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ABSTRACT: Several poly(perfluorosulfonic acid) membranes (NAFION, EV¥100) with the same sulfonic

acid content were systematically investigated with SANS under in-situ water vapor sorption and/or with bulk
water to quantify the effects of relative humidity (RH), membrane processing (melt-extruded and solution-casting),
prehistory (pretreated at 8@ and as-received), and thickness on the nanoscale structure at room temperature.
The sorption isotherm (water uptake vs RH) of the membranes showed a strong correlation between the interionic
domain distancel{,,) and RH. The melt-extruded membranes showed evidence of partial alignment of better
organized ionic domains than those solution-cast. Pretreating the membranes resulted irLgJamga broader
scattering over the entire range of RH. The ionic peak of the melt-extruded membranes (as-received and pretreated)
became more symmetric and narrower with sorption time. Diffusion coefficients of water vapor, based on structural
evolution and Fick’s second law, are in the range of 10-7—3 x 107 cn¥/s for both extruded (pretreated and
as-received) membranes. A thickness-dependent crystalline feature @our@03 A1 was also observed.

Introduction

Recently,
studied due to their promise as a new environmentally friendly

power source for laptop computers, cell phones, motors, and
internal combustion engines for automobiles. One of these

membranes is the perfluorinated sulfonic ionomer membrane
NAFION (DuPont trade namé¥;% which has the properties

of thermal stability, chemical inertness, and high proton
conductivity. NAFION membranes have become standard-like
materials in the field of fuel cell membranes. The properties

and performance of newly developed fuel cell membranes are

typically compared with those of NAFION. Therefore, the study
of this type of material is important.

NAFION membranes of acid form (perfluororosulfonic acid
polymer, PFSA) have been considered as future fuel cell
membranes for operated at low temperature (aroureB00C)
and relative humidity around 70% RH. PFSA is manufactured
by converting the sulfonyl fluoride (SB) terminal group in a
copolymer precursor of tetrafluoroethylene (TFE) and vinyl
sulfonyl fluoride to sulfonic acid (SgM) group?
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While this structure is fully defined by the average distance
between side chains (or TFE/side chain mole ratip)it is
traditionally referred to by EW (g/mol), defined as the backbone
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monomer (TFE or CFCF,) molar mass=£100 g/mol) times,

solid-state fuel cell membranes have been muchIOIUS the side chain (perfluoro vinyl ethersRss0sSH) molar

mass £444 g/mol). Thus, for example, anof 6.6 yields an
EW (= 100n + 444)= 1100. The membrane then consists of
this hydrophobic backbone and perfluoro vinyl ether pendant
groups with hydrophilic sulfonic acid groups at the terminal of

'the pendant chain which segregate into microdomains. The

larger the EW, the fewer the sulfonic acid groups in the
membrane.

Many studies of NAFION membranes have been published.
For example, studies of PFSA membranes have focused on the
effect of temperaturé;* membrane thicknes$s’ water content,
and relative humidity (RH) on proton conductivity. The results
showed high conductivity at a temperature 70 °C, high
humidity, and thin membranes (for example, ¥B um). The
diffusion coefficient of water was measured for bulk water and
for water vapor using a gravimetric meth6d? by tracing the
far-infrared (FIR) spectra of the water isotope (HD®jand
by the pulsed-gradient spin-echo NMR metkince the flow
of protons from the anode to the cathode is expected to be
related to the sorption/diffusion behavior of water molecules.
Numerous studies to reveal the structure of the membranes,
including the structure under mechanical stress, using small-
angle scattering have suggested various kinds of structures like
lamellae, core-shell, sphere, cylinder, fibrils, eté-17 Surface
(or near surface) images have been obtained with atomic force
microscopy (AFM)8¥Water dynamics in the PFSA membrane
have been studied with quasielastic neutron scattering (QENS).
Infrared spectroscopy for studying the water and ionic domain
interactio#2¥-24 and nuclear magnetic resonance (NMR) for
studying nuclear dipoledipole relaxation or chemical structure
analysig>27 have also been used. In parallel with experiments,
simulations of structure reconstruction from SA%3he chain
conformation in a solverf the effect of the polar side chain
distribution on the backbori@,and the aggregation of the ionic
domains with waté# have been performed. To improve the
mechanical properties and high-temperature conductivity, modi-
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Table 1. PFSA Membranes, Thickness of Single Layer, and Sorption Environments

membrane code thickness (partially dried){m)° SANS experiment environment
melt-extruded (as-received) Ex112asr —4H vapor, liquid water
melt-extruded (pretreated) Ex112cIn 481 vapor, liquid water
solution-cast (as-received) Csli12asr —aa liquid water
melt-extruded (as-received) Ex117asr 183 liquid water
Ex1110asr 254 liquid water
none 25,89, 127, and 254 liquid water

agx, Cs, ast, and cln stand for melt-extruded, solution-cast, as-received, and pretreated (or cleaned), respébtveiymple thicknessuf) is the
mean value of measurements at several points across a single film (as-received). The thicknesseS12Z&x482asr and Ex112cln), 89, 127, 183 (Ex117asr),
and 254um (Ex1110asr) of the melt-extruded membranes correspond to N111, N112, N1135, N115, N117, and N1110 in the manufacture symbol. In both
our nomenclature and that of the manufacturer, the first two digits, 11, represert EV80 and the remaining digits the thickness in thousandths an inch
(mil) of membranes.

fications or composites of PFSA membranes have been #i&fe.  in a mixture of water (15 wt %) and alcohols at 50 for Y/, h,
Recently, review articles on this membrane have appeared infollowed by a curing step at 16@120°C for 15 min®3 All of the
the literature3”—3° processing steps described here were carried out (at the manufac-

The PFSA membranes are manufactured in various thick- turer) prior to sending the films to NIST for the SANS measure-
nesses and sulfonic acid content by melt-extrusion or solution- me_l_n;: membranes were pretreated as follows: as-received mem
casting. The membranes can be used as-received or aftelbr

