embedded in the hydrophobic matrix.
Water sorption is limited by a balance of the energy of hydration
of the sulfonic acid groups and the energy to swell the surround-
ing hydrophobic matrix.

Transport of water is confined to the hydrophilic domains.
Water sorption swells the hydrophilic domains, creating greater
volume for water to move, which increases the water diffusion
rate. The experimental results reported here quantify how much
the diffusion of water changes due to water sorption, and what
the changes in diffusion coefficient indicate about the structure of
the hydrophilic domains.

The key experimental findings reported above are as follows:

1. Water sorption occurs in two stages. A primary hydration
shell of the sulfonic acid groups forms at low water activity
(aw < 0.5) with 4 ~ 4 water molecules. At high water
activity (a,, > 0.8), a second (and beyond) hydration
shell forms.

2. The initial free volume of water sorption is large (>12 cm?)
and decreases with the number of molecules sorbed.

3. The effective or limiting water self-diffusion coefficients, at
constant temperature, increase by a factor of 40 between
low water activity (a,, = 0.05) and high water activity (a,, =
0.90). Self-diffusion coefficients, at constant water activity,
increase by a factor of 5 as temperature increased from 23 to
70 °C.

4. The tortuosity for water diffusion decreased from 20 at low
water activity to 2 at high water activity.

S. Free volume and self-diffusivity showed distinctive changes
with water sorption above 4 water molecules sorbed per
sulfonic acid group.

Many models of the microphase separation of Nafion have
been published.?**” These have been generally based on scatter-
ing experiments and most often are done at variable water
content. Transport property measurements provide information
of the connectivity of the hydrophilic domains. The experimental
findings of free volume, diffusion coeflicients, and tortuosity
reported here and our previous data on permeation rates provide
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Table 1. Summary of Water Self Diffusion Coeflicient in Nafion

researchers conditions

T=30°C
Zawodzinski et al.'® A=2-14

A = 20 ms

T not specified
Tsushima et al."* A=6-20
A not specified
T =25,90°C
RH = 100%
A =42ms
T =40—80°C
RH = 40—80%
A =20 ms
T=22°C
RH = 90% at 50 °C
A = 50—300 ms
T=25°C
water mass fraction = 0.04—0.2
A =10—20 ms
T=23—84°C
water mass fraction = 0.03—0.2
A =3—600 ms

=—40—35°C

A=4and 15
A =1—100 ms
T=25°C
fully saturated with water
A =10—80 ms

Hensley et al.**

Kidena et al.'?

Ye et al.*

Edmondson et al.'>

1.50

Gong et al

Ohkubo et al.*®

Roy et al.*!

results

D = (0.6—5.8) x 10~® cm?/s
no change with A

D~ (4—7.5) x 10" ® cm®/s

D~7x10 ¢cm*/sat T=25°C

D ~27 x 10 % em?/sat T = 90 °C

D~ (2—5.5) x 10 % em?/s at T = 40 °C
D~ (3—7.2) x 10 ¢ cm?/s at T = 60 °C
D~ (3—10) x 10 ® cm?/s at T = 80 °C
D =48 x 10 °cm?/s

no change with A

D~ (1-7) x 10°% ecm?/s
no mention of A dependence
D ~02-20 x 10 ° em®/s
no mention of A dependence

D decreases with A = 1 to 2 ms and becomes constant beyond that

D~ (2-3) x 10" ¢ ecm?/s
D decreases from A = 10 to 20 ms and states constant beyond that

the following insights into the structure of the hydrophilic
domains.

1. Water coordinates around sulfonic acid groups. A first
hydration shell of 4 water molecules forms.

2. The connectivity of the hydrophilic domains increases with
water sorption.

3. There are few hydrophilic domains that extend to the
Nafion/vapor interface, more hydrophilic domains extend
to the Nafion/liquid water interface.

These results suggest a model for the hydrophilic domains
shown in Figure 7. The hydrophilic domains are channels of
sulfonic acid groups with waters of hydration spread throughout
the hydrophobic matrix. (Channels could be lamella, rods, or
spherical clusters). These channels are hydrophilic with high surface
energy. When the exterior membrane surface is in contact with a
vapor, the surface energy is minimized by having the channels
buried beneath the surface. In contrast, liquid water at the
external membrane surface will prefer having the hydrophilic
channels extend to the interface. Water sorption increases the
sizes of the channels and their connectivity. The increased number
of continuous paths across the membrane (shown as red lines in
Figure 7) at the higher water content results in reduced tortuosity.

