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Abstract

The physiochemical properties of Nafion 115 and a composite Nafion 115/zirconium phosgtatet ) membranes are compared. The
composite membrane takes up more water than Nafion at the same water activity. However, the proton conductivity of the composite membrane
is slightly less than that for Nafion 115. Small angle X-ray scattering shows that the hydrophilic phase domains in the composite membrane
are spaced further apart than in Nafion 115, and the composite membrane shows less restructuring with water uptake. Despite the lower proton
conductivity of the composite membranes they display better fuel cell performance than Nafion 115 when the fuel cell is operated at reduced
humidity conditions. It is suggested that the composite membrane has a greater rigidity that accounts for its improved fuel cell performance.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction temperatures is maintaining the proton conductivity of the
membrane. Higher temperature increases the water vapor
Polymer electrolyte fuel cells based upon perfluorinated pressure required to keep a given amount of water in the
membranes have typically been operated in a temperaturemembrane, thereby increasing the likelihood that water
range between approximately 50 and@J1-3]. This tem- loss will occur and significantly reduce proton conductiv-
perature range is a compromise between competing factorsity. The conductivity of a dry membrane is several orders
Increasing the operating temperature above room tempera-of magnitude lower than a fully saturated membrane. A
ture will improve the electrode kinetics of the oxygen reduc- number of alternative strategies have been investigated to
tion reaction[4,5]. The upper limit of temperature results maintain membrane conductivity in a dehydrating environ-
from the difficulty in maintaining membrane water content ment (i.e. elevated temperature and reduced relative humid-
at temperatures at or above 1@ In addition, temperatures ity). Two recent reviews summarize these strategies well
above the polymer glass transition temperaturd 0°C [5,10].
for protonated Nafion) can cause polymer chain rearrange- The addition of an inorganic material into a polymer
ments, which can lead to structural changes in the mem-membrane can alter and improve physical and chemical
brane and lower the membrane stability, performance, andpolymer properties of interest (such as elastic modulus, pro-
lifetime [6-8]. ton conductivity, solvent permeation rate, tensile strength,
Polymer membranes able to operate above°®26ould hydrophilicity, and glass transition temperature) while re-
benefit from both enhanced carbon monoxide (CO) toler- taining its important polymer properties to enable operation
ance and improved heat remoy8]. The most significant  in the fuel cell. A number of investigators have examined
barrier to running a polymer electrolyte fuel cell at elevated composite membranes for use in polymer electrolyte fuel
cells [5,10-25] The hydration properties of membranes
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conditions. The conductivity of perfluorinated sulfonic acid acid ionomers are ion-exchange membranes. The protons
membranes vary over many orders of magnitude dependingare exchanged with zirconium ions and the zirconium ions
upon the water activity and temperature. Models for proton are subsequently reacted in place with phosphoric acid.
conduction in Nafion have been proposed that provide a First, the membranes were weighed in the dry state, and
good semi-quantitative prediction of the conductivity at wa- then swollen in a boiling methanol-water solution (1:1
ter activities greater than 0[26,27] However, very little has  (v/v)) to expand the membrane and facilitate ionic diffu-
been done to characterize the conductivity of Nafion above sion. The membranes were then dipped into a 1 M solution
100°C or to characterize the proton conductivity in compos- of zirconyl chloride, ZrOCGl (Aldrich) for several hours
ite membranefl9]. We have compared water uptake, proton at 80°C. The ZrOC} solution diffuses into the membrane
conductivity, microstructure morphology and fuel cell per- and the excess of Zf ions within the membrane leads to
formance of Nafion and Nafion/zirconium phosphate com- an exchange with sulfonic acid protons in the membrane.
posite membranes as functions of temperature (80<@30 The membranes were then rinsed in cold water to remove
and water activity. We also tested the performance of com- the zirconyl chloride solution from the surface and then
posite polymer/inorganic membranes (Nafion/zirconium immersed in 1M phosphoric acid §RO4) overnight at
phosphate) in fuel cells at elevated temperatures. In this80°C. The phosphoric acid has two purposes: (i) it reacts
paper we compare the chemical and physical propertieswith the Z#+ ions to precipitate insoluble zirconium hy-
of Nafion membranes and Nafion/zirconium phosphate drogen phosphate in situ, and (ii) the acidic solution can
composite membranes to elucidate the role of zirconium re-protonate the sulfonate anions to regenerate the acidity of
phosphate in altering the membrane performance in PEMthe membrane. The membranes were then repeatedly boiled
fuel cells. for several hours in distilled water to remove any excess
acid and ZrOC] solution. After drying, membrane weight
and thickness increased about 25 and 30%, respectively, as
2. Experimental compared with the unmodified membrane.

2.1. Membrane preparation 2.2. Physical/chemical characterization

Nafion/zirconium phosphate (Nafion/ZP) composite  The cross-sections of several Nafion and composite
membranes were prepared using Nafiahl5 films (Du- Nafion/zirconium phosphate membranes were analyzed
Pont) as the base material. To obtain uniform high-purity using a Cameca SX50 experimental microprobe to deter-
Nafion membranes as starting material, the membranes werenine the presence and distribution of zirconium phosphate.
cleaned with a standard treatment procedure: (i) boiling in Micrographs revealed that the control Nafion contains neg-
3% hydrogen peroxide for 1 h to oxidize organic impurities; ligible quantities of Zr and P, while the composite mem-
(ii) rinsing with boiling water for several hours; (iii) boiling  branes have Zr and P uniformly distributed throughout the
in 1M sulfuric acid for 1 h to remove any metallic/ionic  cross-section.
impurities; and (iv) rinsing again in boiling water to remove Powder X-ray diffraction (XRD) patterns for the compos-
any excess acid. ite membranes were obtained at CNR-ITAE using a Philips