L . ) : . anes showing a pale brown color were placed in 3 vol %&H
pretreatment. In addition, as mentioned in the literature cited _: g0 1 °¢ for 2 h toremove organic contaminants. At this stage,

above, the proton conductivity of NAFION membranes depends the |ight brown color disappeared. The clear membranes were rinsed
on relative hUmIdIty, diffusion COeffiCient, water uptake, and in deionized water at 23C several times to remove ;8.
temperature. Therefore, correlating the water vapor sorption/ Subsequently, the membranes were immersed in 0.5,80at
diffusion with the structural changes is important to understand 80 + 1 °C for 2 h toreplace any foreign cations with protons,
the proton conductivity, sorption behavior, and the mechanical followed by rinsing in deionized water several times to remove
and physical properties of the membranes. The first purpose ofH2SQs. Although the pretreatment was performed in boiling dilute
this study is to understand the effect of the membrane processing12SQ: and HO; solution in a previous studyf,80 + 1 °C was
method (i.e., melt-extrusion and solution-cast), thickness, and hosen here to minimize any possible reorganization of structure
prehistory (as-received and pretreated) on the nanoscale featureg boiling water solution. The pretreated membranes were dried in

h he i onic d in di di | I vacuum oven with a desiccant at RT for 1 day and then at 40
such as the interionic domain distandg,() and interlamellar 1 oc to; several hours until their weight became constant. This

(or fringed micelle) of the crystalline phasé| with the procedure removes most, but not all, water molecules from the
membrane wet in bulk water. A second aim is to obtain membrane. According to our IR results, it takes several days under
simultaneously the diffusion coefficient of water vapor (not vacuum at RT to remove the water molecules completely, even
liquid water), water content, sorption kinetics, and nanostructural with a 25 um thick sample. Deionized water was used for the
parameters Lon and L¢) in as-received and pretreated thin measurements. Table 1 is a summary of the samples and experiment
membranes (thickness 50 um) by monitoring the nanoscale ~ €nvironment. ) ] _

structure in real time during water vapor sorption at constant  n-Situ Vapor Sorption SANS (iVSANS). The predried ex-

RH. Finally, a third objective is to find a correlation between truded membranes (six layers of Ex112cln or Ex112asr membranes)

the water sorption and structural changes. For the second and'¢'¢ loaded into the IVSANS cell with their machine (ie.,

. S . . extrusion) direction (MD) and transverse direction (TD) aligned
third purposes, in-situ vapor sorption SANS (IVSANS) mea- ity each other. The individual layers were held in place at their

surement¥*were performed. ) ) ) ~ edges by spacer rings. The membranes were thus effectively free-
This paper consists of the following sections: (i) a brief standing over the central area (diameterl.27 cm) exposed to

description of the pretreatment of the membranes and thethe neutron beam.

iIVSANS experiment, (ii) the results of measurements on several The cell with the membranes and vapor delivery lines was

as-received membranes wet with bulk water, which demonstrateevacuated before the saturated vapor was introduced. The relative

the effect of membrane thickness and manufacturing process,humidity in the iVSANS cell was actively controlled by monitoring

(iii) the structural evolution with water vapor sorption and the the absolute water vapor pressure in the cell and feeding or

correlation between theio, (interionic domain distance) and removing vapor whenever the pressure in the cell deviated from

the fractional volume gain of water, and (iv) the determination the target vapor pressure. Vapor was generated from the degassed

e S ) . water in the bubbler. Details on the apparatus, principles of
of the diffusion coefficient from the iIVSANS signal. operations, and apparatus performance are described elseéWwhere.

Experimental Section Th_e membranes were equilibrated at 2.0% RH and then fur_ther
dried at~0 + 67 Pa (0.0Gt 0.50 Torr) at room temperature until
Sample Pretreatment.Melt-extruded NAFION 112 membranes the total detector counts of SANS become constantf80 min
(50 um thickness, EW= 1100) of the acid form were obtained to ensure that the membrane condition (i.e., amount of residual water
from lon Power Inc. The extrusion is done in the precurs@Q,F) in the membrane) was the same at the start of each measurement.
form at about 280C. There is some draw as the film exits the die. After drying, the humidity in the cell was raised to a target RH.
The film then goes over a chrome-plated chill roll. The fabricated SANS data collection was immediately started once the target RH
precursor film is then hydrolyzed to the salt'(iér Na") form by was reached, except for RH of 95%. In this case, the SANS
treating with hot 10% KOH (or NaOH) solution (optionally plus measurement was started when RH reached 0.9 of the 95% target
about 20% dimethyl sulfoxide, DMSO) at 8@0 °C. This reaction RH (i.e., at RH~ 85%) due to the long response timel0 min)
may take about an hour, depending on thickness. The completionto reach that target RH. Stability and response time will be shown
of this conversion was determined by infrared spectroscopy in the diffusion section. SANS measurements were performed in
(disappearance of SO,F peak). The film of the salt form was  the range ofQ (={4x sin(0)}/A,, where 2 andl, are the scattering
converted to the acid (H form using the 10% nitric acid at room  angle and neutron wavelength, respectively) from 0.01 to 03 A
temperature. This reaction took only a few minuteSolution- using the 30 m SANS instruments (NG3 and NG7) at the NIST-

cast membranes were prepared by drying PFSA resins dissolvedCNR (neutron wavelength, = 5.5 A, AA/A, = 15%, sample-to-CDV
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Figure 1. As-received (EX112asr) (a) and pretreated (Ex112cln) (b) é)’ C

membranes after VSANS measurement. There were no wrinkles on S 2k 2
loading the membranes in the cell. The wrinkles were generated during S [ ]
water vapor sorption. Blue marks on the membranes, which were used C ]
for indicating the machine direction, were out of the SANS beam. T 7]
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Figure 3. Plot of the differential cross section at the ionic peak position

Vs percentage increase in sample mass due to water uptake. These data
are used (for Figure 9) to infer water uptake from the IVSANS
measurements on other samples. Vertical error bars indicate uncertainty
in the sample thickness for higher percentage of mass uptake.
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section calibration despite the increase of thickness by swelling
during sorption. Thus, strictly speaking, the total cross section
00 o+ v 4 11 corrected with a constant thickness of the dry sample is a pseudo-
0 20 40 60 8 100 extensive property. Assuming mass uptake is proportional to the
i o R % sample thickness, the uncertainty in the total cross section could
Figure 2. Neutron transmission of the pretreated (Ex112cIn) and as- pe as large as 10% for the as-received and 17% for the pretreated
received (Ex112asr) membranes equilibrated at each RH (%). At 65%, g5 mples since the pretreated samples take up more water vapor.
gggsrrgéiﬂgﬂig’rﬁzénteha:;i?ré\gt'gz t%g&ebig;‘zgfo‘juc'b”'ty by reloading The water uptake QUrin_g the iVSANS measurements was deter-
mined using the calibration plot, Figure 3, which shows that there
detector distance (SDBY 1.878 m for iVSANS measurement using 1S @ linear relationship between the cross section at the ionic peak
NG3, andl, = 8.09 A, AL/, = 10%, SDD= 15.3 m andi, = and mass uptake of the as-received membranes. The water uptake
6 A, AlJA, = 10%, SDD= 4.5 and 1.1 m for the membrane wet diven in the calibration plot was determined gravimetrically for
with bulk water using NG 735 The accuracy of the scattering vector ~On€ as-received sample. , ,
calibration was confirmed at SDB= 1.878 m with the first Water Content. The water content in the membrane is usually

reflection Q(001)= 0.1075 A1)% of silver behenate (CHICH,).o- defined as a numbélr of water molecules per sulfonic acid site,
COOAg). = Nu,o/Nsop (N is the number of moles for each species). The

