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� PFSA ionomers of the various types of chemical structures and equivalent weights that serve as PEM materials for PEMEC are studied.

� The relationships between the chemical structures of PFSA ionomers and the dispersion characteristics as well as the membrane

properties were examined.

� The membranes derived from shorter side-chain PFSA ionomers exhibited improved gas barrier and proton conductivity properties.
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Polymer electrolyte membrane electrolyzer cells (PEMECs) has been confirmed as a pro-

totype electrochemical system that is effective in converting water into hydrogen and

oxygen under the application of electricity. Among the core components of PEMEC, the

polymer electrolyte membrane (PEM) determines critically an overall electrochemical

performance of the PEMEC. Ideally a PEM system should exhibit a complex transport

behavior of small molecules (e.g., gases and ions) while mediating flows of ions in the cell;

it should exhibit high proton selectivity while serving as a gas barrier to hydrogen and

oxygen to increase current efficiency, which are in turn vital factors in determining an

effectiveness when the electric energy is used for water electrolysis. Until now, per-

fluorinated sulfonic acid (PFSA) ionomers have been extensively used as PEM materials in

water electrolysis while in generating hydrogen and oxygen gases simultaneously in high

purity. In this study we have examined the chemical structure of PEM membranes derived

from various types of PFSA ionomers by employing solid-state 19F MAS NMR. Subsequently,

a structure-property-performance correlation was sought in accordance with the chemical

structure, the dispersion characteristics, and membrane properties of PFSA ionomers.

Furthermore, the effects of the membrane morphology as well as the ionomer packing

characteristics on proton conduction and hydrogen transportation were investigated.

Lastly, the membrane properties exerted by varying the chemical architectures and

equivalent weight (EW) values of PFSA ionomers in PEMEC were confirmed. 3 M 725

membrane, which has the highest concentration of sulfonic acid groups in the hydrated
. Lee).
s work.
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state, has the highest proton conductivity. In addition, it showed the best water electrolytic

cell performance via the synergistic effect with low gas permeability obtained as a result

from the short side chain structure.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen (H2) as a clean fuel has gotten a lot of attention

around the world as an alternative to fossil fuels. The gaseous

H2 has the lowest volumetric basis energy density (0.3 kWh/

L@25 �C and 135 atm) and the highest weight basis energy

density (27.1 kWh/kg) among currently available fuels. Thus, it

is necessary to compress H2 gas for guaranteeing a long-

distance journey per fueling in the hydrogen electric vehi-

cles [1e4].

PEMEC (polymer electrolyte membrane electrolytic cell)

has been reported as one of the representative approaches

responsible for producing high-purity H2 gas [1,4]. A PEMEC

consists of an anode, a cathode, a polymer electrolyte mem-

brane (PEM), catalyst layers, bipolar plates, and so forth [5,6].

To be more specific, a PEM in PEMEC serves as the vital

component in determining the electrochemical performance

along with electrode materials [7,8]. In general, a PEM should

satisfy to the required characteristics, such as high proton

conductivity, mechanical, chemical and thermal stabilities,

and low gas permeability, etc.

The development of an ideal type of membrane materials

for PEMEC, while fulfilling all above-mentioned requirement,

is under subject to the numerous technical obstacles in real

applications [9,10]. An extensive research on this matter has

shed a clue that themolar ratio of H2 to O2 produced in PEMEC

is 2 to 1, and when a difference exists in this ratio, it causes a

significant pressure variation that arises between the anode

and cathode electrodes that are in direct contact with PEM

[11]. As the pressure of the H2 gas generated by the PEMEC

system rises, it turned out that this H2 to O2 pressure differ-

ence also increases. Moreover, the penetration of H2 gas into

PEM can trigger a serious safety problem, such as an explo-

sion, when H2 reacts with O2 [12,13].

Perfluorinated sulfonic acid (PFSA) ionomers possess

high oxidative and mechanical stability under harsh con-

ditions, high proton conductivity, and electrochemical

durability. For this reason, PFSA ionomers have been

exclusively utilized as a PEM material thus far [14,15]. Spe-

cifically, Nafion® membranes derived from the per-

fluorinated ionomers have been considered as a benchmark

material in PEMEC systems because of its prominent

chemical stability and performance [16e18]. However, the

Nafion® membrane system has shown highly permeable H2

gas due to the presence of eCF3 groups in the side chains.