Zirconium hydrogen phosphate (Zr(HRRH20) was X-Pert 3710 X-ray diffractometer using CucKsource op-
the desired additive to Nafion-based membranes because oérating at 40 kV and 30 mA.
its attributes, including: (i) it has moderate proton conduc- lon-exchange capacity (IEC) was determined by an ex-
tivity when humidified (~10-3S/cm)[28-37} (ii) it is a change of acidic protons with Naions in solution[38,39]
Bransted acid with the ability to donate protons; (iii) it is The membranes were dried and weighed and then placed in
thermally stable to temperatures above 180(iv) it is hy- a 1M NacCl solution at 80C overnight to exchange Na
groscopic and hydrophilic; and (v) it is easily synthesized ions with H". A large excess of Naions in the solution
in a manner that is compatible with the chemical and phys- ensured nearly complete ion exchange. The membranes
ical limits of the polymer membranp4]. In practice the were removed from solution and the solution was titrated
zirconium phosphate phase may vary from amorphous toto the phenolphthalein end point with 0.1 M NaOH solu-
crystalline; the proton conductivity of zirconium phosphate tion to determine the quantity of exchanged fibns. The
can vary from 107 to 103 S/cm depending on the phase ion-exchange capacity and equivalent weight (grams of poly-
composition, structure and hydration state. mer per mole of H) were calculated using the dry weight

Zirconium phosphate was incorporated into Nafion using of the polymer and the quantity of exchanged protons.
the procedure first described by Grot and Rajenddzt).

The synthesis involves the reaction of a solution oftZr  2.3. Water uptake and membrane conductivity

ions with phosphoric acid ((POy) leading to the precipi-

tation of the insoluble zirconium phosphate. To accomplish  The water uptake and the proton conductivity mea-
this synthesis within the membrane, the procedure takes adsurements were carried out in a temperature-controlled
vantage of the fact that Nafion and other perfluorosulfonic barometric sorption vessel. The barometric sorption appa-



C. Yang et al./Journal of Membrane Science 237 (2004) 145-161 147

Heating Tape — GraphlteEléctrodes Pressure
) Transducer
i 2 u -~
ToTemperature Thermocouple -
Controller
Septum for Water
Injection
To Potentiostat hi’SOrpti{}n
Vessel
Membrane
/ Oven
Pressure . )
Gauge Lock-in Amplifier
Temnerature P‘otentiostat
Cr([)ﬁtroller Galvanostat

Fig. 1. Schematic of the barometric sorption apparatus for measuring water uptake and conductivity of membranes. A membrane sample was mounted
between two graphite electrodes inside the temperature-controlled pressure vessel. The sorption vessel is shown placed in an oven to maimtain a unif
temperature everywhere and avoid temperature gradients inside the sorption vessel.

ratus, shown irFig. 1, is based on a design described by Finally the membrane water content parametethe num-

Miyake et al.[19]. ber of moles of water per mole of sulfonate, can be calcu-
The sorption vessel volum¥, is 430 mL. It is equipped lated:

with an Omega pressure transducer, copper and thermocou-

ple wire feedthroughs, and Swagefokittings with a sep- = — 4)

tum for water injection. The unconstrained dry membrane is Nsc-

placed within the sorption vessel, which is evacuated at theAﬁer allowing at least 30 min for membrane equilibration

measurement temperature (80—2&0) for over an hour to . . .
. with the vapor phase, another small quantity of water is
dry the membrane and remove any residual water from the. . . . :
injected and the pressure is measured again. This procedure

vessel. Water is injected into the vessel through the septum. . o .
; o : is repeated until no pressure rise is detected with the water
using a microliter syringe.

injection, which indicates that the saturation vapor pressure,
At temperatures between 80 and 24) the small mass of ) porp

water,mu,0, that is injected (typically 5-5QL) evaporates Psa is reached,

) : . : Within the sorption vessel, the membrane conductivity
quickly and increases the pressure in the vessel. Using the . . . .
) . : was measured using an ac impedance technique to isolate
ideal gas law, the expected pressuPgyp, associated with

o - the bulk membrane resistance from other resistance factors.
the vaporization of the injected water can be calculated: - . ; X
The conductivity of the perfluorinated sulfonic acid mem-

Pexp = mp0RT (1) branes is measured along the longitudinal direction (in plane)
18v of the membrane. A small piece of the membrane is placed
V(Pexp — Pacd) between a set of graphite blocking electrodes spaced 1cm

Nupo = —p=—— 2) apart. The graphite electrodes are connected through the vac-

) uum feedthroughs on the sorption vessel to the measurement
The difference between the expected pressure and the aCtuaéquipment. The two-probe frequency-dependent impedance
measured pressur€ac is attributed to water uptake by  measurement was carried out on a Princeton Applied Re-
the membrane and the number of moles of water in the go5,ch (PAR) Model 398 Electrochemical Impedance Sys-
membraneNi,o, can be calculated. The number of moles o consisting of a potentiostat/galvanostat Model 273A
of sulfonic acid in the membrane is calculated from the dry anq g lock-in amplifier Model 5210 which are connected to a
weight of polymer in the membran&imem and equivalent  pc rynning Electrochemical Impedance Software (EIS). The
weight, EW: applied signal is a single sine wave of 5mV with frequencies
Neo — 3) varying between 10and 10 Hz. The membrane resistance
SO’ EW was taken from the zero frequency limit of the impedance.
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2.4. Small angle X-ray scattering (SAXS) layer (0.6 mg/crf) and then dried at 8CC for 1 h. The geo-
_ metrical area of the electrodes was ¢y membrane was
2.4.1. SAXS sample preparation sandwiched between two electrodes and gas sealing gaskets,