Experimental Challenges Measuring Water Diffusion in
Nafion Membranes. Water transport in Nafion has been studied
by many different techniques, and diffusion coefficients reported
vary by orders of magnitude and depend on the method of
measurements. NMR measures the self-diffusivity of water in the
membrane, but the method poses complications in controlling

water activity. Table 1 summarizes recent NMR studies em-
ployed to measure water transport in Nafion. The studies that
employed PGSE reported larger diffusion coefficients than the
limiting self-diffusivities we determined. A number of the re-
ported D values were obtained after short delay times of 20 ms,
which are much shorter delay times than we employed to get D...
Some investigators claimed that the diffusivity was independent
of the delay time. We cannot account for all the experimental
details from these previous studies, but we identified two
important experimental details that were critical to obtain
reproducible results: (1) it was critical to remove paramagnetic
metal cation impurities that can cause dipolar coupling; and (2) it
was essential to properly control the water activity.

Only one previous study specifically mentioned ion exchange
with EDTA to prepare the Nafion. The removal of the cation
impurities permitted measurements with much longer delay
times which were required to reach D... We took data for a few
samples that had not been ion exchanged. Without ion exchange,
the NMR peaks were buried in the noise for all but the shortest
pulse delay times. We believe this was due to dipolar coupling
with alkali cations causing dephasing of the proton spins. With-
out ion exchange, data could only be obtained at the shortest
delay times, making it impossible to obtain the limiting diffusiv-
ity. Only the molecular diftusivity for small displacements could
be accurately measured without ion exchange.

Our experiments were done at fixed water vapor activity. Many
researchers have attempted to carry out studies with fixed water
content. Equilibrating a membrane and vapor in a closed volume
at one temperature fixes the total water inventory. Temperature
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changes will result in water repartitioning between the mem-
brane and the vapor phase to establish water activity equilibrium.
Samples should be fully equilibrated at the same temperature and
water activity as the measurement. Water vapor activity can be
controlled with saturated salt solutions or mixed humidified and
dry gas streams. We found direct control of the vapor activity by
mixing a nearly saturated vapor stream with a dry stream of N,
was more effective. With salt solutions we experienced slow
equilibration between the salt solution and the vapor that
contributed to uncertainty in the water activity.

Water Sorption and Free Volume. A number of studies of
water uptake by Nafion report similar results to those presented
in Figure 1.*® Many investigators have also reported Nafion’s
volume change for a dry film placed into liquid water. Data
reported here is the first systematic reporting of the swelling of
Nafion as a function of water activity.

Independent measurements of water uptake and linear expan-
sion provide a direct determination of the excess volume of
mixing associated with water sorption in Nafion. Positive excess
volume of mixing means that sorbed water creates free volume
which should permit more facile diffusion. The free volume for
the initial water sorption at 80 °Cis 12 cm®/mol, which is 2/3 the
molar volume of liquid water; this indicates that the initial water
sorption requires almost twice the volume of the water mole-
cules. The water being sorbed must be severely disrupting the
packing of the Nafion molecules. Figure 8 suggests how this
might occur in a hydrophilic channel of Nafion. In the dry state
the sulfonic acid groups of Nafion would become interdigitated
by electrostatic dipole interactions. Coordination of a water
molecule to a sulfonic acid group pushes the sulfonic acid groups
apart and creates a void. As more water molecules are absorbed,
the packing would become more efficient and the free volume per
molecule decreases. There is a change in slope of the free volume
per water at A = 4 water molecules per sulfonic acid group, which
we suggest is the first hydration shell around a sulfonic acid
group. Subsequent water addition is in the second hydration shell
and beyond, where the interactions between water molecules are
approaching the interactions of bulk water.

The data in Figure 2 shows an increase in the free volume from
A =4to =8, and then the free volume decreases toward zero at
larger water uptake. We suggest this change in free volume is the
result of changes to the microstructural topology of the hydro-
philic domains. Majsztrik et al. observed a minima in the tensile
creep of Nafion at A = 8 where the secondary maximum in free
volume occurs. They attributed the minima in tensile creep rate
to a change in the topology of the hydrophilic domains; they
suggested it corresponded to a change from a Iamellar to a
cylindrical structure of the hydrophilic domains.* Changes in
the microstructure of the hydrophilic domains would be ex-
pected to alter the molecular packing and hence the free volume.

