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1 INTRODUCTION

Reinforcement. of p rBuoro-sulfonic acid membranes has
become mar important in view of commercialization of
the fuel cell and it has been accomplished on a commercial
cale. Perfluoro-sulfonic acid membrane have a tendency

to well when they are soaked in water at high temperature
and they consequently decrea e in mechanical strength. The
lowering in mechanical strength is detrimental for the use of

inner membrane . On the other hand, thinner membranes
have many advantage such as low internal cell resistance
or easy water management.[l-J]

In the early 1980s reinforcelnent technologies for per­
fluorinated membranes were developed aiming at conuner­
cialization of chlor-alkali electrolysis, in which the- robust
membrane was first required to have sufficient mechani­
cal strength to ensure durability for long term operation.
In the early stage of the development, PTFE woven fabrics
and T E micro-fibrils were proposed for reinforcement
technology.f4- 71 inally PTFE woven fabric have been rec­
ogni.zed as a tandard reinforcement method because of
their good mechanica . trength and chemical tability,181
The typical membrane for chlor-alkali electrolysi i a
bilayer membrane and i major portion is a perfluoro-
ufonic polYlner layer. . T· fabric are embedded in the

perfluoro-sulfonic layer. A eros -eetion of the membrane
is shown in Figure 1, The tota thickness of the membrane
. appo·· .ate y 200-300 Jj..m.

On the contrary, in proton exchange membrane fuel
. ell (P MFC) application , the . ize of the membrane is

small and the Iarg r mechanical strength i not nece-
arily required. higher priority is t on the perfor-

mance of tb membrane, and a thin and flat membrane
i r quired to obtain good performance. The performance
i also del nnin d by the precise structure of the porous
I ctrodes that are bonded on both ides of the membrane.

'The flatness of he membrane helps to form the proper
electrode layers that afford good diffusivity of hydro­
gen, oxygen and water vapor. Therefore in PEMFC a
specified reinforcement technology i· required to prepare
a thin and flat membrane that provides the appropriate
tnechanical strength, good chemical stability, higher pro­
ton conductivity and water permeability, able 1 show
a comparison of the available reinforce nent technologie.
fo· P Me. PTFE is selected as a~inforcing material
for its ex ell nt ch mica] stability and go d m chanica!
trength.

A composite compti ed of an panded PTFE porous
h t and a pe fluo inated ionom r was deve oped by

W.L. Gor & As odat . in th 1990s and ha be n com­
mercializ d a Gore-s 1 ,C .[9-11] Gore-select® is charac­

terized by its small thicknes (20-40 IJ.m) and excellent
mechanical and electrochemica properties and has been
widely used for PEMFC systems. Gore-select® show rela­
tively high specific resi tanoe compared with nonreinforced
membrane , however the membrane resistance is uffi­
ciently low becau e of its smaller thicknes .

A PTFE-yam elnbedded type t which originated
from chlor-alkali electroly i·, g' v s good .. echanical
trength, The cha ·acteristic of this .. en b'ane have be n

studiedJ12, I3J Many attempts have been made 10 make a
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Figure 1. Schematic figure of the mel branc for c lor-aIka i
electrolysis.

A reinforced membrane compo ed of aPT·· po ous sheet
and a perfluorinated ionomer is a new product specially
de igned to fulfill the requirements of PEMFC operation.
The majo' difficulty in fabricating the above composite
m mbran is to imprgnat a p rfluorinated ionomer uni­
formly into porous hydrophobic PTFE without forming
cavities. S ve al methods have been proposed to make
the composite membranes, and one example was described

Propertte of Gore- elect are summarized in Table 2
and compared with those of afton® 17. Th _se data
gi e only the relative values and are not the tandard­
ized ones. Judging from the porosity of the Goe-tex®, it

2.3 Properties

2.2 Preparation

m US patent 4,469,744 in which vacuum impregnation
is applied using a porous PT . sheet of 127 I1m.lig]

Th. W.L. Gor group has accomplished this technology
on a commercial scale by using i.ts proprietary PTFE
porou sheet, Gore-t x® with a thickness less than 25 ~m,

and named it Gore-select®. It has a variety -of thick­
ness s from 20 to 40 J..Lm and is now widely adopted for
P M C systems. Gore-select® is also used as a ubstrate
for Primea® which is a register d nam of Gore's pro­
prietary membrane electrode assembly (M . A). Although
some pe formanc data of Prim a® has b en provid d by
the Gore group; the details of the membrane character­
istics hay no b n disclosed in the form of technical
papers. Therefore; in this section the relevant data were
collected from the patents or the other available published
materials.

According to S patent 5,547,551 Gore-select® is pre­
pared by the schelne '1 ustrated' .gure 2,u°l A per~

fluorinated ionomer so ution with a specified urfactant
is impregllated from both side of a thin PTFE porous
shet (Gor --Tex ) ha ing a thickness less than 25 ~m
fonowed by repetition of the drying and r·using pro­
cesses tbr tim s. Judging from tb pat nt description it
is speculated that a thicker membrane larger than 30 t,Lm
may have a multilayer struclure because the patent claims
the use of a thin porous sheet less than 25 t,Lm for
the perfect impegnation 0 the ionomer into a PTFE
porous sheet.

•

Carboxylate
layer

Cathode side

Coating with 'inorganic.......-- partic:les

Anode side

SUIf'Onate
layer

PTFEyarn

Coating with inorganic
particles --+-

2 PT E 0 OUS SO . ET
REI FO CEMENT

2.1 ntroduction

. :nne . c1oth~e'nforced m mb ane, however, membranes
les than 80 ~m have not been reported. [13] A thinner
membrane with PTFE yarn reinforcement will be realized
on y whe a L pedal thin PTFE yam is comm rdally
available.