Nafion membranes and Nafion/zirconium phosphate com- and the membrane electrode assembly was then pressed for
posite membranes were used after the cleaning treatmen min at 135°C at 20 MPa using a Carver hot press.
procedure described above. Before each set of runs, the
membrane was placed in boiling de-ionized water to en- 2.6.2. Single cell test fixture and performance evaluation
sure full hydration. The membrane was then placed in a The MEAs, coupled with gas-sealing gaskets, were placed
viton-sealed copper sample cell with mica windows. The in a single cell test station. Hand @ gases were fed to
cell was opened and the membrane was slowly dehydratedihe single cell at 100 sccm. The gases were bubbled through
between runs. Membrane water conteéntwas determined  water in temperature-controlled stainless steel bottles to hu-

gravimetrically. midify the feeds prior to entry to the fuel cell. The baseline
_ _ test was total pressure of 1bar, cell temperature ¢fG30
2.4.2. SAXS data collection and analysis and the humidifier bottles &node= 90°C and Teathode=

The sample cell was placed in the path of the X-ray beam. 88°C, respectively. Performance evaluations were carried
Membrane water loss during the data collection was min- out at 120—-140C with backpressure regulators at the efflu-
imized by filling the flight tube with helium rather than a ents from the fuel cell fixed at 3 bar. The temperatures of the
vacuum. The 1.5418 A Cud X-rays were generated by a humidifier bottles were varied to alter the water vapor pres-
Philips XRG-3000 sealed tube generator source. The beamsyre (water activity) of the feed. The maximum temperature
was slit collimated and the scattering was detected by anof the humidifier bottles was 13@, corresponding to an
Anton-Paar compact Kratky camera equipped with a Braun equilibrium water vapor pressure of 2.65 bar (the actual wa-
OED-50M detector. Samples were typically run atroomtem- ter vapor pressure is less due to finite mass transport rates in
perature for 10 min. Background beam scattering, samplethe bubblers). K and @ partial pressures were always the
transmittance, and detector response were corrected for indifference between the total pressure of 3bar and the water
the data analysis. The data reduction and desmearing procevapor pressure.
dures are described in detail by Register and Bil]. The The fuel cell performance was characterized by current—
invariant scattering intensityfl) is plotted as a function of  voltage measurements (polarization curves). These were
scattering angle or distance and the Bragg spacing is deterrecorded at 80C and atmospheric pressure as well as in
mined by the location of the peak in scattering intensity.  the range of temperatures between 80 and°C4@nd total

pressure of 3 bar pressure. The fuel cell was preconditioned
2.5. Water transport by operating at 0.3V and high current density prior to the
performance measurement.

The water flux thl’OUgh different membranes was mea- Current_vo|tage measurements were obtained by con-
sured at 80C. Liquid water was fed to the one side of the necting the fuel cell to a load resistance (either carbon
membrane and a dry gas was flowed to the opposite sidefiim resistors or an electronic Amrel load), and allowing
Nafion 115, Nafion 117, and Nafion 115/zirconium phos- the current and voltage output of the single cell to settle
phate membranes were prepared as previously describedo fixed values £5-205s). After the values of current and

Each of these membranes was hot-pressed atQ3&ith- voltage were recorded, a new load condition was used
out electrodes, between sealing gaskets for 2min at 10kNand the single cell output was recorded. The measure-
(1 metric ton). ments were made starting at open circuit (zero current) and

The membrane was placed in a 5%<fuel cell housing  increasing current with each subsequent load condition.
with triple-pass serpentine flow fields and heated t6@0  Because the entire current—potential curve for a given tem-
Liquid water was passed through the flow field on one side perature/humidification condition is obtained in a couple of
of the membrane and a dry-Mtream was passed through minutes, it is assumed that the membranes have constant
the other side. The water vapor in the nitrogen outlet was water content throughout the measurement.
condensed in a cold trap atQG and collected in a graduated
cylinder. The water flux through the membrane was deter-
mined as a function of the nitrogen flow rate to extrapolate 3, Results
to zero gas side mass transfer resistance.

3.1. Physical/chemical characterization
2.6. Fuel cell tests
Table 1compares the density change and ion-exchange
2.6.1. Membrane electrode assembly (MEA) preparation capacity for Nafion 115 and the Nafion/zirconium phosphate

Commercial gas-diffusion electrodes (20% Pt-on-carbon, composite membrane. The membranes were dried a£80
0.4 mg Pt/cr4, purchased from E-TEK) were brushed with in vacuum for >4 h prior to the measurements. The density of
5 wt.% solubilized Nafion (Aldrich) to impregnate the active the composite membrane is significantly lower than expected
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Table 1

Physical characteristics of Nafion and Nafion/zirconium hydrogen phosphate composite membranes

Membrane Thicknessufm) Density (g/cm) IEC (n.eq/g) EW (g/mol H)
Nafion 115 130 2.0 996 1004
Nafion/zirconium phosphate (25%) 170 1.6 1464 683

based upon the density of Nafion and zirconium phosphategpje 2
(2.1g/cn?). The low density of the composite membrane Saturation water uptake by Nafion and Nafion/ZP composite membranes
suggests it has void volume. Residual water associated with

. : . . . . Membrane Liquid water uptake Water vapor uptake
zirconium phosphate which is not driven off at 8D is treatment (25°C) (80°C)
ignored. WLO% & (HoO/SQsH)  Wt% & (HpO/SQyH)