This high permeability of H2 easily triggers an increase in

ohmic potentials at a fixed current density and a reduction

in hydrogen production at a constant power density,

thereby resulting in a direct loss in the efficiency of PEMECs

and more energy consumption [19]. Additionally, H2 gas
crossover through the membrane would result in chemical

degradation of the PFSA ionomer membrane because of the

formation and migration of hydrogen peroxide and hydro-

peroxyl radicals that attack all H-containing end bonds

present in the ionomers [20].

To solve these problems associated with fast H2 perme-

ation frequently observed in Nafion® membrane, called as a

long-side chain PFSA membrane, there have been trials to

shorten the side chain length [21] which are known as short-

side chain PFSA ionomer membrane researches. They

include the removal of vulnerable structural parts (e.g., swivel

ether group) to such radical attacks. Different in general

polymers whose structural modification can be examined

readily by liquid NMR analysis, a poor solubility of the PFSA

ionomer in organic solvents makes liquid NMR experiment

difficult. To address this problem, the chemical structure of

the PFSA ionomer was analyzed by employing solid-state 19F

MAS NMR experiment.

In this study, PFSA ionomers with various types of chem-

ical structures (e.g., long-side chain vs. short-side chain) and

equivalent weights (EWs) were used as PEM materials for

PEMEC. The correlations found between chemical structures

of PFSA ionomers and the dispersion characteristics as well as

the membrane properties are fully discussed. Furthermore,

the effects of membranemorphology and ionomer packing on

proton conduction and H2 gas transport behavior were

investigated. Finally, the effects of chemical structures and

equivalent weights of PFSA ionomers on the membrane

properties for PEMEC has been provided. To date, there have

been no scientific papers which systematically deal with the

influences of chemical structures and EW values of PFSA

ionomers on membrane characteristics including electro-

chemical performances.

2. Materials and methods

2.1. Materials

Nafion (NR) emulsion D2021 (EW ¼ 1100 g/eq) (DuPont, Wil-

mington, DE, USA) and Aquivion (AQ) ionomer powders

(EW ¼ 720, and 790 g/eq) (Solvay, Brussels, Belgium) were

purchased from Sigma-Aldrich Ltd. (WI, USA). 3 M ionomer

powders (EW ¼ 725, and 800 g/eq) were from 3 M Advanced

Materials Division, USA. The 1-propanol solvent was pur-

chased from Sigma-Aldrich Ltd. (WI, USA) and used as

received. Each PFSA ionomer sample is denoted as the

abbreviation of the ionomer_EW value, irrespective of their

state (e.g., dispersion ormembrane). Moreover, each sample is

clearly distinguished by the state in which characterization is

performed.
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2.2. PFSA ionomer characterization

The chemical structures of the PFSA ionomers were charac-

terized by solid-state 19F MAS NMR spectroscopy conducted at

the National High Magnetic Field Laboratory (NHMFL) in USA.

The NMR experiments were carried out in a 14.1 T wide bore

magnet solid-state NMR spectrometer that is operated by the

Bruker Avance III console while using a Bruker's 1H-X-Y

1.3mmMASprobe. The 1H channelwas tuned to 19F frequency

for the experiment. Each PFSA sample in solid form was

packed into a 1.3 mm MAS rotor, and the rotor was spun at

40 kHz MAS rate for the experiment. A single 2 ms rf pulse was

used to cover a wide frequency range of the chemical shift

anisotropy of 19F peaks with about ~100 kHz power to record
19F MAS NMR peaks. 19F MAS NMR peaks were assigned ac-

cording to the literature [22] and were integrated to quantify

each 19F site while coadding the intensities arising from the

spinning sidebands to the main peaks [23,24].

The thermal stability of the PFSA ionomers was deter-

mined by TGA (PYRIS 1 TGA, Perkin Elmer, USA). The samples

were pre-heated in a nitrogen atmosphere from an ambient

temperature to 90 �C at a rate of 10 �C/min in 30 min and then

cooled back to 30 �C for the removal of the absorbed moisture

prior to the respective test. TGA analysiswas performedunder

two modes:1) heating mode [25] and 2) isothermal mode.

Under the heating mode, the TGA measurement was carried

out in the temperature range from 30 �C to 600 �C at the rate of

10 �C/min. For the isothermal mode, the weight variation was

analyzed while maintaining the temperature for 2 h after

raising the temperature from 30 �C to 200 �C, 250 �C, and

300 �C, respectively. Furthermore, the thermal degradation

behaviors of the ionomers were monitored by examining the

weight loss of the samples as a function of temperature.