Some investigators have suggested that the hydrophilic do-
mains in Nafion formed a porous network and water adsorbed
onto the walls of the hydrophilic channels.*>*" If pores existed
where water could adsorb onto free surfaces, the fractional excess
volume change would be negative; the water would be sorbed
without volume change. This is contrary to the results presented
in Figures 1 and 2.

Rather than water adsorption on free surfaces, water sorption
could be considered to be analogous to multilayer adsorption,
where hydration shells about the sulfonic acid groups are like
adsorbed molecules on adsorption sites. The first solvation shell
is the equivalent of the monolayer, except the adsorption site

° Sulfonchcld Groups

ééZz_é\i\i

Free volume Water molecule

Addition to second
hydration shell
ya

First hydration shell Hydrophilic channel

Second hydra\tion shell

N\

First hydration shell Hydrophilic Channel

Figure 8. Schematic of microphase separation in Nafion. The TFE and
PFA form a hydrophobic matrix. Sulfonic acid groups cluster and absorb
water forming hydrophilic pores. Water is transported through hydro-
philic domains. (a, upper) In the absence of water the sulfonic acid
dipoles will attempt to interdigitate forming a hydrophilic channel.
Water absorbed in the channel will disrupt the packing creating free
volume as it pushes upon the hydrophobic matrix to allow incorporation.
(b, middle) A first solvation shell of water forms with each sulfonic acid
residue surrounded with water dipoles to shield the dipole of the sulfonic
acid. Additional water absorb with weaker interactions and less disrup-
tion of the structure. (c, lower) Additional water absorbs into the
hydrophilic channel in a second solvation shell.

(e.g., the sulfonic acid) can accommodate several adsorbates
(water molecules) in the monolayer.

Correlation of Diffusion and Free Volume. Diffusion in
condensed phases requires defects in molecular packing of the
molecules. In polymers, the imperfect packing associated with
glassy or liquidlike structure permits small molecules to move
through the polymer network. The imperfect packing creates
nanometer voids generally referred to as free volume; the greater
the free volume the more facile is diffusion. Theories of diffusion
in polymers often relate the diffusivity to the free volume.**>*

The slope of In(D..) vs A changes at A = 4. There is also a
change in slope of tortuosity vs A at A = 4. We suggest that the
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physical interaction between water and the sulfonic acid groups
and the connectivity of the hydrophilic domains both contribute
to the rate of change in diffusivity. (1) The strength of the
electrostatic interactions between sulfonic acids and water mo-
lecules will decrease between the first hydration shell and
subsequent hydration shells. The weaker electrostatic interac-
tions between sulfonic acid groups and the second hydration
shell permit more facile motion of water. (2) The connectivity of
the hydrophilic network appears to be more fully established
after the first 4 waters per sulfonic acid are sorbed. The tortuosity
decreased from 20 to 2 indicating that water molecules could take
a more direct path through the hydrophilic domains increasing
the effective diffusivity. Structural changes in the topology of the
hydrophilic domains, as suggested by Majsztrik et al., may also
contribute the decrease in tortuosity.

Compositional Dependent Diffusivity. The effective self-
diffusivity D.. is a function of both activity and temperature. The
effective diffusivity data for EW 1100 Nafion was fit to D., =
(Do)at,,” exp(—E/RT), where Dy = 0.265 cm®/s, and E =
28kJ/mol. The quadratic form was chosen empirically and found
to be the lowest order polynomial that can fit the data reasonably
well. The 36 experimental data points of D., at three different
temperatures and 12 different water activities were regressed to
the two parameters Dy and E. The fits to the data are shown in
Figure 4. This is a convenient functional form for modeling
transport of water in Nafion.

Water transport is associated with gradients in water activity.
In the presence of gradients in water activity mutual diffusion
coefficient (Dpyeua) should be employed in place of the self-
diffusion coefficient.>**> When the flux is written in terms of
concentrations, the correction to the mutual diffusion coefficient
must account for the activity coefficient, y, as a function of water
activity as shown in eq 8.

D..[ du, 30, \ CoD..
Diutual = = = | 5~ (8)
RT\dln C/ aC y
The activity coefficient is the ratio of the actual water concentra-
tion to the water concentration assuming an ideal solution.

C(a.,) is the concentration of water in the hydrophilic phase,
given by eq 9.

_ leaﬁon
T EW-[(1+e) — 1+ ¢y ®)

The standard-state concentration C, is taken as the concentra-
tion of water in the hydrophilic phase at activity equal to unity. A
cubic equation was fit to the water uptake data and to evaluate the
activity coefficient (eq 10).

o awCO
Clou)

~ —1.9a,° +2.50,* +0.10,, + 0.3 (10)

In principle, the mutual diffusion coefficient should also account
for the counter diffusion of the polymer, but the polymer chains
are virtually immobile relative the water molecules.