XRD patterns were obtained for the composite membrane Nafion 115 " p_ n m
in varying §'Fates of h_ydrgtlo.n: @) a fully hydratgd mem- |\ Cton 115/ZP 33 s 2 19
brane (equilibrated with liquid water), (ii) a partially hy- (25%)
drated membrane, and (iii) a thoroughly dried membrane.
The hydrated membrane shows only one weak peak ca.
2.64 A, whereas the well-dried membrane shows severalthe fully dried membrane the zirconium phosphate particles
sharp, well-defined peak§ig. 2). Diffraction maxima for are estimated to be Ht 1 nm in size.
the composite membrane may be attributed to Teflon-like The ion-exchange capacity and equivalent weight (grams
domains of Nafion (5.2 and 2.3 A41], and others that are  of polymer per mole of Ft) were calculated using the dry
attributed to the presence of zirconium phosphate phaseswveight of the polymer and the quantity of exchanged pro-
(4.5, 3.73, 2.64, and 1.7 A). Some of the zirconium phos- tons.Table 1shows the results of ion-exchange experiment.
phate peaks match up with typical peaks found in alpha zir- The IEC of the composite Nafion/ZP membranes have an in-
conium hydrogen phosphate hemihydrate (4.46 and 3.54 A)creased ion-exchange capacity40-50%) as compared to
[42]. The X-ray patterns are not very sharp, and water up- Nafion. Zirconium hydrogen phosphates have protons that
take by the membrane disrupts the crystalline microstructurecan be exchanged which give the composite membrane a
of the Nafion. It is likely that the membrane swelling due to much greater ion-exchange capacity.
water uptake influences the crystalline packing of polymer
chains as well as the structure of the zirconium phases.  3.2. Water uptake and conductivity

Diffraction peak width was used to estimate the particle
size of the zirconium phosphate by using the Debye-Sherrer Table 2 summarizes the water content of Nafion and
formula with Warren correction for instrumental effects. In Nafion/ZP composite membranes equilibrated with 100%

4000 ~
3000 4
5
o
';' 5000 fully hydrated
c
2
o partially hydrated
1000 4
fully dried
0
0

°2e

Fig. 2. X-ray diffraction patterns for Nafion 115/zirconium phosphate (25wt.%) composite membranes. The broad peaks at 2.3 and 5.2 A are attributed
to crystalline stacking in the Teflon-rich microphases. The sharper features at 1.7, 2.64, and 4.5A are attributed to zirconium hydrogen phosphate.
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Fig. 3. Water uptake of Nafion 115 and Nafion 115/ZP (25 wt.%) composite membrane$GatBe data were fit to finite layer BET isotherntsg( (7)
with fitting parameters—Nafion 115:,, = 2, ¢ = 35, n. = 9.2; Nafion/ZP compositeim = 2.6, ¢ = 17,n = 12.8.

relative humidity air at 80C and immersed in liquid wa-  weight basis the Nafion/ZP membrane absorbs more water
ter at 25°C. Both these conditions correspond to water than Nafion.

activity of 1. The membranes were removed from the wa-  The water uptake was not very sensitive to the temperature
ter or the barometric sorption vessel and surface water isover the range 80-14@. Our data could not discern any
brushed off to get an accurate membrane water contentchange in the water uptake with temperature for fixed water
measurement gravimetrically. The water contentis cal- activity.

culated from the mass of water aids. (4) and (5)Even The conductivity of Nafion 115 as a function or water
though 100% relative humidity and liquid water both cor- activity over a range of temperatures from 80 to 1@0is
respond to water activity of 1, there is a difference in the shown inFig. 4 The data have been plotted on both log and
water uptake. Liquid water uptake is greater than water linear scales. Most obvious from the log graph is the very
vapor uptake. This difference has been attributed to thelarge change in conductivity with water activity. The con-
osmotic pressure of the membrane swelling in the liquid ductivity increases by five orders of magnitude with water
that can increase water content considerably (Schroeder’'sactivity increasing from 0 to 1. The conductivity values at

paradox). aw = 0 may be high because of incomplete water removal
The water uptake isotherms at 8D for Nafion 115 and during the initial evacuation of the barometric sorption ves-
the Nafion/ZP composite membranes are showsidn3. As sel can have a large impact. The most reliable conductivity

the water activity in the vessel is increased, the membranemeasurements are for intermediate water activity50<
water content increases. The isotherm shows a rapid riseay, < 0.95, and the conductivity increases by more than
at low water activity, a slow rising plateau at intermediate two orders of magnitude with increasing water activity over
water activities, and the majority of water uptake occurring that range. The temperature effect on conductivity is much
at high water activityy, > 0.6. At 80°C and water activity, smaller than the effect of water activity. By plotting the data
aw = 1, the Nafion membrane contains around 11 waters on a linear scale the temperature effect becomes more evi-
per sulfonate or about 18 wt.% of water. The solid line in dent. The conductivity increases by approximately a factor
Fig. 3 shows the results of the BET finite layer isotherm of 2 from 80 to 140C at fixed water activity.

model describing the membrane water content dependence We expected Nafion/zirconium phosphate membranes to

on relative humidity. have an increased conductivity compared to unmodified
While the uptake of water from the extruded Nafion mem- Nafion. The water content was higher in the composite
branes has been characterized in the litergfli3], water membrane and the zirconium phosphate may contribute

uptake by composite membranes has not received much atextra protons to increase the charge carrier concentration.
tention. As seen ifrig. 3the composite membrane contains Fig. 5 compares the conductivity of the Nafion/zirconium
more water than a Nafion membrane at the same water acphosphate composite membrane with Nafion 115. The
tivity. The number of waters is based only on the sulfonic composite membranes had lower proton conductivity than
acid content in the Nafion and neglects the interaction of wa- Nafion over the entire range of water activities and tempera-
ter with the zirconium phosphate. However, even on a total tures. Similar to Nafion 115, the major conductivity change
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Fig. 4. (A) Conductivity of Nafion 115 as a function of water activity at temperatures from 80 t6CL4The empirical fit to the data is given by

0=13x10"7 exp(14a3,'2) S/cm. (B) Conductivity of Nafion 115 as a function of water activity at temperatures from 80 téCl4Data are replotted
on a linear scale to accentuate the effect of temperature on the conductivity.

for the composite membrane is associated with the water (i) Scattering due to interaction with the helium sample

activity. The conductivity of the composite membranes in- environment was subtracted.

creased with temperature, but the variation of the composite (ii) The absolute scattering intensity of the sample was de-
membrane conductivity with temperature was slightly less termined quantitatively with a standard polyethylene
than that observed with Nafion 115. sample.

