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Estimation of Water Contents of Polymer Electrolytes
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Water molecules confined in perfluorinated ionomeembranes
which are widely used for polymer electrolyte faells, presented
apparently a singléH NMR peak in hydrated states because of the
rapid exchange among the water molecules at thiectisegments
of the polymer. The peak shifted to the lower fielth decreasing
the water content due to the decrease of the dmaaf the bulk
water molecules which present a peak at highet.fiehe chemical
shifts were found to be well correlated with thealparea. The
water peak for MEA (Membrane Electrode Assemblyvedd also
similar behaviors to the membranes. From the oalatiip between
the chemical shift and the peak area of the codfimater peak we
demonstrated the potential that the chemical sbiitld be utilized
to estimate the water content in the hydrated mands and MEA.

Introduction

Perfluorosulfonic acid polymer electrolyte membrasech as Nafion (E. |. DuPont
de Nemours and Co.) are utilized extensively fdymper electrolyte fuel cells (PEFCs).
Nafion is a membrane in which hydrophilic perflualio/leneether sidechains terminated
with —SQH are periodically attached to the hydrophobic fhearbon backbone. The
water molecules are known to play important rotasthe membrane to exhibit high ion
conductivity and for the cell to maintain its perfance under operation (1-26).
Therefore, it is of significant importance to urstend the water behavior in the
membrane. Recently we demonstrated thatNMR spectra of the water molecules
confined in the Nafion membranes presented charstitefeatures reflecting the changes
in the properties of the membranes (23-26). Inghisly on the basis of the changes$tbf
NMR peaks of water molecules confined in Nafion ai#A (Membrane Electrode
Assembly) at higher temperature in an open systamwill discuss the adsorbability of
the water molecules at distinctive segments ofnieenbrane and the chemical exchange
among them, and demonstrate that'th&\MR parameters could be exploited to estimate
the water content of the hydrated membranes and .MEA

Experimental

Commercially available Nafion 112 and 1135 membsaiie I. duPont de Nemours
and Co.) were used as received. The water contéhé@s received Nafion membrane is



about 5 %. Although several pre-treatments of tleenbranes have been recommended
(17), some treatment steps significantly affectled spectral features. Therefore, we
measured the membranes without any pre-treatment.

MEAs (designated as MEA/112 or MEA/1135) were predaby spray coating a
Nafion 112 or a Nafion 1135 membrane with highlgp#irse carbon supported catalyst
materials from platinum-ruthenium alloy on the am@hd platinum on the cathode. The
metal loadings were 0.5 mg/éinoth on the anode and the cathode.

'H NMR measurements were carried out on a Variamitgf Plus 500 NMR
spectrometer at 500 MHz and on a JEOL ECA 400 NpEtsometer at 400 MHz in the
temperature range of 24-85 without sample rotation. A single sheet of thaneanes
or MEA was located in a glass NMR sample tube amel'H NMR spectra were
measured as described previously (23). For therodisen of water vaporization, the
measurements were performed without a cap of thé&klsimple tube. Chemical shifts
were measured relative to DSS (sodium 2, 2-dimeksilapentane-5-sulfonate) as an
external reference.

Results and Discussion

MEA in the form of a single sheet presented a brddNMR peak as shown in
Figure 1 (a) at 2. In an MEA, water molecules are expected to lsodmed on the
various parts, such as the carbon supported chtatgserials besides the polymer
membranes and the polymer electrolytes in the ysitdhyers. However, as shown in
Figure 1 (b) and (c) no water peak was observettimatalyst (Ketjen carbon black) and
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Figure 1'H NMR spectra of (a) MEA / 112, (b) Pt/catalyst {jéa carbon black),
(c) Clcatalyst, and (d) NMR sample tube, measutdd@ MHz at 24C.



C/catalyst. A small peak observed at around 3.5 gpes not originate from MEA/112
and the carbon supported catalyst materials bedauszs also observed for the empty
NMR sample tube (Figure 1 (d)). The small peak maymost probably ascribed to the
water adsorbed on the NMR glass sample tube. Thassignal of the water molecules
adsorbed on the carbon supported catalyst matevadsnot detected although very rigid
water which could not be observed by NMR may exisierefore, the observed peak for
MEA could be ascribed to the peak of water molecutenfined in the polymer
electrolytes, that is, in the Nafion membranesidation in the catalyst layers.