Diffusion with Dimensional Change. Water sorption and
water transport is almost exclusively restricted to the hydrophilic
phase.”® Water sorption swells the hydrophilic phase of Nafion,
increasing the volume available for water transport. Majsztrik
et al.'* and Kusoglu et al.*® have derived expressions relating the
volume change of the hydrophilic domains to the linear expan-
sion coefficient of Nafion due to water absorption. The linear

expansion of the hydrophilic phase £*, is given by eq 11, assuming
cylindrical channels.*” The linear expansion of the hydrophilic
domains is much greater than the linear expansion of the entire
membrane &. In fact, a 40% expansion of Nafion due to water
absorption results in a 600% volume expansion of the hydrophilic

domain.
1/2
[+ e~ 1 1 _
( 2 +QWHMJ :

(11)

Diffusion through the hydrophilic domains is increased due to
the increased fractional area of the hydrophilic domains (1 +
€*)% and is decreased by the increased path length through the
membrane for diffusion (1 + ¢). The overall geometric correc-
tion for water transport is given by eq 12.

8*(0%) =

Lo 04e)’ (e’ —1+4 (12)
‘ (1+e) (1 +€)*

The diffusive water flux in the Nafion membrane is given by
eq 13. Water diffusion is restricted to the hydrophilic domains;
the concentration of water in the hydrophilic domains at water
activity unity is given by eq 9.

aC D.. \ 00,
flux = — A (0y)Dn(ay, T)— = — A.Co ()a (13)
ox y ) ox

Determination of Interfacial Mass Transport Coefficients.
Majsztrik et al. had measured water permeation rates through
Nafion and estimated diffusion coefficients and interfacial trans-
port coefficients by assuming simple Fickian diffusion with constant
diffusion coefficient across the membrane. With the improved
knowledge of the diffusion coefficient’s dependence on water
activity, more accurate values of interfacial transport coefficients
may be obtained.

Steady-state water permeation process through Nafion mem-
branes can be broken down to three steps: (1) sorption of water
into the membrane at the feed side, (2) diffusion of water across
the membrane, and (3) desorption of water from the membrane
into the dry gas flow. Steps 1 and 3 pose interfacial resistances.
The hydrophobicity of the membrane surface, the change in
phase of water at the interface, and a gas-phase boundary layer
will contribute to the interfacial resistance. Elabd and co-
workers®® have looked more carefully at the gas-phase boundary
layer resistance due to flow and found a small, but measurable
effect. At the high gas flow limit employed in the permeation cell
experiments reported by Majsztrik et al, the gas-side mass
transport resistance may be neglected.

The microscopic details of the interfacial structure and com-
position are too complex to quantitatively model the interfacial
transport from first principles. A lumped mass transport coeffi-
cient ky, that is correlated with temperature and water activity is
employed to describe the rate of interfacial transport as shown in
eq 14.

flux = k(07 — 2% (14)

Wetting experiments have shown that the Nafion surface is
hydrophobic when contacting water vapor, but becomes hydro-

- e 10,39—42 . .
philic when contacting liquid water. Possible polymer chain
restructuring at the surface has been proposed.*® Recently, Bass
et al. used glazing-incident SAXS and observed rearrangements
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of the hydrophobic chain bundles on Nafion surface to minimize
surface energy when the membrane is in contact with water
vapor.* In the same paper, Bass et al. also reported that Nafion
surface exposed to fully saturated water vapor has nearly the same
hydrophobicity as a completely dry membrane, which implies
that Nafion’s surface composition is enriched with hydrophobic
domains and is not sensitive to water vapor activity. The
hydrophobic Nafion/vapor interface creates a thin barrier that
limits water transport.

In contrast, when Nafion is exposed to liquid water the
interfacial energy will be minimized when the hydrophilic
domains are drawn to the water/membrane interface. In addi-
tion, the collision rate of water molecules with the surface is much
greater for aliquid than for a vapor. We suggest that water activity
at liquid water/Nafion interface is equilibrated and the activity of
water at the membrane interface is unity.