(iii) The data were desmeared to correct for the slit width.
3.3. Small angle X-ray scattering
The invariant scattering intensitgdl) profile is plotted
The slit collimated scattering data collected by the against Bragg spacing (determined from the scattering angle)
multi-channel detector were converted into the scattering for each membrane sample as a function of water content,
intensity versus scattering angle. The raw data were ana-, in Fig. 6. The data obtained show that increasing water
lyzed to account for several factors following the procedure content leads to an increase in the intensity of the scattering
recommended by Register and B@O]: peaks for both an extruded Nafion 115 and a Nafion 115/ZP
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Fig. 5. Comparison of conductivity of Nafion/ZP composite membranes to Nafion 115. The conductivity at temperatures from 8Cts pidtted.
The solid symbols are for the composite membrane and the open symbols are for Nafion 115.

composite membrane. The scattering intensity increases lin-distinguish between the effects of membrane thickness and
early with water content. lonomers, such as Nafion, will membrane composition. The data fiig. 7 show that the
micro-phase separate into a Teflon-like region and an ionic water flux increases with nitrogen flow rate through the test
region containing the sulfonic acid groufis44—46] In the cell at low flow rates and then plateaus at a limiting flux. The
pure Nafion membranes, the electron density of the ionic in- limiting flux corresponds to the minimum mass transfer re-
clusions is slightly lower than that of the polymer backbone sistance at the membrane gas interface, and diffusion through
while in the zirconium phosphate composite membrane the the membrane is the dominant mass transfer resistance. The
electron densities of the two phases are almost equal. Fordimiting flux is greatest for the Nafion 115 membrane. The
this reason there is little electron density contrast betweenflux was reduced through the Nafion 117 membrane due to
the two phases when the membranes are dry and no scatincreased membrane thickness. The limiting water flux
tering peak is obtaine@7]. Water has a significantly lower  through the composite membrane is less than that for
electron density than the fluorocarbon polymer matrix. Ab- Nafion 117 suggesting that water diffusion through the com-
sorbed water partitions into the ionic regions of Nafion. As posite membrane is reduced relative to diffusion through
a result, the electron density contrast between the ionic andNafion.
Teflon-like phases of Nafion increases with increasing wa-
ter content, resulting in greater scattering intensity and an 3.5. Fuel cell performance of Nafion/zirconium phosphate
increasingly well-defined scattering pe@b]. composite membranes

The scattering peaks for the zirconium phosphate mem-
brane inFig. 6B are significantly wider than the peaks for Polarization curves for fuel cells with membrane elec-
the unmodified Nafion 115 membrane, indicating greater trode assemblies containing Nafion 115 and Nafion 115/zir-
structural heterogeneity. In addition, the shift in the spacing conium phosphate membranes were measured at four dif-
between inclusions with water content is much less for the ferent sets of operating conditions. The base case was for
composite membrane than for Nafion. The maximum spac- humidified feeds near water activity of 1 with a cell temper-
ing between ionic inclusions at the highest water content is ature of 80C and pressure of 1 bar. The other three con-
nearly the same for the Nafion 115 and the Nafion 115/ZP ditions were at elevated temperature and a total pressure of
composite. The scattering maximum for Nafion shifts to 3 bar. The conditions tested are defined by the total pressure
smaller spacing with decreasing water content; however, thein the fuel cell and the temperature of the humidifier bot-
scattering maximum for the composite membrane is almosttle for the anode feedTgnoqd, the cell temperatureTtey),

unchanged with decreasing water content. and the temperature of the humidifier bottle for the cathode
(Tcathoda-
3.4. Water transport Polarization curves are shownhig. 8for fuel cells with

Nafion 115 and Nafion 115/zirconium phosphate membranes
The flux of water through the membranes as a function at conditions 1 and 3. At 80C the fuel cell performance
of the nitrogen flow through the test cell is showrFigy. 7. was nearly identical for both membranes, with the effec-
The Nafion 117 membrane has almost the same thickness ative MEA resistance being slightly greater for the compos-
the Nafion 115/ZP composite membrane, permitting us to ite membrane than Nafion 115. When the temperature was
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Fig. 6. (A) SAX scattering intensityg?l) for extruded Nafion 115 film. The scattering peaks result from water absorbed into the Nafion clustering
creating electron density contrast with the fluorocarbon phase. The water content as determined by weight is given by the pa(Bin8tattering

intensity @?1) vs. Bragg spacing for the composite Nafion/zirconium phosphate (25wt.%) membrane. The water content as determined by weight is
given by the parameter.