The water molecules confined in the hydrated Nafi@85 and MEA/1135 provide a
broadH NMR single resonance line as shown in Figured)2afd (B). As stated above
the peak for MEA could be ascribed to the wateremwles confined in the polymer
electrolytes contained in the MEA. However, the evgieak for MEA is much broader
than that of Nafion membrane for some reason. fAsrted previously, the peak of the
water molecules in the hydrated Nafion membranesmsidered to be broadened by the
distribution of the chemical shifts of the variouster molecules in the chemically
different environments in the membrane (23). Theaber peak for MEA may reflect the
increased heterogeneity in the chemical environsnehthe water molecules, namely the
heterogeneity of the morphology/structure of thymer electrolytes (23).
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Figure 2'H NMR spectra of water molecules confined in (AYitated Nafion 1135
and (B) MEA/1135 measured at 500 MHz, at (£)&Q4and (b) 1,
(c) 2 and (d) 3 h after the samples were kept &€ &% an open system.
(e) The samples (d) were measured aC24

Although MEA/1135 presented a much broader peak the Nafion1135, the water
peak changed with time similarly to that of Nafid8% (26) at higher temperature of
85°C in an open system as shown in Figure 2. AtC8t5 an open system the water



molecules in the sample sheet evaporated gradaally after 3 h the peak intensity
decreased significantly as compared to that beaferéemperature increase (Figure 2(d)).
It is noted that the resonance line became broarthe signal shifted substantially to
the down field. On decrease of temperature bac4t€, the peak becanteo broad to
be observable (Figure 2(e)) because of the reduncdxlity of the water molecules due to
the temperature decrease. This broad peak cancbhbeakto the rigid water molecules
with restricted mobility which remained in the polgr electrolytes after the vaporization
of volatile water molecules with narrow line widthBhe volatile water of narrow line
width and the rigid water of broad line width cahme discriminated at 2&€ before
temperature increase because of the rapid cheewcabhnge of the water molecules. At
85°C, with the vaporization of the mobile water mollesy the component of the rigid
water molecules with the restricted mobility rensinin the system would become
dominant to contribute to the broader peak. Onbisis of the assignment fé MAS
NMR spectra of dried Nafion reported by Giotto &t (40), the remained broad peak
could be reasonably assigned to the water molecstiemgly associated with the
sulfonate group of the polymer side chain with kcteostatic interaction.

Although as stated above the resonance line intémbrane was considered to be
apparently broadened by the distribution of chehtafts of the water with different
structures and mobility in the chemically differemvironments in the membrane (23),
the distribution of the chemical shifts reporteddoied Nafion which contains very small
amount of water is actually much largdd MAS NMR spectra of dried Nafion consist
of separated regions over 14 ppm (10). The watelecutes in the different water
domains localized around the polymer segments maycdtegorized to such as
hydrophilic sulfonate groups, and hydrophobic fagarbon main and side chains. By
measuring the IR spectra ob®, DO and HDO in hydrated Nafion membranes, Falk
reported that a substantial proportion of watereatwoles appeared to have an OH group
(or occasionally both OH groups) exposed to therficarbon environment (22). In the
case of the dried Nafion, because of the shortdgheobulk water, the pendant group
moiety of the polymer would become more rigid. Bessathe mobility of the water
molecules around the distinct segments (hydropBilifonic groups, and hydrophobic
fluorocarbon main and side chains) becomes moteatesl and the chemical exchange
of the water molecules inter the distinct segméetsomes slower, the membrane would
present a spectrum with the distinct regions o&irevater signals.