Water flux measurements were previously reported by
Majsztrik et al. for liquid water on one side of Nafion 1100 EW
membranes of different thickness. Knowing the water activity at
the liquid/membrane interface, the water flux and the diffusion
coefficient as a function of water activity, the diffusion equa-
tion (eq 13) can be integrated from the liquid/Nafion interface to
the vapor/Nafion interface to determine the water activity at the
vapor/Nafion interface (a;). The water activity in the vapor
phase (0Uy?) was measured experimentally so the interfacial mass
transport coeflicient, k,, can be evaluated from the water flux, the
membrane water activity, and the vapor water activity at the
membrane vapor interface.

Figure 9 illustrates the calculated water activity profiles for
steady-state permeation of water through different Nafion mem-
brane thicknesses with a liquid feed at 30 °C. The calculated

1
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Figure 9. Water activity profiles for steady state permeation across
Nafion 112, 115, and 1110 from liquid water at 30 °C. The profiles were
calculated from the flux data and assuming the activity at water/
membrane interface is unity. The dry side activity data were measured
by Majsztrik.'” The width of the interface on the dry side was randomly
chosen only for the purpose of display.

profiles assume the water activity in the membrane at the liquid
water/membrane interface is equal to 1 and the water flux is that
determined from the experiments of Majsztrik et al.'® Water
activity stays high across the entire membrane at all three
thicknesses, indicative of fast diffusion. At the vapor/membrane
interface, the large drop in water activity indicates a large
interfacial resistance. The ratio of the driving forces for diffusion
to interfacial transport may be approximated by the ratio of the
activity differences across the membrane to the activity difference
across the interface. For the Nafion 1110 membrane this ratio is
0.6/0.2 = 3.

Table 2 summarizes the water transport rate across Nafion
1110 from 30 to 70 °C, the water evaporation rate from liquid
water (Fevaporation = (2nM,RT)"?P), the ratio of water trans-
port rate to ideal evaporation rate, and the interfacial mass
transport coefficient. The water transport rate is 10* less than
the evaporation from a film of water indicating a low efficiency of
interfacial exchange at the vapor/membrane interface. The low
interfacial transport rate is the result of a very small fraction of
hydrophilic domains at the membrane/vapor surface available for
water transport.

Knowing interfacial transport coefficients, diffusion coeffi-
cients, water activity coeflicients, and the volumetric expansion
coeflicients as functions of temperature and water activity, the
permeation rates through Nafion membranes and water activity
profiles across Nafion membranes may be predicted. The pre-
dicted water transport rates with water vapor feeds are compared
to the experimental rates determined by Majsztrik et al. in Table 3.
In six of nine cases the model predictions differ from the experi-
mental rates by less than 10% and the largest discrepancies were
40%. The model assumed that the interfacial transport coeffi-
cients were independent of water activity; the agreement of the
model and experiment justify that assumption.

Figure 10 shows the predicted water activity profiles based on
50% RH vapor at the feed side of the membrane. Nafion 1110,
which should have the largest diffusional resistance. The water
activity difference at both vapor/membrane interfaces is 0.05
(0.5—0.45 at feed side and 0.06—0.01 at dry side). The water

Table 3. Permeation Rate from Water Vapor at 30 °C

feed side flux
activity (mol/cm?/s) Nafion 112 Nafion 115  Nafion 1110
03 experimental® 77%x1077  53x 1077 18x1077
model prediction 7.8 x 1077 55x 1077 32x1077
0.5 experimental® L5x107° 11x10°° 90x1077
model prediction  1.8x107° 15x107°® 1.0x107°
0.8 experimental® 37x10°° 25x10°°  20x10°°
model prediction  40x 10°°  35x10°°  26x10°°

“ Experimental error on flux measurements is estimated to be £10%.

Table 2. Permeation Rates across Nafion 115 and Water Evaporation Rate

T (°C) permeation rate (tmol/cm?*/s) P (bar) water evaporation rate (mmol/cm*/s) permeation rate/evaporation rate ke (mol/cm?/s)
30 7.4 0.042 25 3x107* 2.58x10°°
50 14 0.122 73 2x 107" 448 x10°°
70 23 0.308 184 1x107* 6.79 x 10 °
80 28 0.467 279 1x10*
2725 dx.doi.org/10.1021/jp1112125 |J. Phys. Chem. B 2011, 115, 2717-2727
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Figure 10. Water activity profiles for steady state permeation across
Nafion 112, 115, and 1110 from @, = 0.5 vapor at 30 °C. The interfacial
transport coefficients are reported in Table 2.

activity difference across the membrane is 0.39. The ratio of
driving forces for diffusion/interfacial transport is 0.05/0.39 =
0.13. The ratio of the driving forces for diftusion to interfacial
water transport with a vapor feed is 25 times greater than the ratio
for a liquid feed. The difference in driving force for diffusion to
interfacial transport reflects the shift in the rate-limited step for
water permeation between diffusion at low membrane water
activity to interfacial transport at high membrane water activity.