130°C the MEA resistance was substantially less for the maintaining the humidification temperatures fixed the water
composite membrane than for the Nafion 115 membrane. vapor pressure of the feeds are fixed. At fixed feed humid-
The polarization curves for fuel cells with Nafion 115 and ification increasing the cell temperature will decrease the
Nafion 115/zirconium phosphate composite membranes atwater activity in the cellgy = Py / PsafTcen)- The effective
different levels of humidification are shown Fig. 9. By MEA resistance increased less with decreased water activity
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0.25 1h, and then the cell temperature was raised to°T40
< After 1 h of operation under the latter condition, the cell
2 N e ﬂaiitin _1i5 ______ te_mperature was returned to 13D. After this procedure
g A aion11y A . with the comp(.)s[te. .membrane the curr_ent—voltage curves
FEE SEE LR e returned to their initial (pre-140C operation) values. The
2 015 unmodified Nafion 115 membranes, by contrast, were al-
% A, Nafion/ZP Composite tered by the brief exposure~0-30min) to the high
e P - - temperature. The effective ohmic resistance of the Nafion
g 0T o 115 MEA increased from 1.3 to over2 after operation
z [ = at 140°C.

g | &
E 0.05 ,:
2 i 4. Discussion
0 @& \ \ \ \ \ :
0 500 1000 1500 2000 2500 3000

When we initiated our studies with composite membranes
the working hypothesis was that addition of zirconium phos-
Fig. 7. Water flux through Nafion 115, Nafion 117, and Nafion 115/zir- phate to Nafion would increase the water uptake b_y the
conium phosphate composite membranes as functions of gas flow on theM€mbrane at elevated temperature, thereby increasing the
opposite side of the membrane. The limiting fluxes are denoted by the proton conductivity and thus improving the fuel cell perfor-
horizontal lines. mance. We were surprised that the proton conductivity was

diminished in the composite membrane relative to Nafion in
for the composite membrane than observed with the Nafion spite of the increased water uptake, and we were even more
115 membrane. surprised that the fuel cell performance of the composite

N2 Flow [sccm/min]

The MEA polarization curves have been fittedgq. (5)
i
E = Erey— blog (5) — RmEA %)

wherekE,ey is the reversible cell potentidh the Tafel slope,
io the exchange current densiiythe current density and

membranes exceeded Nafion even though the proton con-
ductivity was reduced. Our data do not fully resolve these
conflicting observations, but the data are consistent with
the suggestion that mechanical properties of the composite
membranes may be the key to the performance of composite
membranes.

Rviea the membrane electrode resistance. The fit parameters

at different operating conditions are summarizedable 3

4.1. Water uptake and ion-exchange capacity

The composite membranes show reduced exchange current

density compared to the Nafion membranes. The MEA re-

The ion-exchange capacity of the composite membrane

sistance of the composite membranes is substantially lesgs greater than the ion-exchange capacity of Naf#$49]
than the resistance of Nafion 115 at the higher fuel cell tem- Zirconium phosphate has exchangeable protons; the number

peratures.

of protons depends on the chemical form of the zirconium

The composite membranes operated more stably at el-phosphate. The ion-exchange capacity for the composite

evated temperatures. The cell was operated at°C3for

membrane listed iffable 1can be divided into contributions

0.8 1

voltage (V)
o
(2]

composite 130 C

Nafion 80 C

composite 80C

Nafion 1

0.2 afion 130 C

0.0 ‘ ‘ T
0.00 0.20 0.40 0.60

0.80 1.00 1.20 1.40 1.60

current density (A/cm2)

Fig. 8. Comparison of PEM fuel cell performance with MEA containing Nafion 115 and Nafion 115/zirconium phosphate composite membranes. The

operating conditions are listed ifable 3 Operating condition 1 at 8@ and operating condition 3 at 13G.
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Fig. 9. (A) PEM fuel cell performance of an MEA employing a Nafion 115 membrane. The cell voltage is plotted as a function of average current
density in the fuel cell. The cell operating conditions a®) (L; ((J) 2; (A) 3; (O) 4. (B) PEM fuel cell performance of an MEA employing a Nafion
115/ZP composite membrane. The cell voltage is plotted as a function of average current density in the fuel cell. The cell operating cond#9ns are: (
102 (A)3©) 4

Table 3

Fuel cell performance parameters

Membrane Operating condition b (mV/dec) ip-(x10° mA/cm?) Rvea (S2cm?)

Nafion 115 1 84.7 3.7 0.17
2 82.0 4.6 0.24
3 93.4 13.7 1.3
4 - - 9.8

Nafion 115/zirconium phosphate (25%) 1 55.0 3.0 0.3
2 66.4 0.6 0.27
3 59.6 0.18 0.34
4 55.1 0.06 0.79

Operating conditions: (1P = 1 bar, Tanodd Tcell/ Tcathode= 90/80/88; (2)P = 3 bar, Tanodd Teell/ Teathode= 130/120/130; (3P = 3 bar, Tanodd Tcell/ Tcathode=
130/130/130; (4)P = 3 bar, Tanodd Teell/ Teathode= 130/140/130.
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from the Nafion and from the zirconium phosphate: The scaffolding effect of the membrane also explains
why the water vapor uptake by the composite membrane is
IECcomposite= (mass fraction NafionE Cnafion greater. When the Nafion 115 membrane absorbs water it
+ (mass fraction ZIRECyp (6) must do work to swell the membrane, the composite mem-