The physical appearance and color of the as-received and thec@n be expressed in terms of equivalent weight (EW) and mass
pretreated membranes, partially dried after the iVSANS measure- change during water vapor sorption:
ment, are shown in Figure 1.

The color of both membranes did not change during the A =WEW/18 (1)
measurement, confirming there was no indication of further
degradation (or organic contamination). The smooth surface of the .
initial dry membrane, however, became creased by the swelling the molar mass (g/mql) of water. Mas.s gaircan be converted to
process during water vapor sorption because the circular edge ofiractional volume gaing, as folllaws. ¢v = (paylpro)w (see
the stacked membrane layers was fixed. It was assumed that thef\PPendix), wherepgy ~ 2.0 g/ent H*andpr,0 = 1.0 gicnt are the
macroscale wrinkles did not affect the SANS scattering, which densities of the dry membrane for EW1100 and water, respectively.
probes structure on the nanometer scale.

The SANS and ultrahigh-resolution small-angle neutron scat-
tering (USANS) measurements of the as-received PFSA membranes Structure of Membranes Wet with Bulk Water. PFSA
(EW = 1100) with several different thickness from 25 to 264, membranes are usually manufactured in two ways: melt
wetted in bulk deionized water, were also measured by placing eachextrusion and solution-casting. The structures of the membranes
wet membrane between two quartz windows. No wrinkles in this 5re expected to depend on the processing method, membrane
case were observed. The USANS measurement was performeqpicyness, and thermal history, etc., as well as water content.
using a Bonse-Hart-type instrument (at BT5 of NCNR) that uses a Figure 4 shows SANS two-dimensional patterns and corre-

ir of triple-b h I-cut perfect sili 220 tal i . A .
En%:\gchrrfrsatgrugﬁg gnz?yr;eerc:ﬁge:r SZ zl;;:on (220) crystals as sponding circularly averaged profiles illustrating the effects of

Neutron Transmission MeasurementNeutron transmission of ~ Sample thickness and processing on the structures.
the pretreated membranes decreases by about 5% in a semiparabolic The solid membranes were wet in bulk water to study the
manner from the~96% for the dry to~92% for the membrane  effects of sorption on structure. To better isolate the effects of
equilibrated at 95% RH (Figure 2). the membrane processing on the structure, samples with similar
The transmissio_n of the as-received and pretreateq m_embrane isnass uptake were compared. Several characteristic features
about 0.97-0.96 with al, = 5.5 A. The neutron transmission used  representing orientation, crystallization, and ionic domain
to normalize the SANS data taken at each RH was the transmissionyrganization in the membranes can be seen in both the 2D

measured at the equilibrium of each RH (%) for convenience. ; ; "
Repeated measurement of transmission at 65% RH by reloading?gtgtﬁrrg 2;'%;;?5 top) and the circularly averaged profiles

and reconditioning the pretreated membrane showed good repro- In Figure 4a, the melt-extruded membranes (Ex112asr and

ducibility as seen in Figure 2. h . . .
Cross SectionDepending on the information required from the Ex117asr) show an anisotropic scattering pattern in the outer

iVSANS measurements, relative intensity (total counts) or total Scattering ring that corresponds to the interionic domain peak
cross section (i.e., absolute intensity, @nwas used. The constant ~ while the solution cast membranes (Cs112asr) show an isotropic
sample thickness of the dry membranes was used for total cross-pattern. The inner region of the Ex117asr shows strela/

wherew (= (Myet — Mary)/Mary) is the mass uptake gain and 18 is

Results and Discussion
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Figure 4. (top, @) SANS 2D pattern of extruded Ex112asr, Ex117asr,
and Csl12asm( = 20.5%) membranes wet with,B. (bottom, b)
Corresponding circularly averaged scattering profiles with the indicated 0
mass uptakew). 10
. I 10"
Table 2. Structural Parameters (Interionic Domain Distance,Lion, 10 10* 100 102 10"

1

and Full Width at Half-Maximum, fwhm) and Water Mass Uptake

(%) of the PFSA Membranes from Figure 4 QA

)
Figure 5. (a) SANS profiles of the extruded membranes (as-received,

) o -
sample Lion (A) fwhm (A) W (%) mass gain EW1100) with different sample thickness. The membranes were soaked
Ex112asr 45.0 0.095€ 0.003 18 in bulk water for around 20 min. The SANS measurements were done
Ex117asr 42.6 0.087& 0.005 15 with multiple layers indicated in parentheses. The corresponding
Cslil2asr 56.0 0.1064% 0.003 21 crystalline long spacingL¢) is also shown. (b) Desmeared USANS
Csll2asr 48.0 0.1022 0.001 11 profiles of some selective membranes (254, 183, andusil for

Ex1110asr, EX117asr, and Ex112asr) together with corresponding
anisotropic scattering, whereas the Ex112asr and Cs112asr shoWANS profiles. The gap between USANS and SANS is because the
weak and no orientation scattering, respectively. Figure 4a USANS was too weak to measure ab@ye= 0.001 A as needed to
demonstrates that melt extrusion causes orientation of ionic overlap the range of the SANS measurements. The dotted (a) and solid

X - (b) lines are guides for the eye.