2.3. Dispersion characterization

The viscosity of 4 wt% of the PFSA ionomer dispersions was

examined using a digital viscometer (DV2TLVJ0, Brookfield,

USA) in accordance with the ASTM D2196. A small sample

adapter was operated to accurately measure the viscosity of

small samples at various shear rates at 25 �C by regulating the

spindle rotational speed at 10 and 40 s�1, respectively [20]. The

particle size of the PFSA ionomers in aqueous 1-propanol

(water: 1-propanol ¼ 55: 45 wt%) [26] was analyzed with the

dynamic light scattering instrument (DLS, Model Zetasizer

Nano ZS, Malvern, Worcestershire, UK) at 25 �C. The concen-

trations of the PFSA-dispersed solutions were regulated at

0.01 wt% [27,28].

2.4. Membrane fabrication and acidification

A PFSA-dispersed solution of either 3 M or AQ ionomer pow-

ders was prepared by stirring the sample in a mixed solution

of water and 1-propanol (water: 1-propanol ¼ 55 : 45 wt%) for

48 h [28]. Each ionomer colloidal solutionwas casted on a glass

slide to fabricate a membrane film by following the known

solution-castingmethod [29,30], whichwas then dried at 85 �C
for 8 h, heated to 100 �C for 15 min and 190 �C for 12 min in a

vacuum oven. The resulting membrane was gently removed

from the glass plates in deionized water, which was
subsequently immersed in a boiling solution of 0.5MH2SO4 for

2 h. This acidified membrane was washed in boiling water for

another 2 h to thoroughly remove the residual H2SO4 [31e33].

The thickness value of the resulting membranes was around

50 ± 1 mm in the dry state. All the membranes were kept in a

vacuum oven prior to further characterization.

2.5. Membrane characterization

The small-angle X-ray scattering (SAXS) patterns were

generated using a 4 C SAXS II beamline with 3.0 GeV power

available at Pohang Accelerator Laboratory II (PAL II) in South

Korea. An X-ray wavelength of 0.07 nm was generated with a

beam flux of 1 � 1012 ph/s and a beam size of 100 (V) � 300 (H)

㎛2 using the SAXS instrument. The sample-to-detector dis-

tance was fixed at 1 m. The interdomain distance was ob-

tained in accordance with Bragg's law [34,35]. Field-emission

transmission electron microscopy (TEM, LIBRA® 120, Carl

Zeiss, Oberkochen, Germany) was carried out to obtain visu-

alizedmorphological information of the PFSAmembranes. For

this, all the samples were stained with a 2 wt% lead acetate

solution.

The resistance of eachmembrane sample (1.0 cm� 4.0 cm)

was examined with a Pt electrode connected with multi-

channel potentiostat (VMP3, Biologic, France) based on a 4-

probe alternating current (AC) impedance under a wetting

condition at variously controlled temperatures (e.g., 30, 45, 60,

75, and 90 �C). The proton conductivity was then calculated

according to the following equation, Eq. (1): [36]

s

�
S

cm2

�
¼ l
R� S

where s is proton conductivity, R is ohmic resistance, l is

distance between electrodes, and S is cross-sectional area of

the membrane.

The sulfonic acid concentration in a unit volume was

examined in accordance with the volume-based ion exchange

capacity specified in the hydrated state (IECv(wet)). The weight-

based IEC (IECw) was examined through the conventional

titration (ASTM D2187) method while obtaining IECv(wet) as

written by the following equation, Eq. (2): [37,38]

IECvðwetÞ
�
meq

�
cm3

�¼ ðIECw � ddÞ
ð1þ 0:01�WUÞ

where dd denotes the density ofmembrane in the dry state and

WU is the amount of water uptake.

The density of a dried membrane was obtained after

treating the membrane at 60 �C for 24 h in a vacuum oven.