brane is already in a partially swelled state, so less work has
Assuming that the IEC of Nafion in the composite is un- t0 be done to swell the membrane, resulting in greater water
changed the IEC for the zirconium phosphate in the mem- uptake. The scaffolding effect also explains the reduced den-
brane is 267Q.eq/g. Zr(HPQ)2-H-0 has an ion-exchange Sity of the dry composite membrane relative to both Nafion
capacities of 6640.eq/g. The ion-exchange capacity of the and zirconium phosphate. The scaffolding maintains the di-
zirconium phosphate in the composite membrane is less tharmension of the membrane from the swollen state, so as the
ZHP, suggesting that a mixture of different zirconium phos- Water is removed void volume is created. The void volume
phate phases, including amorphous ZP, are formed in thereduces the bulk density of the membrane.
composite membrane. XRD identified diffraction peaks that
correspond to crystalline zirconium hydrogen phosphate, 4.2. Proton conductivity
but most of the zirconium phosphate was amorphous and
XRD cannot quantify the amorphous zirconium phosphate.  Protons are transported through the membrane by two
Liquid water uptake by Nafion 115 and the Nafion115/ZP pathways. The first is a proton shuttling (or Grotthus)
composite were the same when normalized by the sulfonic mechanism that involves the formation and breaking of
acid concentration. The mass uptake of liquid water normal- hydrogen bonds between the proton and wdf,51]
ized by the mass fraction of Nafion in the membrane is the The second pathway for proton conduction is equivalent
same in both membranes. to traditional cation conduction where the hydrated proton
Water uptake from the vapor is reduced compared to water diffuses through the aqueous media in response to an elec-
uptake from liquid water. The composite membranes showedtrochemical gradienf52,53] The proton conductivity via
substantially greater water uptake from the vapor phase thanthe Grotthus mechanism is considerably faster than hydro-
water uptake by Nafion 115. The water uptake as a function nium ion diffusion, and it is estimated that approximately
of water activity, shown irFig. 3 was fit by a finite layer ~ 90% of proton conductance occurs via the Grotthus pathway

BET isotherm[27]: [50].
" L 41 We fit our proton conductivity data to two models from
A = A [caw][l — (nL + D(aw +njaw )] 7) the literature in an effort to identify the role of the zirco-
(1 —aw)[1l+ (c — Daw — ca(},'“] nium phosphate in proton conductivity. The random network

] . ~model for membrane proton conductivity proposed by Eik-

Am is the monolayer coverage of water on the sulfonic acid g(jing et al[26] is based upon the inverted micelle structure
groups.c is related to the chemical potential change due to ot Nafion and other ionomer membranes. The micelles, or
water adsorption, and, the number of layers that can be “pores”, are either dry with low conductivity or wet with
adsorbed. The parameters to fit the water uptake isothermsyign conductivity. As a membrane absorbs water and swells,
are shown irFig. 3 The data fits suggest that the more water e fraction of wet pores in the membrane increases, while
can be adsorbed in the composite compared to Nafion, bothye fraction of dry pores decreases. The distributions of wet
in the monolayer (first salvation shell—larger) and in and dry pores are governed by the membrane water content
the multilayer (largem); however, the reduction af for and swelling behavior.
the composite membrane relative to Nafion suggests thatthe e Eikerling model uses a single-bond effective medium
water is less strongly adsorbed in the composite membra”e-approximation (SB-EMA) to solve for the conductivity of

Why should the composite membrane absorb more wateris random network. Swelling and structural changes (i.e.

from the vapor phase than Nafion? SAXS dateFig. 6 ionic cluster reorganization) within the membrane are de-
show that the distance between the ionic inclusions in the scribed byEgs. (8) and (9)

composite membrane changed less than Nafion 115 with

increased water content. The scattering peak shifts fromn(w) = ng(1+ aw) (8)
4.5 to 5.1 nm in the composite membrane, and from 3.7 to
5.1nm in Nafion 115. The zirconium phosphate is formed v(w) = vo(1 + Bw)® 9

when the membrane is fully hydrated, and the distance be-

tween the hydrophilic inclusions is at5.1 nm. When the  n(w) is the number of sulfonic acid groups in an average
membrane is dried, the Nafion contracts but the zirconium pore,ng the number of sulfonic acid groups in the average
phosphate does not. The zirconium phosphate appears to aghore of a dry membraney(w) the average volume of the
as scaffold so the membrane cannot shrink much when thepore,vg the pore volume in the dry membrane the water
water is removed. During rehydration the composite mem- content of the membrane in weight percent, and the param-
brane does not swell much because the inorganic scaffoldetersae andg are used to describe the extent of the swelling
has kept it extended. and reorganization in the membrane. The fraction of wet
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Table 4 Table 5
Proton conductivity model of Eikerling Proton conductivity model of Thampan et al.
Membrane Fitting parameters Parameter Value for Value for Nafion/zP
5 P Nafion 115 composite
« Y Owet/Odry ~ Ox=1 = Owet o 0.025 0.045
Nafion 115 0.0693 0.034 0.10 930 0.14 q 15 15
Nafion/zirconium 0.0198 0.017 0.07 600 0.12 Cha.0 (x10-3cm3) 1.98 2.93
phosphate Kdissociation 6.2 6.2
29 (at 353K) 1650 1650
8 0.4 3.7

poresx(w), depends on the water fraction, the swelling pa-

rameters and a scaling parameer,
yw

1+ pw)3 — yw?a

The model yields the following equations that describe
the conductivity of a proton conducting membrane:

x(w) = (10)

40

o = (¢ — &0)? (ﬁ) CHA,0 12)

The conductivity of the membrane is the weighted average

of the conductivities of the wet and dry pores: wherege is the fractional membrane volume filled with water

and g the fractional membrane volume corresponding to

the percolation thresholdj is a fitted constantgya o the

concentration of sulfonic acid grougsthe ratio of diffusion

coefficients DH+_,H2'0. and.D|_.|+’m.embrané, Ag the equi\{alent

conductance at infinite dilution in water, andhe fractional

dissociation of the sulfonic acid in the membrane, which is

a function of water content.

plotted as a function ofv and the best fit for parametess Th‘; theoretical rg_l:}lthnshlp bf(fe_tv_veen xvater cotr:tent adnd

and g were calculated. The parametgrwas obtained by mem rane_proton diftusion coe iclents has not been ade-
guately delineated in the literature, although some empirical

equatingx(w) = 1 whenw = 0.41 in Eq. (10) Table 4 , -
shows the parameter values obtained from the SAXS datafItS have been proposdd5]. Thampan used as a fitting

and conductivity at saturation. A critical caveat in de- parameter to improve the model fit to literature conductivity
termining these swelling parameters is that the SAXS data. )
data were collected at room temperature @5 while In our analysis we used the values suggested by Thampan

it is being applied to the membrane conductivity model et al. listed inTable 5 The only parameter that we modified
at 80°C. between the various membranes.igig. 10A and Bshows

the model results compared with experimental conductivity
versus water content data.