group domains and produces larger scale structure corresponding
to the scattering in the lov® region Q@ < 0.1 A1), The possible. A shorter interionic domain distance in Ex112asr than
corresponding plot of circularly averaged intensity vs scattering that of the cast membrane may be due to alignment of ionic
vector (Figure 4b) shows other characteristic features. The ionicdomain and matrix (backbone chain), resulting in shrinkage
peak,Qion & 0.150 A1 (which depends on the amount of water  along the transverse direction and extension along the extrusion
in the membrane), of Ex112asr with—= 18% appears at higher  direction.
Q than that,Qon ~ 0.117 AL, of Csl112asr withw = 11%. A difference in the presence of a crystalline phase among
Furthermore, the peak width of the extruded sample is narrowerthe membranes is also clearly shown in Figure 4b. Ex117asr
than that of the cast membrane (Table 2) despite (i) the former shows a broad crystalline peak at aro@gd~ 0.03 A1 due to
having greater water content and (ii) both membranes having the stress-induced and/or nonisothermal crystallization during
the same amount of sulfonic acid groups and similar thicknesses.cooling from the melt while the thin Ex112asr does not clearly

Usually, the ionic peak shifts to lowép as the amount of  show the feature, demonstrating that crystallization from the
water in the ionic domain increases due to expansion of the meltis affected by membrane thickness, as expected. Also, there
distance between ionic domains. However, the peak of Ex112asris no indication of crystallization in the Cs112asr. The effect
(w = 18%) appears at high€) than that of Cs112w = 11%) of membrane thickness on the crystalline feature is further
even though the water content in Ex112asr is higher than confirmed in Figure 5a for the melt-extruded membranes of EW
Csl12asr. The interionic domain spacing,{ (= 27/Qion) = = 1100.
45 +1 A atw = 18%) of Ex112asr is smaller than thai.f = The crystalline peakQ. ~ 0.03 A1), which has been inferred
56 and 48 A atv = 20.5% and 11.0%, respectively) of the cast in earlier studie4314becomes more prominent and shifts to a
membranes. Figure 4 demonstrates that the membrane processewer Q as the membrane thickness increases from 89 to 254
ing/preparation conditions do affect the structure. The structure um and the corresponding long spacing(= 27/Qc), distance
of the melt-extruded membrane is better arranged as indicatedbetween crystalline regions, of the crystalline phase increases
by sharper peak than the solution-cast membrane although theérom 183 to 500 A. Again, the thin membranes, below.&0,
exact morphology is not known. Since the structure of the cast do not show a clear crystalline feature. The position of the ionic
membrane is believed to depend on the solution compoit®®n  peak is almost constant regardless of sample thickness. The
as well as drying and curing temperature, a structure that is effect of thickness on the crystalline peak can be explained as
significantly different from melt-extruded samples may also be follows: Thick membranes (precusor form) take more tim%BV
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cool from the melt so that thick membranes stay at a crystal- is heterogeneous (an example of the extreme case is shown in
lization temperatureTg) longer than thin samples as well as Figure 6a (A)), the long defect-free backbone chains (TFE) can
taking a longer reaction time to convert the precusor to the salt fold back adjacently or loosely on the crystalline plane, forming
form at 80-90 °C, which is a favorable condition for crystal- the lamellar phase (Figure 6a (Al)). On the other hand, in the
lization. The peak position and its breadth represent the mostcase of a random or homogeneous distribution of the side chains
probableL. and crystallite thickness distribution, respectively, for the membrane with EWW= 1100 1 ~ 7), only short linear
both of which depend on thermal history. chain segments, free of defects (i.e., side chain), exist in the

The SANS patterns for the extruded samples in Figure 5a Packbone chain (Figure 6a (B)). This makes it energetically
show marked differences fap values below the position of dlfflcult_for the chains to reglste_r and fold back on a growing
the interionic domain peakQon < 0.1 A1). The thinnest qrystallme face because.of a hmdrapce by bulky .S|de ghalns
samples show an extended power law behavior, with a slope of(i-€-, defects). One possible crystalline structure is a fringed
approximately—1, before rising with a steeper slope at the micelle model (B1 and BZ)_conS|st|ng of cylindrical t_)undleg
lowestQ values Q < 0.005 A1). A slope of—1 is characteristic ~ (Crystalline phase) of the linear segments (TFE) aligned in
of rodlike structures and suggests that the ionic domains mayParallel, with the bulky side group expelled from the crystalline
form extended, fringed micelles like those depicted in Figure Phase, leading to the slope ofl, characteristic of long
6b. The formation of such micellar domains appears to be a cylinders, in the small-angle scattering profile. A detailed
direct consequence of the extrusion process since we do nols_cheme_\tlc of the possible structu_re fo_r the amor_phoys membrane
observe a-1 slope for thin solution-cast membranes of the same (I-€-, thin membrane< 50 um thick) is shown in Figure 6b.
material (see Figure 4). In contrast to our results, Rubatat et We note that the schematic model depicted in Figure 6, while
al%° observed a slope of close tel in the Q range ofQ = consistent with our data, is not fully justified by_ the de_tta and
0.006-0.08 A1 and no crystalline peak, for some thick differs in some respects from models prpposed in the literature
neutralized swollen NAFION membranes, Li7-N117 (thickness (€-9., by Starkweathé¥ and van der Heijden et &)
~ 175um). Their samples might be swollen with water at high Structure Evolution of Melt-Extruded Membranes with
temperature and high pressure in an autoclave (the temperaturdVater Vapor Sorption. In small-angle scattering, the macro-
and pressure are not reported by the authors), which may haveSCopic cross section (cross section per unit volume,%rd>/
destroyed the crystalline phase. The steep rise in the scattering$2}(Q), or absolute intensity, for a simple two-phase system
from the thicker samples fo® < 0.01 A1 extends to very Is a function of contrast and volume fractioh)of each phase.
low g region belowQ = 0.001 A™! for both thick (183um
Ex117asr and 254m Ex1110asr) and thin membrane (&t d>/dQ(Q) O ®(1 — q))(ASLD)ZK(Q) 2
Ex112asr) (see Figure 5b) according to our USANS measure-
ments. The very low angle scattering of the semicrystalline where K(Q) contains the structure information regarding the
membrane likely originates from clustering of the crystalline shape, the polydispersity, and the orientation of scatterers. The
regions, forming larger scale structure like spherulite, bundled contrast is defined as the squared differendSL(D)?, of the
fringed micelles, or stacked lamellae. The USANS data of the coherent neutron scattering length densities (SLD) of the phases
thick membrane =254 um, Ex1110asr) exhibit a power law  or domains in the material. The SLD is given by SL:D
scattering (&/d€2(Q) ~ Q~¢, where the power law exponeat (3)/V for neutrons wher is the bound coherent scattering

is defined asx = 6 — Ds for three-dimens_ional obje®) in the length of atomic species 1V (cm™3) is the number density
range of Q from 1073 to 10 A~%, which suggests that a  given, for example, byNa(p/Mw) where Na is Avogadro’s
superstructure in the range of approximately1D um is number,p is the mass density (g/én and M, is the molar
surface-fractal-like structure with a fractal dimensionmf= mass (g/m0|) of a repeating unit of a p0|ymer chain. In PFSA