Implications of the Results for PEM Fuel Cell Operation.

The results for water transport across Nafion membranes
reported here are important for understanding the membrane
water content in a running fuel cell. In a fuel cell, liquid water is
produced at the cathode catalyst layer close to the membrane
surface. The presence of liquid water at the cathode side of the
membrane surface permits high diffusion rates of water from
cathode to anode. The interfacial mass transport resistance at the
membrane/vapor interface at the anode keeps the water activity
in the membrane high. The high hydration is essential to
maintain high proton conductivity in the Nafion membrane.

The results reported here for diffusion coefficients and inter-

facial transport coefficients may be employed to integrate the
diffusion equation and understand the dynamics of water absorp-
tion and desorption reported in various experimental situations
and water profiles imaged in fuel cells using NMR and neutron
scattering. We have included as Supporting Information a
compilation of analyses listed below:

1. Dynamics of water absorption and desorption from Nafion
films. These have been compared to the experimental
results of Satterfield and Benziger.”

2. Comparison of the dynamics of water absorption from
liquid water and water vapor and its relation to Schroder’s
paradox. These results help understand the analysis of
Onishi et al. who showed that the dynamics of water
absorption from liquid water are much faster than absorp-
tion from saturated vapor.**

3. Steady-state water activity profiles in conditions simulating
fuel cell operation. The steady-state profiles obtained by
NMR imaging show almost uniform water composition
across the membrane.** The model presented here explains
those results.

The most important consequence of these results is that

interfacial mass transport at the vapor/membrane interface limits
water uptake dynamics by Nafion. Consequently, water absorption

is more than 2 orders of magnitude slower from saturated vapor
than saturated liquid. This difference in water absorption from
saturated liquid and saturated vapor has puzzled researchers for a
long time.+ 6304647

Water absorption is also slower than water desorption.” Water
content in the membrane starts high during desorption and low
during absorption. Because water diffusivity increases signifi-
cantly with membrane water content, water diffusion to/from the
interface is faster during desorption than absorption.

The simulations presented in the Supporting Information
show that proper accounting for activity-dependent diffusion
coeflicients and interfacial transport identify the rate-limiting
step for water transport in Nafion and unify the experimental
observations from different experiments.

B CONCLUSION

Water diffusivity, interfacial mass transport, and volume avail-
able for transport are three critical factors that control the
transport of water in Nafion membranes. These factors were
quantified as functions of water activity and temperature by water
sorption, volumetric expansion, pulsed gradient-spin echo NMR
and steady-state permeation measurement.

A novel method of direct measurement of free volume
associated with water absorption in Nafion is presented. The
free volume is large for the first water molecules absorbed. The
free volume per water molecule decreases for the first four water
molecules absorbed. Self-diffusion coefficients were measured by
PGSE-NMR at long delay times that captured the tortuous pore
network of the hydrophilic domains in Nafion. At low membrane
water activities, the tortuosity is large, resulting in a small effective
diffusion coeflicient for water.

The self-diffusion coefficients increased with water activity,
showing two regimes. Diftusion coefficients increased rapidly
with increased water for the first four water molecules per
sulfonic acid, and then increased more slowly for water activities
corresponding to more the four water molecules per sulfonic
acid. The water sorption and diffusion results suggest four water
molecules form a first solvation shell around the sulfonic acid
groups. Beyond the first four water molecules, the diffusivity
increases more rapidly with water sorption.

Interfacial mass transfer coefficients were evaluated for water
transport across the Nafion/vapor interface. Results show that at
high membrane water activity diffusion is fast and water transport
is limited by interfacial transport at the membrane/vapor inter-
face. At lower membrane water content the diffusion coeflicient
becomes smaller and diffusion becomes slower than vapor/
membrane interfacial transport.

Incorporation of the concentration-dependent diffusivity,
swelling of hydrophilic domains, and vapor/membrane inter-
facial transport into the diffusion equation allows for success-
ful modeling of the dynamic water sorption/desorption in
Nafion.

B ASSOCIATED CONTENT

© Supporting Information. Model predictions of the dy-
namics of water sorption and desorption from water vapor and
water liquid and steady-state profiles of membrane water activ-
ities in fuel cells. This material is available free of charge via the
Internet at http://pubs.acs.org.
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