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Nanostructure of Clusters in Nafion Studied by DSC!

M. Iijima,z'3 Y. Sasaki,* T. Osada,? K. Miyamoto,4 and M. Nagai4

The nanostructure that consists of clusters and channels between the clusters
in Nafion with absorbed water is studied by Differential Scanning Calorimeter
(DSC) measurements with stepwise temperature programs. A cluster size
distribution (CSD) is fitted reasonably by a log normal distribution function.
The fitted CSD has a peak of approximately 4nm in diameter. In compar-
ison of the water content from gravimetry with that from the fitted CSD,
at least three kinds of water states are found, two of which are freezable
and non-freezable water in a cluster and another is the non-freezable water
in a channel between the clusters. From the assumption of a simple cubic
lattice model, the channel length L., between the clusters and the cross
section S, of the channel can be estimated. Also, the degree of desulfo-
nation in the terminal of the side chain by thermal degradation depends
on the nanostructure consisting of the clusters and channels in Nafion with
absorbed water. The channel length L, decreases monotonically with increas-
ing water content. Essentially the channel cross sectionSg, increases with
increasing water content.

KEY WORDS: cluster size distribution; DSC; Nafion; nanostructure; poly-
mer electrolyte fuel cell (PEFC); thermoporosimetry.

1. INTRODUCTION

The state-of-the-art polymer electrolyte fuel cell (PEFC) utilizes perflu-
orosulfonic acid polymer membranes as electrolytes. Nafion membranes
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consist of a polytetrafluoroethylene (PTFE) backbone with side-chains
terminated with a sulfonate group. In many ionomers, the ionic species are
observed to aggregate and form hydrophilic domains that are distributed
through a polymeric matrix. The two-phase structure of the perfluorocar-
bon ionomers is due to the molecular aggregation of hydrophilic ionic
groups separated from hydrophobic fluorocarbon chains. For the perflu-
orosulfonated ionomer membranes, the water content inside membranes is
balanced by the hydrophobicity of the perfluorinated polymer backbones
and the hydrophilicity of the terminal sulfonic acid. In the presence of
water, only the hydrophilic domain is hydrated to maintain the proton
conductivity.

The nanostructure in Nafion with absorbed water consists of many
water clusters with distributed sizes and water channels that reside between
the water clusters [1-3]. The nanostructure affects strongly the transport of
the oxonium ion and proton hopping. In the transport the ions must go
through the water cluster and the channels in Nafion with absorbed water.
The small clusters and the fine channels play also an important role in the
proton conductivity and ion transport. It is important for the development
of a new polymer electrolyte to estimate the water cluster size distribution
(CSD) in Nafion with absorbed water. The fuel cell performance is influ-
enced strongly by thermal degradation related to the SO, liberation pro-
cess between 250 and 300°C and the desulfonation process between 290
and 400°C for Nafion [4]. It is also interesting to understand the nano-
structure in the thermally degraded Nafion in comparison with that in an
as received state.

Recently, thermoporosimetry from Differential Scanning Calorimeter
(DSC) has been proposed for silica gel. A pore size distribution can be
estimated by means of the depression of the melting point due to the
increase of the interfacial energy between silica and water within the pores
[5,6]. In this study we estimate the CSD in Nafion with absorbed water
as received and in thermally degraded Nafion from thermoporosimetry
by DSC. From the obtained CSD we analyze the nanostructure that is
formed with the clusters and the channels in the Nafion with absorbed
water. Through an understanding of the relation between the nanostruc-
ture and proton conductivity, it will be possible to improve fuel cell
performance.

2. EXPERIMENTAL

Nafionl117 membrane supplied from DuPont is used in this study.
The equivalent weight (EW) and the thickness of the membrane are
1100 g/eq. and 0.18 mm, respectively. Nafion is soaked in pure water at
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room temperature (RT) for various lengths of time in order to control the
water content. The water content W, in Nafion is defined as follows:

Wup — W,
W= —1p— Pdy, (1)
Wdry

where Wy, is the mass of the Nafion with absorbed water and Wy is the
dry Nafion mass after keeping it in vacuo for a long time, i.e., for a week.

The DSC measurements are carried out with a DSC822¢ differential
scanning calorimeter from Mettler Toledo equipped with a cooling appa-
ratus. Conventional DSC curves are obtained in the temperature range
between 5 and —50°C with a scanning rate of 5°C-min—!. The DSC curves
are obtained by a stepwise temperature program for heating in the tem-
perature range from —50 to 5°C from which the CSD is estimated. The
stepwise temperature program consisted of the repetition of two parts; the
isothermal part while holding the temperature for 5-30 min and successive
heating by up to 3°C with a rate of 0.3°C-min—!. A sample mass of about
4.6 mg is put into an aluminum pan and purged with nitrogen. The tem-
perature and enthalpy are calibrated with indium as a standard. The ther-
mally degraded samples are prepared from aging at 25, 150, and 300°C for
1 h in the DSC apparatus.