2.4). On the other hand, Ex117asr (thickness: 483 exhibits membranes, the dominant contrast is given BBID)? =
Porod scattering (i.eq = —4) in the entireQ range below  (SLDemprane— SLDh,0)2 Where SLBhemprane(= 4.07 x 1078
10-3A-1. This indicates that the surface of the largest structures A-2 with p ~ 2.0 glcn$1?) and SLD,0(—5.6 x 10~7 A-2 with

is smooth, while Ex1110asr shows the Porod scattering only , = 1.0 g/cn?) are the SLD’s of PFSA, including the sulfonic
below 10 This may suggest that slower cooling rate causes acid group, and of bulk water, respectively.
thfa crystalline surfacg to roughen dug to Iarge. variations in the Figure 7 shows an example of the structure evolution in the
thickness of crystalline phase.' Of |nt§rest is that the thin pretreated Ex112cln with sorption time at 95% RH, where RH
membrane (EX112ast50 um thick), which does not show a a5 controlled by controlling absolute pressure in the sorption
clear crystalline scattering, also shows Porod scattering. ThiSqq|| The scattering profiles measured at other RH showed
may originate from larger scale inhomogenieties associated withgjmilar behavior including those for Ex112asr. Similar profiles
the ionic domains, but the origin of this scattering is not known. ;are reported for the as-received Ex112asr in ref 41 using
It is not known whether the morphology of crystalline phase flowing nitrogen gas saturated with water vapor.

is lamellar-like (Al in Figure 6a) or fringed-micelle-like (B1,  The cross-section growth demonstrates that water molecules
B2, and B3 of Figure 6a). Attempts, including ours, to determine are mainly accumulated in the microphase-separated hydrophilic
the morphology have not been conclusive. ionic domain without penetrating the hydrophobic fluorocarbon

The structure of the crystalline phase is expected to dependmatrix. If water penetrated the matrix to the same degree, the
on the distribution of the side chains (perfluorosulfonic acid contrast and hence the scattered intensity would decrease (eq
group or comonomer) along the backbone chain (Figure 6a). 2). Furthermore, the fact that the scattering intensity increases
The distribution of the side chain along the backbone in with sorption time by roughly the same factor over the entire
NAFION is not clearly known except for the averaged EW. Q range suggests that a two-phase model is an appropriate
The bulky side chain plays a role as a defect hindering the model.
crystallization and is expected to be rejected from the crystalline  The accumulation of water molecules with sorption time is
phase formed by the linear backbone segments of the dH&mhs. also indicated by a shifting of the ionic domain peak (around
For example, if the side chain distribution along the backbone Qion ~ 0.19-0.2 A1) of the dry sample toward lowe). This CDV
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(A)

d1: Inter chain distance (approximately, 4 ~ 20 A
depending on the size and location of

side chain)
crystallizable Lamellae L: Locally packed defect-free chain bundles
chain sequence (semi-crystalline) (crystallizable and locally cylindrical in shape)

Lc: Long period upon cry;tallization in a fringed-
1 micelle shape (>100 A) (amorphous
(Short CWS“}{',’,‘,?,J;RT,Z phase membranes do not have this feature)
Lion: Inter ionic domain distance ( ~ 30 A)
depending on water (or solvent) content
d2: Diameter of cylindrical channel ( < L)
I(n): Isolated ionic domain (no water flows)
I(s): Isolated SO,F or salt domain (no water flows)
R(w): Randomly interconnected cylindrical ionic
domain (water flow channel)
B: Backbone chain (hydrophobic) wall
N: Nonuniform aggregation of sulfonic acids

group

Oriented (semi-crystalline) Oriented (Non-crystalline)

Fringed micelle

©  Side chain -(OCF2CF(CF3)OC2F4SO:H)
or sulfonic acid group -SOsH
(Non-crystallizable defect)

~—% Backbone chain -(CFzCth(CFCFz)-

Figure 6. (a) Schematics of possible structure of the melt-extruded PFSA membrane in the region of microscale (i and ii) and narebdéter (1

nm, A and B) scale. Microscopy images, (i) and (ii), were simulated with a random field distribution fubictiddierke et al* and McLean et

al.'® show actual micrograph images similar to (i) and (ii). AFM may not be able to distinguish the amorphous and ionic domains because both
domains are soft. Structure on the nanometer scale depends on the distribution of side chains along the backbone and the sample thickness. (A) and
(B) show the distribution of extreme cases for the same EW. Upon crystallization, the blocky chain segments (A, long sequence of side chain-free
backbone) become lamellae (Al). Structure on this scale should not be related to sample thickness. Chains with a short linear chain sequence may
crystallize in a fringed micelle shape (B1 or B2). When the cooling process is fast enough, crystallization does not occur (B3) (e.g.,thickness

50 um). The superstructure (like spherulite or other possible morphology) formed by clustering of the units of the lamellae or fringed micelles is

not shown in these schematics. (b) Detailed schematic representation of a possible PFSA membrane amorphous domain structure in Fi&{_s?/G (B3).
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Figure 7. Structure evolution of the pretreated NAFION membrane, 0 10 20 30 40 50 60
EX112clIn, with sorption time at 95% RH. From bottom, sorption time sorption time (min)
(iVSANS run time) is dry (10), 0.5 (0.5), 1 (0.5), 2 (1), 3 (1), 5 (2), 7
(2), 10 (3), 15 (5), 20 (5), 30 (5), 40 (10), 50 (10), and 60 (10) min. 4
Shown on the right are a few of the corresponding 2D scattering [ b
patterns. Dry sample described in the Experimental Section contains a % | Ext12asr
small amount of residual water. The sample (Ex117asr) dried under L r Jis
vacuum for~3 days at around 98C showed dark brown color and no g 3r
ionic peak. g =
Q o)
suggests an increase of the interionic domaip.) distance. s L[ o 8- T s -
The other features of the profile, including the slope-df at s P g'_
low Q region and the anisotropy in the 2D scattering pattern, F‘g [N - SEORR A I
do not change with sorption time (i.e., regardless of water et ] £
content). g P e N
4 _ . S g AT p A m A Ao A
Sorption Kinetics. The sorption kinetics at constant RH are B TE0 0, gt chivebi> SLEEILZ
shown in Figure 8 for the pretreated and as-received membranes. Levu il | 0
The corresponding 2D scattering patterns of the Ex112cIn 20 30 40 50 60
equilibrated at each RH (from 20% to 95% with a 15% RH sorption time (min)
'mervaD are shown in the figure above the circularly averaged Figure 8. Correlation of the cross sectiofd>/dQ} (Q), at the ionic
profiles. domain peak position with mass uptake of water vapor, sorption time,