Subsequently, the membrane was immersed in deionized

water for 24 h to secure a wet condition. The dried and wet

densities of a membrane (dimension ¼ 5.0 cm � 5.0 cm) were

determined by using Eq. (3-4):

Dry density
�
g
�
cm3

�¼Wdry

�
Vdry

Wet density
�
g
�
cm3

�¼Wwet =Vwet

where Vwet and Vdry denote the volume of wet and dried

membrane, respectively, and Wwet and Wdry represent the

weights of wet and dried membrane, respectively.
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Fig. 1 e Solid-state 19F MAS NMR spectra of various types of

PFSA ionomers in the membranes.
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The water uptake of membranes (dimension ¼ 5.0 cm �
5.0 cm) was determined by comparing the weight difference

between the dried and wet states. The water uptake of the

membranes was then determined by weight percentage using

the following equation, Eq. (5):

Water uptake ð%Þ¼
�
Wwet �Wdry

�
Wdry

� 100;

where Wwet and Wdry designate the weights of wet and dried

membranes.

The tensile strength of a membrane was examined by

using a universal testing machine (UTM, T7000 M, Korea

Measurement & Testers (KMT), Korea) in accordance with

the ASTM D882 while employing a cross head speed of

10 mm/min [39].

The alpha transition temperature (Ta) of PFSA ionomers

was determined by using a dynamic mechanical analyzer

(DMA, DMA 8000, Perkin Elmer Corp., USA) at a ramp speed of

5 �C/min from 30 �C to 300 �C under 1 atm [40,41].

The gas permeability coefficient of a membrane was

determined by varying the temperature using the time-lag

method [42]. The time-dependent variation of the pressure

was measured in an evacuated lower chamber by reading a

pressure sensor (Baratron®, MKS, USA) that possesses a

sensitivity in the range of 10�3 cm Hg. The gas permeability

coefficient P in Barrer (1010 cm3
stp cm/sec cm2 cm Hg) was

determined by using the following formula given as Eq. (6):

[43,44]

P ðBarrerÞ¼ Vb � l
pa �A� R� T

� dpb

dt

where Vb denotes the volume of the lower chamber in cm3, l

is the membrane thickness in cm, A is the exposed surface

area of the membrane in cm2, T is temperature in K, pa is the

pressure of the upper chamber in cm Hg, R is the gas con-

stant (6236.367 cm Hg cm3/mol K), and dpb/dt is the rate of

the pressure variation in time that is measured in the linear

part of the pressure-time curve (cm Hg/sec).

2.6. PEMEC performance evaluation

In preparing a membrane electrode assembly (MEA), a

cathode catalyst ink slurry was prepared by using a

commercially available Pt/C catalyst system (40 wt%, John-

son Matthey, USA). The resulting ink slurry was coated onto

the cathode side of the synthesized membranes by

employing a spray method for cathode formation. The

anode ink slurry was also prepared in a similar manner,

except using an IrO2 catalyst system (BOYAZ ENERGY,

Korea). The ink slurry was sprayed onto the opposite side of

an identical membrane. The loaded amount of Pt/C and IrO2

catalysts on the membrane surfaces had reached 0.4 mg/

cm2 and 2 mg/cm2, respectively. Subsequently, a MEA was

assembled in a single cell with an active area of 9 cm2. To

activate the MEA, deionized water was flown to the anode at

80 �C at the rate of 10 sccm for 2 h. A current-voltage po-

larization curve was generated at 80 �C by using a poten-

tiostat (HCP 803, Biologic, France).
3. Results and discussion

3.1. Structure identification by solid-state 19F MAS NMR

Solid-state 19F MAS NMR experiments were conducted for the

structural analysis of the PFSA ionomers while utilizing an

ultrafast MAS rate (40 kHz) to minimize the spinning side-

bands. Solid-state MAS NMR method must be employed for

the analysis of the PFSA ionomers because these ionomers are

insoluble in organic solvents. Fig. 1 shows thus measured

solid-state 19F MAS NMR spectra of PFSA ionomers that are

commercially available. PFSA ionomers consist of poly(tetra-

fluoroethylene) main chain and perfluorinated side chains

that possess eSO3H groups at the terminal ends. The 19F NMR

spectrum of the Nafion exhibits the presence of branched

eCF3 as well as ether (-O-) groups in the side chains. It is re-

ported that these tertiary fluorine CF3eCeF and ether (-O-)

groups in the side chains are responsible for in lessening the

compact packing of ionomer chains, resulting in a relatively

low chemical durability of the Nafion [45,46]. These peaks are

absent in the 19F MAS NMR spectra of other PFSA ionomers as

expected. The chemical structure of 3 M ionomers confirmed

by 19F MAS NMR spectra indicates that there are four-

connected carbon (C4) structures in their side chains regard-

less of the EW values. Moreover, when the 19F MAS NMR

spectra of other ionomers were inspected, two-connected

carbon (C2) structures were identified in the structure of AQ

ionomerswith an additional small peak at�110 ppmwhenAQ
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720 is used. According to this observation, the AQ 720 type

ionomers consist mostly of the C2 structures rather than

three-connected carbon (C3) structures [47,48].