For the hydrated membrane and MEA the presencenodigh amount of the bulk
water enables the rapid exchange among the watdecules around the different
segments in the NMR time scale. Consequently thegemted apparently a single peak.
The chemical shifts and the line width changed amredation with the change in the
fraction of the each water component and the exghaiate among them. For the
hydrated membrane, the bulk water molecules tleathee most mobile component in the
membrane would present a peak with the narrowsstwidth at higher field, supposedly
around 5-4 ppm, by taking into the account that ¢hemical shift of the pure water
solution is around 4.8 ppm at @4 On the other hand, the water molecules arouead th
sulfonate group present a broad line at low fi@lkd(@nd 9-14 ppm) (10, 26). Actually on
the increase of the water content by adding waten foutside to the membrane, which
would mean the increase of the bulk water, the gmpawater peak of the hydrated
membrane became intensified and sharper, and ghdtéhe upper field because of the
increase in the fraction of the bulk water companerthe membrane (26). Thus for the
hydrated membrane, the line width, the peak ared,the chemical shift of the water
molecules altered sensitively in proportion to wWeer content.



The major components of the water confined in tblyrer electrolyte would be the
bulk water that is most mobile and present a sigiwdligher field close to the water of
pure water solution (4.8 ppm), and the water mdéscin the vicinity of the sulfonate
groups which undergo strong electrostatic inteoactvith the hydrophilic sulfonate group
and present a broader signal at lower field aro@ngpm (25). Due to the chemical
exchange the apparent signal is observed at arbuBigopm depending on the water
content in the polymer electrolyte. The observeenulsal shift would be determined by
the relative fraction of the bulk water and the evadround sulfonate groups. Because the
fraction of the sulfonate groups in the polymefixed, the peak would shift to the lower
field with a decrease of the fraction of the bulater. This means that the peak shifts to
the lower field with a decrease of the water contehich could be verified by the above
experiments of the vaporization of water by heating membrane and MEA at &&
When the sample was heated at@% an open system, the most mobile water molsgule
that is the bulk water was eliminated graduallynfrehe system and the peak area
decreased gradually with an increase of the lirdilwand the signal shifted to the down
field because of the decrease of the relative imacbf the bulk water. After the
vaporization of the mobile bulk water the rigid eatomponents around the sulfonate
groups remained in the polymer became dominantirgato the observation of the
broader peak at the lower field. The peak areshefwater signal measured with time
after heating the sample relative to that beforeperature increase in an open system
was plotted against the chemical shift values guf@ 3. As shown in Figure 3, the
chemical shift value is well correlated with theakearea which represents the water
contents in the Nafion 1135 membrane and MEA/113%s observation suggests the
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Figure 3 Relation of the chemical shift value almel telative peak area of
the water peak on heating at’8%o that before temperature increase
in an open system, for a Nafion 1135 membranea(id an MEA/11354).



potential to utilize'H NMR parameters such as the chemical shift vahaethe peak area
of the water molecules as a measure of the amdunat@r in the hydrated membrane
and MEA. Although peak area is a direct measuréhefwater content, for the NMR
measurements, it is affected by the sample sizaraghetic field inhomogeniety. On the
other hand chemical shift is barely affected byhstactors. Therefore, chemical shift
could be a practical measure for the estimatiam@fvater contents.

Conclusion

Behaviors of water molecules confined in polymearctblyte membranes and MEAs
for PEMFCs were investigated Y4 NMR spectroscopy!H NMR peak of water
molecules of MEA was ascribed to the water molecutenfined in the polymer
electrolytes contained in MEA. On evaporation théklwater molecules in the polymer
electrolytes gradually desorb from the membraneletove water molecules around
sulfonate groups. The chemical shifts changed teglyi reflecting the ratio of the
fraction of the bulk water molecules to that of thater molecules around the sulfonate
groups. The peak area which is a measure of therwantent in the hydrated membrane
was found to be well correlated with the chemidafts. The results suggest that the
chemical shifts of water peak could be exploitecestimate water content of hydrated
membranes and MEA. Although peak area appearsetdineasure of the water content,
for the NMR measurements, it is affected by the @ansize and magnetic field
inhomogeniety. On the other hand chemical shifbasely affected by such factors.
Therefore, chemical shift could be a practical andre precise parameter for the
estimation of the water contents.
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