The sorption kinetics show thtl>/dQ} (Q) increases rapidly at constant relative humidity for pretreated Ex112cln (a) and as-received

; ; ; Ex112asr (b). The curves are labeled by the RH values which ranged
at PT?SY sorption t%m;i' afnd l;herr: IIEe\;_eB ?ﬂ up:jonE riighlng from 20% to 95% in both cases. The 2D patterns correspond to the
equilibrium at eac or both Ex112cin and Ex112asr. |ast gata point (i.e., equilibrium) at each indicated RH of Ex112cln.

Reaching equilibrium at low RH takes less time than at high

RH. The weak 2D patterns become more intense as RH increasegecrease of water uptake with increasing size of the cations and
keeping the original anisotropic scattering shape. Again, this hgerstood it to be due to a reduction of ionic hydration
result confirms that the anisotropic structure of perfluorinated capacityl® The mass uptake of both membranes increases slowly
membranes does not change with the amount of absorbed watery i, p/po up to 65%, but then increases more steeply. The
Correlations among, mass uptake, and total cross section of genera| sorption tendency of Ex112cin (stack of six pieces) is
the ionic peak with vapor pressurB/P?) at equilibrium are  gimjjar to the published results for a pretreated membrane

shown in Figure 9. N117) that corresponds to our 188 thick sample1°the
Assumingl ~ 0 at P/P° = 0, the following fitting was \(/alues) are differenFt) from each otﬁer. P

obtained as a function d?/P°(= u) s ) .
It is difficult to explain the differences between our data
A =—0.05(40.25)+ 11.12(4-2.40u + obtained from iVSANS and that in the literature because of

19.25(:&6.25)12 + 20.15(:&4.33).13 for Ex112cIn (3) d!fferences .in the gxperimental methods used tq .obta!ilmd
differences in prehistroy (i.e., pretreatment condition), sample

and thickness, and membrane processing method (extrusion and
cast). For example, Slade etfahowed that thick membranes
A =—0.026(+0.10)+ 3.18(£0.95) + 7.03(£2.471° + have highei values than thin ones in the membranes immersed

11.34(:|:1.71),|3 for Ex112asr (4) in bulk water, although absoluté between water vapor and
bulk water cannot be compared due to Schroeder’s paraist.

which allows us to estimate the number of water molecules per Usually, thed from immersion in bulk water has a higher value.
sulfonic acid group as a function of relative vapor pressure of Other possible reason may be due to different sample preparation
water. Ex112cIn shows higher mass uptake than Ex112asr. Thecondition. We used a sample pretreatment of °8) while
reason may be the presence of organic impurities (as shown inZawodzinski et af. used boiling water and Kreufedid not
Figure 1 of Ex112asr) that block the water vapor channels, mention whether the membrane was pretreated. Higher tem-
cation impurity, or isolated ionic domain (see Figure 6b). perature is expected to affect the structure of the membrane.
Pretreatment may open the closed (or isolated) domain so thatWe point out that our sorption isotherm does not include the
water flows through the channel. Jalani and Datta showed awater accumulated on the membrane surface but reflectSé)Bv
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Figure 9. Plots (a and b) of the total cross sectiolEA@£2) of ionic peak as a function of mass uptake (%), numtder (nu,o/Nson) Of water
molecules per sulfonic acid group, and relative vapor pres$@@°} (x100 = RH) of water (a) determined from iVSANS. Mass uptake was
obtained from the calibration plot (Figure 3) and is converted tath eq 1. Ourl values are compared with those (E¥1100) of refs 44, 10,
and 4 in (b). The membranes of refs 44 and 10 were pretreated. The dependence of inter ionic domain Wig)anite (elative vapor pressure
(P/P°) is shown in (c).

the amount of water inside the membrane (i.e., in the ionic 42
domain) because only the water which penetrated into the

(a) EX112¢cin

membrane (i.e., ionic domain) causes the neutron contrast (see a0k
eq 2). We believe that our sorption isotherm truly represents L
the structure-based sorption isotherm. _agL
Figure 10 shows théjo, expansion with sorption time. The °<vc [
trend is the same with the increase of cross section shown in = g5l
Figure 8. Peak analysis (peak position, peak intensity, and full
width at half-maximum (fwhm)) was done by fitting with a 34 B
Lorentzian function. r
Relation between Interionic Domain Li,n) and Water a0l L : . ) \ \
Uptake. Figure 11 shows the relationship betwdgg and g, 0 10 20 30 40 50 60
(fractional volume gain) of absorbed water in Ex112asr (Figure sorption time (min)
11A) and Ex112clIn (Figure 11B). The valueg@fwas converted 42
from the mass uptakenj as described in the Experimental [ (b)Ex112asr

Section on water content. The data includeLall measured in
equilibrium (closed symbol) and nonequilibrium (open symbol)
during sorption. The equilibrium and nonequilibrium measure-
ments ofLio, at each RH show the same trends with sorption
time. As-received membrane (Figure 11A) shows a linear
relationship betweebj,, ande, beyond the first data point (i.e.,
Lion Of dry sample) although it does show a curvature when the
first data point (dry sample) is included.