3.2. Thermal degradation behavior

The thermal stability of the PFSA ionomers was examined by

TGA as shown in Fig. 2 (a). All the PFSA ionomers displayed a

three-step weight loss pattern as the temperature varies. The

first weight loss (Region I) occurred broadly from ~100 �C to

180 �C as the water molecules in the PFSA ionomers are

removed [49]. The second weight loss (Region II) occurs at

225 �C that might be correlated to the thermal decomposition

of sulfonic acid groups: the sulfonic acid contents in the PFSA

ionomers decrease as a function of their EW values [20]. The

last weight loss (Region III) that occurs at the temperature

range over 420 �C might be correlated to the thermal degra-

dation of perfluorinated backbone and side chains [49,50].

Fig. 2 (b)e(d) illustrates the thermal resistance of the PFSA

ionomers obtained at three different temperatures (200, 250,

and 300 �C) of the TGA thermograms. This analysis evaluates

the degradation extent of the sulfonic acid groups in each

PFSA ionomer type under constant temperature conditions.

The theoretical sulfonic acid content was determined based
Fig. 2 e Thermal degradation behavior of the PFSA ionomers (a)

250 �C, and (d) 300 �C under the isothermal mode in N2 atmosp
on each EW value and compared to the weight loss (mloss) at

each examined temperature. An influence of the potentially

existing small quantity of strongly bound water was excluded

in our analysis. It seems like that all the PFSA ionomers

considered in our study were thermally stable near 200 �C for

2 h. In temperature ranges higher than 250 �C, 3 M ionomers

maintain excellent thermal resistances without a noticeable

loss of sulfonic acid groups (<3.5% of total sulfonic acid con-

tent), but C2 ionomers, particularly the AQ sample, showed a

loss of about 9e12%. This observation is congruent to the

theoretically calculated sulfonic acid contents. A noticeable

loss in the amount of sulfonic acid groups could result in a

critical reduction in the proton transport property [28].

Nonetheless, the thermal stability of the C2 ionomers seems

to be superior to that of NR 1100.

3.3. Dispersion characteristics

The dispersion characteristics of the PFSA ionomers are

summarized in Table 1. Except AQ ionomers, all the other

types of PFSA ionomers do not show any meaningful varia-

tions in the viscosity as the shear rate varies. Thus, as judged

by this result, ionomer particles are homogeneously dispersed

in the mixed solution of water and propanol, maintaining a
under the heating mode in N2 atmosphere, at (b) 200 �C, (c)
here using thermogravimetric analyzer.
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Table 1 e Fundamental characteristics of PFSA ionomers.

PFSA
dispersion

Viscosity [cP]a Average
particle

sizeb [nm]
Share

rate ¼ 10/sec
Share

rate ¼ 40/sec

NR 1100 23.3 19.2 3.78 ± 0.43

3 M 725 22.1 19.0 2.23 ± 0.22

3 M 800 15.4 12.2 3.23 ± 0.32

AQ 720 NA NA 2.17 ± 0.09

AQ 790 105.8 71.1 3.50 ± 0.58

a Examined with PFSA dispersion diluted to an ionomer concen-

tration of 4 wt%.
b Examined using dynamic light scattering (DLS, Zetasizer Nano

ZS, Malvern, Worcestershire, UK) analysis.

Fig. 3 e SAXS profiles of PFSA ionomer membranes.

Table 2eMorphological information of the PFSA ionomer
membranes on the basis of their SAXS profile.