The relationship between the spherical cluster diameter d and the
melting temperature 7, the well-known Gibbs-Thomson or Gibbs—Duhem
equation, is used to fit the result for Nafion with absorbed water in
Ref. [7] as follows:

64.04

=——+0.80. 2
0.12—Tm+080 @

The number of water clusters Ng, per unit volume of the membrane is
evaluated by the following equation:

Ah/AHy 1
Nc1u:4—dm3 v s (3)
w3 (§)" TNt

where Ah is the measured melting enthalpy of water, AHy, is the melting
enthalpy per unit mass of water, p,, is the density of water, and Vs is
the volume of Nafion. The obtained CSDs are fitted by a log normal dis-
tribution for estimation of the total cluster volume, and this is taken into
account to estimate the non-freezable water in clusters that are too small.
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3. RESULTS AND DISCUSSION

3.1. Melting and Freezing Behavior of Water Clusters by Conventional
DSC Measurements

Figure 1(a) shows cooling curves for Nafion with absorbed water for
various W, obtained from conventional DSC measurements. The sharp
peak at high temperature is obtained for pure water. All other peaks occur
at lower temperatures than that of pure water. These exothermic peaks are
due to crystallization of water in Nafion with absorbed water. The exo-
thermic peaks shift to higher temperatures, and the peak height increases
with an increase in the water content in Nafion [8]. The crystallization
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Fig. 1. DSC curves of (a) cooling and (b) heat-
ing for Nafion with absorbed water for various
water content and pure water at a scanning rate of
5°Cmin~!.
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behavior is characterized by a cluster size dependence of the melting
temperature.

Figure 1(b) shows DSC heating curves for the same samples as shown
in Fig. 1(a). The onset of the melting peak of pure water is shown in the
top curve. The heating curves for water in Nafion have sharp peaks at
about 0°C for the free water and asymmetrical broad peaks between —30
and 0°C due to the melting of water in the clusters. The broad peak tem-
perature shifts to higher temperatures with increasing W,.

3.2. Cluster Size Distribution (CSD)

Figure 2 shows the results of DSC measurements with a stepwise tem-
perature program for Nafion with absorbed water for W, =0.106. The
heat flow resulting from a pulse corresponds to heating between isother-
mal parts in the temperature program as shown in the inset. Therefore,
the total enthalpies for the pulse heat flow include three contributions:
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Fig. 2. DSC curve with a stepwise temperature program for
Nafion with absorbed water (W, = 0.106). Inset shows one step of
the stepwise temperature program and the corresponding heat flow.
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Fig. 3. CSD of Nafion with absorbed water for various

water content. Each data point is shifted by 0.04 along
the ordinate.

the specific heat of Nafion and molten water and the melting enthalpy of
water by heating to 3°C.

From these results of the stepwise temperature program, we can cal-
culate the CSD as spherical clusters for Nafion with absorbed water from
Egs. (2) and (3). The CSD drops sharply below 2 nm in diameter as shown
in Fig. 3 because the water in clusters that are too small cannot crystal-
lize. This behavior suggests the existence of a few percent of non-freezable
water. We assume that the CSD can be fitted with a log normal distribution
function as shown in the inset in Fig. 4. The fitted CSD for Nafion with
absorbed water has a peak around 4 nm as shown in Fig. 4 and is consis-
tent with SAXS results [1,8,9]. It is also found that both the peak position
and height of the fitted CSD increase with increasing W,. From the fitted
CSD, we can evaluate the water content in the cluster as discussed later.

3.3. Water Uptake Process in Nafion

Three different cases of water content in Nafion with absorbed water
are evaluated from the DSC results: W, and the cluster water content and
non-freezable water content from the fitted CSD. Figure 5 shows the con-
tents of three kinds of water plotted as a function of soaking time in
water. The amount of three kinds of water increases with increasing soak-
ing time at the early stages and levels off after that. The non-freezable
water content reaches saturation at an earlier soaking time than that of
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Fig. 4. Fitted CSD for various water content. Each data
point is shifted by 0.04 along the ordinate. Inset shows
the fit of a log normal distribution function.
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Fig. 5. Three kinds of water content plotted as
a function of the soaking time for Nafion with
absorbed water; open squares from mass, open cir-
cles from the fitted CSD, and open triangles from
non-freezable water.