Unlike the as-received membrane, the pretreated membrane
(Figure 11B), Ex112cln, shows a weak curvature in the increase
of Lion with the fractional volume gain of water. The slope sorption time (min)
change in the curvature may indicate the transition of the rjgyre 10. L, (= 21/Qur) vs sorption time of pretreated (Ex112cin)

structures with the water content based on the relationship and as-received (Ex112asr). The symbols are identical to those of Figure
between power law exponent & 1, Y/,, and'/; for lamellae, 8. Error bars are within the symbols. The lines are a guide to the eye.

cylinder, and sphere) anfl. However, such a transition is not

consistent with the fact that iVSANS profiles (Figure 7) exhibit The difference in the slope (i.e., curvature) may be related
the constant slope a¢—1, which apparently represents a local to the difference in water distribution in the ionic domain at
cylindrical shape of the ionic domain at lo@-region during low and high humidity. The water distribution may be related
the sorption. to the uniformity of the aggregation of the sulfonic acids gro&BV
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Figure 11. Lion Vs ¢, (fractional volume gain) of (A) as-received
(Ex112asr), and (B) pretreated (EX112cln) membrane under in situ
water vapor sorption. Linear (A) and power law (B) fittings were done
without constraints. The thin dotted line in (B) is a fit for the ent@e
range. Closed symbols in (A) and (B) indicate data obtained at the
equilibrium at each RH (on the order of 20, 35, 50, 65, 85 (Ex112asr),
or 80 (Ex112cIn), 95% ag, increases. Comparison with literature data
(obtained from EW= 1200 (thickness is not known) and two data set
of the H" and Li" form [refs 14 and 60] and N117 (Horm) [ref 61])

of the membranes wet with bulk water (C). The samples from the
literature were conditioned in boiling water.

the variation of the ionic domain channel diameter, the effect
of some hydrophobic wall that may partly consist of the water
flow channel, and the tortuosity of the channel (schematic is
shown in Figure 6b). If elastic force in the matrix responds
nonuniformly during sorption, it may affect the, and the slope
and intercept of Figure 11.

The difference in the expansion bfy, between Ex112cln
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Figure 12. lonic peak profiles of Ex112cIn and Ex112asr at 20% RH
and 80-85% RH. The peak heights and positions were matched to
focus attention on the peak shape.

behavior despite the careful pretreatment of the as-received
membrane at a temperature (i.e., 80) lower than boiling
wateP (see Experimental Section). When all the data are plot
together, thd.o, of the as-received (Ex112asr) is well super-
imposed to the extrapolation of the EX112cIn (Figure 11c). The
differences with the literature data (Gierke etdand Young

et alfh) may be due to differences in sample prehistory, in
wetting method between vapor and bulk water, or in sample
thickness and difference in EW.

Fwhm and Porod’s Region of lonic Peak.lt is of interest
to know whether the peak width of the ionic domains can
also show the difference between Ex112asr and Ex112cln and
the change with sorption time. The slight differences in the
structure and irregularity are expected to appear in the peak
width of ionic domain. The peak width of Ex112cln indeed is
slightly larger than the as-received Ex112asr (Figure 12),
suggesting that the former has a somewhat broader distribution
in structure.

The results of mass uptake, expansionLgf, and fwhm
demonstrate that the pretreatment causes minor differences in
structure. The membranes with low water content show an
asymmetric profile, which becomes more symmetric as water
content increases (see Figure 13a). The slope on the Qigh
side becomes steeper, from slope-3.4 (dry) to slopex —5.5
(95% equilibrium) for Ex112asr and slopg —5.0 (95%
equilibrium) for Ex112cln, with sorption time. The plot of fwhm
vs fractional volume gain is shown in Figure 13b.

The fwhm was estimated by fitting with a Lorentzian function.
Errors due to asymmetry of the peak profiles are included in
the error bars. The fwhm of Ex112cIn decreases slightly by as

and Ex112asr implies again that pretreatment affects the sorptionmuch asAfwhm/fwhm ~ 14 + 3% as the fractional vqum&DV
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Figure 13. Normalized peak profile (a) of EX112cIn with sorption

time (the peak positions of the individual scans have been matched for C=C,, O<x<Lat t=0

comparison) and fwhm (b) with fractional volume gain of Ex112asr Figyre 15. Schematics of boundary condition around membrane in
and Ex112cIn. Solid line in (b) IS a gulde for the eye. the iVSANS Samp|e cell at initial Stage.

- . 2.0
gain increases. The data for Ex112asr have substantial scatter

but at least show the fwhm does not increase with a fractional
volume gain. The decrease of fwhm with increasing fractional
volume gain may be due to change in chain mobility and/or
minimization of the interfacial energy between ionic domain
and matrix during sorption. The pretreated Ex112cIn at@0
shows a larger fwhm of the ionic peak than the as-received,
demonstrating that the pretreatment at this temperature does
affect the chain conformation. 05
Contrary to our expectation, this result implies that water

1.5

1.0

Reduced Intensity

molecules accumulated in the membrane contribute to a better 50

organized ionic domain structure (i.e, ionic peak becomes 0.0t
narrow) rather than disrupting the structure of membrane (i.e., 0 2 4 6 8
the peak becomes broad), although the exact structure is not Yt (min)

known. . . . ) . .
e - . Figure 16. Reduced intensity againstt (unit: min¥? of Ex112cln
Diffusion Coefficient. Proton transfer in fuel cell mem- for RH in a range of 2695%. For clarity, the data for each RH has

branes such as NAFION depends on the water content in thepeen shifted by~0.2 from the preceding data set.
membrane. One of the advantages of in-situ vapor sorption
SANS (iVSANS) is that it allows us to estimate the diffusion
coefficient of the vapor. A diffusion coefficienD( cné/s) is cell to reach to the target vapor pressure depends on the relative
defined according to Fick’s second law humidity and the ability of the membrane to absorb the vapor.
Once the target RH is reached, the RH becomes stable.
aC _ BZ_C ) Homogeneous distribution of the vapor in the cell was
ot e demonstrated elsewheteThe membrane is loaded in the in-
situ vapor sorption cell to satisfy the boundary condition (see
assuming (i) diffusion occurs in one direction (i.e., membrane Figure 15).

thickness direction), (iip is independent of concentratio@)( The analytical solution of eq 5 is given By

and (iii) tortuosity of water vapor flow channel (i.e., ionic

domain) is not considered. The first two assumptions require M, 8 > 1 D(2n + 1)°7%

that the entire surface (not a point or line) of one side (kes, — =1—— expg — (6)
L = 0) of the membrane must reach the target concentra@on ( M,, 74=(2n + 1) L2

= C;) immediately and homogeneously before the vapor
penetrates into the membrane and then be constant over timeywhereM; andM., are the amount of mass uptake at titrend
t (Figure 14). The response time of the in-situ vapor sorption equilibrated time = . L is the membrane thickness. Equati8|E)V
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Table 3. Comparison of Diffusion Coefficients