PFSA
membrane

Interdomain
distancea [nm]

qmax

[Å�1]
2qmax

[Å�1]
2qmax/qmax

NR 1100 3.51 0.179 0.335 1.87

3 M 725 3.13 0.200 0.394 1.97

3 M 800 3.16 0.199 0.385 1.93

AQ 720 3.12 0.201 0.399 1.99

AQ 790 3.21 0.196 0.367 1.86

a Obtained via theoretical conversion using Bragg's law with each

qmax value.
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stable dispersion phase. To be more specific, under the envi-

ronment of possessing strong hydrogen bonds between sul-

fonic acid groups and hydrophilic solvent molecules, the 3 M

ionomers with low EW values would exhibit increased values

in the viscosity. The extent of dispersions of the AQ samples

was noticeable. For instance, the viscosity of the dispersed

solution of the AQ 720 was extremely high even at the con-

centration of about 4 wt%, resulting in an unmeasurable shear

rate.

The average particle size of ionomers dispersed in aqueous

alcohol media should be reduced because small ionomer

particles may induce compactly packed membrane struc-

tures, which can retard H2 passage [29]. Under the presence of

bulky eCF3 groups in the side chains, the dispersion of Nafion

ionomers in the mixed solution would form a relatively large

average particle size. Previous research results suggested that

the dispersed ionomer particles of short-side chain (SSC)

ionomers (e.g., 3 M and AQ ionomers) exhibit a slightly smaller

average particle size than that of Nafion ionomers [51]. The

particle size of the SSC ionomers is proportional to the EW

values. The smallest average ionomer particle sizes were

identified from the 3 M 725 and AQ 720 dispersions.

3.4. Membrane characteristics

One of the critical properties of membranes employed in

PEMEC is the proton conductivity that can correspond the

slope in the ohmic polarization region of the electrochemical

PEMEC performance curve. In general, a less steep slope in the

region, a higher proton conductivity in the membrane is ex-

pected. The proton conductivity is often influenced by the

morphology of membranes [52]. The morphology of ionomer

membranes was examined using the small angle X-ray scat-

tering (SAXS) technique with an irradiation angle of 90�. Fig. 3
shows SAXS patterns of the PFSA ionomer membranes thus

obtained in which the spatial arrangement of hydrophilic

domains was examined to be perpendicular to the membrane

plane. All the PFSA ionomer membranes possess strong

scattering maxima (e.g., qmax and 2qmax) because of having

ionic aggregations in their hydrophilic domains. The ratio of

2qmax to qmax generally approaches to 2 (Table 2). It suggests

that all the PFSA ionomer membranes exhibit lamellar mor-

phologies composed of hydrophilic and hydrophobic domains

regardless of their chemical architectures [53,54]. The lamellar
morphologies turned out to be clearly distinctive, presumably

due to possessing an improved hydrophilic-hydrophobic

microphase separation. The hydrophilic-hydrophobic micro-

phase separation increases when the hydrophilicity in-

creases, or the EW value decreases. Furthermore, the ratio of

2qmax to qmax approaches to 2 even in the case of PFSA ion-

omer membranes (e.g., 3 M 725 and AQ 720) that possess a

relatively low EW value.

The qmax scattering peaks of the SSC-PFSA ionomer

membranes are positioned in higher q vector direction as

compared to that of NR 1100 [55]. This characteristic can be

explained by the interdomain distance presented in Table 2

(i.e., the average distance between their hydrophilic do-

mains). It is noteworthy that the interdomain distances

existing in the SSC-PFSA ionomer membranes are shorter

than those from the long-side chain (LSC) ionomer mem-

branes. This trend is consistent with that in observed in TEM

images of NR 1100 and 3 M 725 (Fig. 4). The distance between

hydrophilic domains marked in dark color is narrow in 3 M

725, while the hydrophilic domains of NR 1100 are widely
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Fig. 4 e TEM images of NR 1100 and 3 M 725 membranes.
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distributed. Moreover, it is interesting that the interdomain

distance tends to be increased as a function of EW value of the

SSC-PFSA ionomer membranes in the condition of possessing

an identical chemical structure. A longer interdomain dis-

tance in the ionomermembranewould lead to a longer proton

transport pathway, as protons in a hydrophilic domain move

to an adjacent hydrophilic domain regardless of the assis-

tance of water molecules.

Fig. 5 presents the proton conductivity of PFSA ionomer

membranes that were examined by four-point probe alter-

nating current (a. c.) impedance spectroscopy in water [36].