W, and the cluster water content. This means that clusters are formed by
the aggregation of the hydrophilic terminal. W, by mass includes the excess
water for the cluster water content from the fitted CSD. The results for W,
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are essentially inconsistent with those for cluster water content. This excess
water is due to the channel water between clusters not included in the
clusters of water. We can estimate the channel structure from this excess
water.

3.4. Nanostructure of Water Clusters in Nafion with Absorbed Water

We assume that the water clusters in Nafion with absorbed water
form a simple cubic lattice. The simple cubic lattice of the water clusters
is a good model for the nanostructure that consists of clusters and chan-
nels. In this model one cluster has three channels. Based on this simple
cubic lattice model, we can estimate the channel length L., (not including
the cluster diameter) and channel cross section Sc, of the channel between
the water clusters using the following equations:

1 1
Lep==x|[] —d d 4
ch 3 X ( Neta ) an “4)
Wup — W,
Seh = “p—log, 5)
PwNelu VNar Leh

where Wi, is the total water mass in the cluster estimated by the integral
of the CSD.

Figure 6 shows L, and S, through the water uptake process. In
early stages L., and Sc, decrease with increasing soaking time. In later
stages L., holds constant and Sg, increases. Water molecules disperse ini-
tially in Nafion by diffusion. After that, water clusters are formed by the
aggregation of the terminal sulfonic acid groups with hydrophilicity. In the
early stages the estimated channel structures may not reflect the actual
ones, because there are many dispersed water molecules in Nafion and
Nafion and water are in a nonequilibrium state. In later stages cluster for-
mation is completed with the water-saturated clusters. Then the length L.,
becomes constant. The cross section S, increases by the supplied water
molecules with an increase of W. The cross section S., shows good agree-
ment with the results of streaming potential data [2,10,11]. Our simple
cubic lattice model is a good assumption for the channel structures in
Nafion with absorbed water.

3.5. Nanostructural Change of Clusters and Channels by Thermal
Degradation

The fitted CSD of water uptake for Nafion aged at 25, 150, and
300°C is shown in Fig. 7. It can be found clearly that the number of
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Fig. 6. Channel length L, (open squares) and
channel cross section S, (open triangles) plotted as
a function of the soaking time for Nafion. Solid and
dotted curves are guides for the eye.
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Fig. 7. Fitted CSD for Nafion aged at 25, 150, and
300°C for 1h.

water clusters N, decreases in overall diameter range with an increase in
the aging temperature. This decrease in the fitted CSD is consistent with
the thermal degradation related to SO, liberation and the desulfonation
in the terminal of the side chain of Nafion [4]. Peak diameters decrease
with an increase in the aging temperature.
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Fig. 8. Channel length L, (squares) and channel
cross section Sg, (triangles) plotted as a function
of water content for Nafion; open symbols for as
received and closed symbols for thermally degraded
Nafion. Solid and dotted curves are guides for the
eye.

We can also estimate the nanostructure of clusters and channels
in thermally degraded Nafion. Figure 8 shows the channel length L,
and channel cross section S, with various water content for thermally
degraded Nafion. Comparison of as received Nafion with thermally
degraded Nafion shows that L., lies on the same curve but S, differs
significantly in the low water content. Through desulfonation, Nafion and
water are in an equilibrium state even at the low water content.

The channel cross section S.;, would be a dominant factor for a mesh
effect in the transport of the protons and ions through Nafion, and the
PEFC performance could be improved by control of Sg.

4. CONCLUSION

The CSD for Nafion is obtained from DSC measurements with a
stepwise temperature program. The CSD fitted by a log normal distri-
bution function gives useful information for the nanostructure of clus-
ters and channels in Nafion with absorbed water. The fitted CSD for the
water absorbed Nafion reveals a peak of approximately 4nm in diame-
ter. The nanostructure in Nafion with absorbed water consists of at least
three kinds of water states, two of which are freezable and non-freezable
water in a cluster and another state is the non-freezable water in a channel
between the clusters. The non-freezable water within a cluster exists with
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a few percent in Nafion with absorbed water. From the assumption of a
simple cubic lattice model, we can estimate the channel length L, between
the clusters and the channel cross section Sc,. Also, the desulfonation in
the terminal of the side chain by thermal degradation causes a change of
the nanostructure in Nafion with absorbed water. The channel length L,
decreases monotonically with increasing water content. The channel cross
section Sg, increases with increasing water content. The nanostructure in
Nafion with absorbed water would be an important factor for an improve-
ment in the performance of a PEFC.
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