D, cm/s method ref

~(7—-10) x 1077 EW1100 (0.178 mm) water vapor and liquid, pluse-field gradient spin echtC 30 3

(0.25-4.3) x 1077 EW1100 (0.178 mm) water vapor soprtion (gravimetry) 7
liquid water uptake (1.3 mm, gravimetry, 28) 8

2.3x 10°® EW1155

2.6x 1076 EW1365

(1.2-1.8)x 1077 vapor uptake (gravimetry) 9
EW1100 (0.178 mm), (gravimetry at 6C) 9

4.87x 1078 water vapor uptake of the membrane saturated with methanol

1.87x 1077 mixed vapor uptake of methanol/water (1:1 molar ratio)

(0.5-1.2)x 1077 isotope (HO/D,0O) vapor tracing with far-IR spectroscopy (NAFION type and 11

temperature: unknown)
(0.025-6) x 1077 bulk water and vapor soprtion (gravimetry at Z3); various EW, ion form, 64

thckness, and sample shape (measured in the vol fraction of water58P2)
EW1100 (0.051 mm), iVSANS and gravimetry
2.417x 1077-1.41x 1077 as-received (measured at Z1) this work
1.267x 10°7—9.167x 1078 pretreated (measured at 23) this work

2|t is recommended to look at original references for details.

5 the organic vapor diffusion in polydimethylsiloxaffezelsmann
at é Ei]]ggg‘r and Pineri! reported similar diffusion coefficients, 5:0 10-8—

1.0 x 1077 cn?/s, under isotope sorption using FIR, but their
D’s increase up to RH of 50% and then decrease. They showed

o T T ? that theD with P/P° showed various tendencies, depending on

3k

the experimental method as well as the difference in diffusion
medium (i.e., water vapor sorption and for the bulk liquid). It
8 4 é has been understood the decreas® aft high relative vapor
pressure is due to the concentration dependence of the diffusion
coefficienf? or the fact that the membrane surface exposed to
A the vapor at high RH does not reached the vapor equilibrium
immediately!! as shown in Figure 14. Meanwhile, Giefke
e b b b b demonstrated that the diffusion coefficients (from water vapor
0.0 0.2 04 06 0.8 10 and bulk water) for NAFION increase with volume fraction and
P/P° suggested the diffusion constant is concentration-dependent.
Figure 17. Diffusion coefficient with relative water vapor pressure Some diffusion coefficients in the literature are listed in Table
for Ex112asr and Ex112cln. 3, including our values. ThB obtained from iVSANS is based
on the structural evolution of the ionic group/water aggregation
6 is simplified for an initial stage (i.e., less than 50% mass with sorption time. This is a different approach from that of

D (cmz/sec)

10°

uptake) of sorption the classical gravimetric method. The amount of water molecules
condensed on the membrane surface does not affect the

ﬂ 4 \/Et @) scattering intensity increase. The scattering intensity grows only

M, LV x when the water vapor diffuses into the ionic domain and causes

the neutron SLD contrast to change. The gravimetric method
To apply eq 6 or 7 to small-angle scattering data, the massmeasures the total amount of water accumulated both on the
uptake ratio is replaced with a reduced intensity as follows: surface and in the membrane. Thus, the diffusion coefficient

obtained by the in-situ vapor sorption/SANS more faithfully

M [(a), — 1(a); ®) reflects the structure-based diffusion coefficient.

M — .
w (). — 1(0), Conclusions

wherel(q);, 1(g)i, andI(q). represent total intensity at sorption We measured iVSANS for PFSA membranes (as-received
timet, initial time (i.e., dry sample), and equilibriur®. can be and pretreated) with EW= 1100 as a function of RH and
estimated from the sorption kinetics (i.e., slope in the plot of sorption time. iVSANS is useful (i) for determining the kinetics
the reduced total intensity against a squared time) using eq 60f water uptake in PFSA membranes because water is selectively
or7. absorbed at the ionic sites and (i) for correlating the sorption

Figure 16 shows sorption kinetics of pretreated membrane behavior with changes in structure. Sorption isotherm and
(Ex112clIn). The calculated values with eq 6 or 7 are superim- diffusion behavior from iVSANS measurement are truly char-
posed on the reduced intensities. This suggests that the sorptiomcteristic of the internal membrane structure because only the
kinetics apparently show Fickian-like diffusion behavior. water in the ionic domain affects the neutron contrast.

The vapor diffusion coefficient of Ex112asr and Ex112cln The sorption isotherm of the PFSA membranes shows a
isD~ 2 x 107 cmé/s andD ~ 1 x 1077 cn¥/s, respectively.  strong correlation betweeln,, and water uptake. Water goes
D is nearly independent of relative vapor pressure, as shown into the ionic domain, and.j,n increases with sorption time,
Figure 17. indicating that the matrix structure changes due to the mobility

There is a weak indication of a decreasébirat high vapor of the main chains even at room temperature. In addition, the
pressure [comments: RH/100 is called by different names in structure of the membranes depends on the membrane process-
different scientific field: activity, relative vapor pressure, ing (melt-extruded and solution casting), prehistory (pretreated
chemical potential]. A similar behavior has been observed in at 80°C and as-received), and thickness. CDV
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The structure of the ionic domains looks locally cylindrical

in shape based on a SANS slope-¢f. The shape of the ionic

peak becomes more symmetric and narrower with sorption time
(i.e., with increasing water content), without a change in the

anisotropy of the scattering.

The degree of crystallinity in the matrix depends on the

membrane thickness. The crystalline pegk~ 0.03 A1) of
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Appendix. Conversion of Mass Uptake to Factional
Volume Gain ¢,

The gain of volume on sorption is given by
¢u = (Vwet - Vdry)/ Vdry

Since volume is related to mags)(and mass density), V =
m/p, eq Al can be expressed as follows:

¢y = [(mdr)/pdry + mHZOIpHZO) - (mdry/pdry)]/(mdryjpdry) (A2)

(A1)

Equation A2 can be simplified fosn,0 = 1 g/cn®

b, = (Pary Pr1,0)MH,0/Mary (A3)

wheremy,o0 = Myet — Mary. From the definition of the mass
uptake gainw (= (Myet — Mary)/Mary), €0 A3 can be expressed
as

¢, = (Par/ Pr,0W (A4)
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