The proton conduction was increased as a function of tem-

perature in all the PFSA ionomer membrane samples pre-

sumably due to the enhanced proton mobility. NR 1100

exhibited the minimum proton conductivity among all the

PFSA ionomer membranes employed in this study. On the

other hand, the SSC-PFSA membranes show relatively high

proton conductivity values owing to their narrowly arranged
Fig. 5 e Proton conductivity of the PFSA membranes as a

function of temperature.
morphological distribution. For the SSC-PFSA ionomer mem-

branes with an identical chemical structure, both their EW

values and interdomain distances significantly affect the

proton conductivity. The proton conductivity values of 3M 725

and AQ 720 exceeded those of 3 M 800 and AQ 790, respec-

tively. These results suggest that the proton conductivity can

be enhanced for the membranes with reduced EW values and

shortened interdomain distance [56]. In contrast, 3 M 725 and

3 M 800 ionomer membranes that are characterized by a

relatively higher EW value and a longer interdomain distance

(3.13e3.16 nm) exhibited superior proton conductivity to that

of AQ 720 ionomer membranes that possess a lower EW value

and a shorter interdomain distance (3.12 nm). This unusual

proton transport behavior can be justified by taking into ac-

count a correlation found between proton conductivity and

membrane swelling in the fully hydrated state. In general, as

the amount of water molecules absorbed into the membranes

increases, the concentration of sulfonic acid groups per a unit

volume of PFSA ionomer membranes decreases. This dilution
Fig. 6 e IECv(wet) comparison in the PFSA ionomer

membranes.
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Table 3 e Fundamental PFSA ionomer membrane
characteristics.

PFSA
membrane

Density [g/cm3] Water
uptake [%]

Tensile
strengtha

[MPa]

Ta
b

[oC]Dry
state

Wet
state

NR 1100 1.98 1.63 39.7 20.4 ± 0.4 104.9

3 M 725 2.09 1.64 31.7 23.2 ± 0.3 114.4

3 M 800 2.08 1.70 28.0 23.0 ± 0.3 113.1

AQ 720 2.01 1.45 41.4 13.8 ± 0.2 115.6

AQ 790 2.00 1.46 39.9 13.3 ± 0.5 104.9

a Obtained via conventional INSTRON measurement (Universal

Testing Machine, UTM, T7000 M, crosshead speed ¼ 10 mm/min,

measurement temperature ¼ 25 �C, humidity ¼ 50% RH).
b Examined using dynamic mechanical analyzer (DMA, DMA 8000,

Perkin Elmer Corp.) at a ramp speed of 5
�
C/min under air

atmosphere.
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effect would decrease the overall proton conductivity in the

PFSA ionomer membranes. Thus, it is more convenient to use

the term of IECv(wet) [meq/cm3] that is defined as the ion ex-

change capacity per a unit volume of a membrane swollen in

the fully hydrated state. When the EW values are similar, the

shorter the side chain length, the lower the water absorption

[57]. The IECv(wet) value of AQ 720 is lower than that of 3 M

ionomers (Fig. 6) although it achieves the minimum EW value

and the shortest interdomain distance at a dried state. These

results clearly support a higher water uptake of AQ 720

compared to others (Table 3). In the presence of an increased

amount of absorbed water molecules, the proton concentra-

tion is diluted and, therefore, the proton conductivity is

reduced [58,59]. Hence, maintaining an appropriate amount of

water uptake in the ionomer membranes will lead to a regu-

lation of the performance of proton conductivity [60,61].

3.5. Gas barrier behavior

A gas barrier property for H2 has been confirmed as an

another type of crucial characteristic of PEMEC membranes,
Fig. 7 e (a) H2 and (b) O2 permeability of PFSA ionomer membr
which is inversely proportional to the gas permeability [52].

Fig. 7 illustrates the variations of H2 and O2 permeabilities of

the PFSA ionomer membranes as a function of tempera-

tures. Regardless of the type of feed gas, the gas perme-

ability for all PFSA ionomer membranes increased at an

elevated temperature. The extent of the H2 permeation was

much higher than that of O2 permeation under an identical

pressure condition. As the van der Waals volume (44.19 Å3)

of H2 molecules is much smaller than that of O2 molecules

(Van der Waal volume ¼ 52.86 Å3), one can expect an easier

diffusion of H2 through the membranes [62]. Notice that the

H2 permeation behavior in the PFSA ionomer membranes

shown in Fig. 7(a) can also be correlated to the average

particle size of the ionomers dispersed in the aqueous me-

dium; the H2 permeability decreases as the average particle

size decreases. For instance, NR 1100 that possesses the

largest ionomer particle sizes exhibits the maximum H2

permeability, whereas 3 M 725 and AQ 720 that possess

relatively smaller ionomer dispersion particles exhibit a

prominent H2 barrier property. It can be concluded that

generally smaller ionomer particles that are dispersed in

solution can facilitate a formation of tightly packed mem-

branes which can role as a better H2 barrier [28].