The model does a fair job at reproducing the experimen-
Otal data. As the membrane water content increases the sul-
fonic acid residues dissociate increasing the concentration
of protons in the membrane and increasing the conductivity.
The predicted conductivity decreases faster with decreased
water content than the experimental data. The composite
membranes has a largérvalues compared to unmodified
Nafion. The determination of the best ditvalues suggests
that there is a factor of 2—3 decrease in the diffusion co-
efficient for protons through the “polymer” portion of the
composite membrane at given water content. This decrease
is much more than the decrease in the water diffusion sug-

(i) The additional frictional interaction with the polymer gested by the water transport experiments.
membrane is modeled as proton diffusion through both ~ The water transport through the composite membrane is
water and large polymer particles. 35% less than water transport through the Nafion 117 mem-
(i) The introduction of a percolation threshold below brane. Those two membranes have comparable thickness. If
which no conduction can take place because of the water diffusion is limited to the organic phase of the com-
lack of a continuous conduction pathway. posite, then the water transport data suggest that the zirco-
(i) Effective diffusion constants are introduced to ac- nium phosphate plays no role in water diffusion.
count for the porosity and tortuosity of the polymer The Thampan model as well as the models of Gierke et al.
matrix. [45] and Paddisorj56] assume a threshold water content

o = x(w)owet + (1 — X(w))adry (11)

The small angle X-ray scattering data and the cluster
swelling model proposed by Gierke and H54] were em-
ployed to calculate the values for the number of sulfonates
per pore and the pore volume énd v) as a function of
water contentw. The calculated values of and v were

The model fit to the experimental conductivity data is
shown inFig. 10 The model consistently overestimates the
conductivity. The values of the swelling parameterand
B are less for the composite membrane than those obtaine
for Nafion 115, which reflect the decreased swelling of the
composite membrane. The conductivity of the dry pores is
nearly an order of magnitude greater for the composite mem-
brane than for Nafion 115.

Thampan et al. presented an alternative model for proton
conductivity in ionomerg27]. This model is analogous to
proton diffusion in an aqueous electrolyte; it introduces a
correction factor to account for the presence of the polymer
matrix. The basic assumptions are:
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Fig. 10. (A) Model fits of the proton conductivity in Nafion 115. The solid line is the fit by the model of Eikerling eE@qs. (7)—(10) with the
parameters given ifTable 4 The dotted line is the model of Thampan et d&q( (11) with the parameters given iflable 5 The points are the
experimental data. (B) Model fits of the proton conductivity in Nafion 115/zirconium phosphate composite membrane. The solid line is the fit by the
model of Eikerling et al. Egs. (7)—-(10) with the parameters given ifiable 4 The dotted line is the model of Thampan et &q( (11) with the

parameters given iffable 5 The points are the experimental data.

below which no proton conduction occurs. Experimentally 4.3. Fuel cell performance

Nafion membranes have a small but non-zero conductivity

even at “zero” water content. The model presented by Tham- The most surprising result from our studies is that fuel
pan et al. neglects tunneling and other diffusion mechanismscell performance, as judged by the polarization curves, is
that may dominate at low water content. We have shown aimproved for composite membranes even though the pro-

single parameter empirical fit to the conductivity data for
Nafion inFig. 4A:

(13)

0 = 0q,=0 exp(clasf

o4, = 0 is the conductivity of a dry membrane; =
In(o4,=1/04,=0), @andcy is an adjustable parameter. This
empirical equation fits the conductivity as a function of wa-
ter activity very well with only one adjustable parameter.
The empirical fit is useful for modeling PEM fuel cells.

ton conductivity is poorer. This improvement in fuel cell
performance appears to be limited to conditions where the
water activity is significantly less than 1. We estimated the
water activity in the fuel cell for different temperatures of
the humidifier bottles assuming the same mass transfer effi-
ciency at the different temperatures. (The mass transfer effi-
ciency was estimated from a separate experiment where dry
air flowing at 100 mL/min was bubbled through the humid-
ifier at 50°C and the outlet humidity was measured.) The
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estimated water vapor pressure of the gases humidified atshowed reduced proton conductivity and water transport.

140, 130, and 120C are 2.4, 2.0, and 1.7 bar, respectively, Small angle X-ray scattering data indicated that the spac-

so the water activity in the fuel cell for the three cases are ing between hydrophilic phases in the composite membrane

aw(140/130/140) = 1.0, aw(130/130/130) = 0.85, and were further apart than in Nafion 115, and there appeared to

aw(120/130/120 = 0.70. be less restructuring of the composite membrane with wa-
Reducing the water activity from 1.0 to 0.7 should in- ter absorption. The data suggest that the zirconium phos-

crease the membrane resistance for Nafion 115 from 0.20phate forms an internal rigid scaffold within the membrane

to 0.22Q2 c?. However, from the fuel cell data the mem- that permits increased water uptake by the membrane in the

brane resistance increased from 0.24 toS®@r. The in- confined environment of the fuel cell membrane electrode

crease in the effective MEA resistance is much greater thanassembly.

that predicted from the conductivity measurements. Why is

there such a large discrepancy and why does the effective

MEA resistance only increase from 0.27 to 0Z8n? for Acknowledgements
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