Similar to the property found in the H2 permeation

behavior, the PFSA ionomer membranes with an identical

chemical structure also demonstrates a correlation between

the O2 permeation behavior and the EW values (Fig. 7(b)). An

ionomer with a high-EW value exhibits a higher perme-

ability of O2 than an ionomer with a low-EW value probably

due to the presence of more hydrophobic segments in the

high-EW ionomer [63]. An ionomer type with a higher EW

value can offer higher free volumes that would be effec-

tively used as pathways for the migration of gaseous mol-

ecules when compared to those present in the hydrophilic

phase. On the other hand, the impact of side chain length is

remarkable in SSC-PFSA ionomer membranes as O2 barriers

that the shorter C2 ionomers (AQ ionomers) are notably less

permeable to the O2 permeation than the longer C4 ion-

omers (3 M ionomers).
anes in the unit of barrer (1010 cm3
stp cm/sec cm2 cm Hg).
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Fig. 8 e PEMEC single cell performance of the PFSA ionomer

membranes examined at 80 �C.
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3.6. Electrochemical performance of PEMEC single cell

Fig. 8 shows the electrochemical performance exhibited by

PEMEC cells depending on the chemical structures and EW

values of the PFSA ionomer membranes. Their open circuit

voltage (OCV) values decrease as the function of the H2 barrier

property in the activation polarization region. The slopes in

ohmic polarization region slow down as impedance values of

the corresponding PFSA ionomer membranes become small or

their proton conductivity values increase [64]. Consequently,

3 M 725 shows an excellent PEMEC performance due to the

combinational effect of the relatively low H2 permeability and

the highest proton conductivity. Among the SSC-PFSA ionomer

membranes, the PEMEC performance of AQ 720was lower than

that of 3 M 800. This is because O2 barrier properties of AQ

ionomer membranes are weakened because the H2 pressure in

cathodic side is much higher than the O2 pressure in anodic

side. Furthermore, 3 M ionomer membranes afford effective

proton transport properties due to having a balanced concen-

tration of sulfonic acid groups (i.e., IECv(wet)) under the PEMEC

operation conditions. Note that all the SSC-PFSA ionomer

membranes had almost similar current efficiency (CE).
4. Conclusion

The physicochemical properties of commercially available

PFSA ionomer membranes were systematically investigated,

considering their PEMEC membrane applications. The struc-

tural characteristics of the PFSAmembranes were identified by

the solid-state 19F MAS NMR spectroscopy. As identified from

the result of this study, 3M ionomers and AQ ionomers possess

C4 and C2 side chains onto the PTFE main backbones, respec-

tively. All the PFSA ionomers exhibited thermal decomposition
behaviors that can be correlated to 1) water evaporation, 2)

desulfonation, and 3) thermal degradation of their side chains

and main backbones. 3 M ionomers maintained a thermal

resistance up to 250 �C different in other PFSA ionomers. The

particle sizes in the dispersion state play a critical role in

determining H2 gas barrier properties. To be more specific, the

H2 permeability tended to be decreased in the membranes due

to the gradual decrease in the size of ionomer particles in the

dispersion state. The proton conductivity was enhanced in the

PFSA ionomer membranes with a decreased EW value even in

the presence of an identical chemical structure. Smaller ion-

omer particles typically make a narrow average packing dis-

tance in the hydrophilic domains and are well distributed

throughout the PFSA membrane. This morphological charac-

teristic may be a benefit in creating faster proton transport

pathways. 3 M ionomer membranes with relatively high EW

values have exhibited superior proton conductivity over the AQ

720 membranes with the low EW values. This result might be

attributed to the excessive water swelling of AQ 720, lowering

the concentration of sulfonic acid groups in the hydrated state.

Upon application to PEMEC, the single cell performance of the

PFSA ionomermembranes was comprehensively influenced by

both proton conductivity as well as the H2 permeability across

the PFSA membranes. Consequently, 3 M 725 exhibited the

highest PEMEC performance due to a synergistic effect of the

proton conduction and H2 gas barrier property.
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