A PTFE-fibril type has been recently developed by
Asahi Glass Co., Ltd.[l4-16] A sma 1 amount of PTFE
fibrils dispersed in a perfluoro-sulfonic polymer give the
membrane bo h good mechanical s 'ength and flatu s
suitabI for PEMFC application. Continuou film formation
has been achieved with a newly developed process}l71

able • Comparison of reinforcement technologies.

Type of Mechanical hin Smooth Content of
reinforcement strength thickne s surface reinforcing

<50~m material

PTFE
.
gh Po sible Ea. ily 20""30 wt%

porous available
sheet

. I -yam. Very high Difficult Available 10wt~

embedded
PTFE-fibri1 High Possible Easily 2""'5 wt%

ill persed available
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, ·gore 2. Fabricat'on scheme of Gore-select@ described in the patent.

aMeInbranes were boiled in de'onized water prjor to II e, and mea'ured u.ing a st<mdard Kelvin '
four-poin probe in which the membranes ere jmmersed in I M H2 0 at 25 D •

hThe membrane samples were ovcn dried then fuHy hydrated by boiling in deionized water,
and mea ured u '[ g an Inslron M del l22 in, trument.
cMembrane amplcs were first fiuHy hydrated by boiling in deionized water, and a predeter 'ned
force was app ied to the samples. The changes in sample dimensions dllrinrJ dryiuff were
dctected by a quartz pr-ohe u 'fig Them10me.dr meal Analyzer 2940.

10,55
11.80

Nafion ] l7 Ref.

2.90
2.95

20 200
1 00 HOO

32 34, 32
22.7 7

32448 15914
17727 10839
25040 23608

show high, r tensile tr ngth and smaller dimensional
change in compari on witb Nafion® l17. Th dimen­

sional change of Gore-select® was studied by Mitsubishi
ELectric in the mixed solvent. system of i o-propy] alco­
hol (IPA) and water, and better dimensional stability

I Thin porous PTFE sheet ( <.25 jlm) I
t

I
Mounting on embroidery hoop I

".

I Impregnation of ion eXchange material Isurtactant solutjon by brush 'I
t

I Drying at 140°C, 30 s I
+'

t Impregnation of ion exchange material! surtactant solution by brush I
t

Drying at 140 DC. 30 s I
,

Rinsing with distilled water I
+

Drying at room temperature I

I Coating of ion exchange material I surfactant solution I
~

I Drying at 140 °C,30 S I
,

I Soaking in I'PA, 2 min I
-(

IBoiling 'in distilled water, 30 min I

•

Table 2. C aracteristics of Gore-select® .l9. W. 191

Gore-select

Thicknes (ILm)
Equivalent weights (EW)
Water uptake (%)
Ionic resistivity (Q cm2 )4.l
Tensile strength (kPa)b

Machi' e di ection (MD)
Transverse direction (1D)

Water vapor transmission rates (g m-2)

in 24h
Shr" age at de ydrationc

MD(%}
TD (%)

contains a certain amount of P FE (probably 20-30 wt%),
and this causes a slight decrease in the specific c.ou­
ductivity. However, Gore-select® shows excellent protou
conductiv'ty because of its small thickness (20-40 J,lm)
as shown in Table 2. In this table, Gore-select® also
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Table 3. Physical properties of current and new Gore-l\e· ct .

Current Gore-select New Gore-elect·

MD TD MD TO

Thicknes (ILm) 30 30 30 30
Yield elongation (%) 82 132 to 90
Yield strength (. gmm-2) 3.6 3.5 4.9 4.1
Coefficient of cla tjcity (kgmm-2) 39.4 37.5 106.7 47.2

Commercial (nonreinforced) membrane
....,

i

i

Current GORE-SELECT membrane
.

~ "

/ /
...." .....-'I""

.

New GORE- SELECT
~

~

membrane I
I

40-Cfl 35
E
u 30....

Q) «
> E 250 -(/) >-(/) - 20~--e f/)

cu (I) 15(\J"O
:c ......

c: 10
0)'........

5:3
(.)

o
o 50 100

Time (h)
150

Test condition is
not clarified

200

FiguR 3. Durabi ity of new G re-select at accelerated life te t.

The concept of PTF fibril reinforcement wa originally
developed for c' 0 -alkali electroly is by Asahi Glass, and
this idea has been refined for u e in PEMFC applications, In
PEMPC appl'cations the preparation proce of the MEA
or the actual u e in fuel cell op ration requir. s a ce tain
degree of IRechanical properties such as tear strength.
cr epage,. and dinlen ional stability. The new reinforcement
technology was developed for this sp cHic pUlpaL . Th· key
concept i to di per e a mall amount of PTF fibers in
the polymer matrix consisting of a perfluoro-sulfonic reo in

was obtained in compari on with typical nonreinforced
membranes. [20]

Recently, W.L. Gore has been developing new mem­
branes that are spec' ally de igned to prolong the life of
PriInea®, Gore's MEA. Pby icaJ properti s of th ne
menlbrane are described in - able 3 and the results of the
accelerated test ar ~ hown in Figur 3)21J In th ace ;erated
test hydrogen cross leak through the membrane as mea­
sur d as an indieat;'on of me nbrane deteriora .on. The new
membrane shows great irnprov m nt in durability when
compared with cutTent membranes.

with higher ion exchange capacity (EW: 909). In addition.
an innovaf ve proce has been introduced to make a thin
film by adopting a new lre ching method in w 'ch the
thicker base film is enlarged evenly into a thin film less
than 50 J.1rn.

3.2 Structure

Figure 4 a) shows the ,chematic illustration of the fib­
ril reinforced m. mbranes. Two to fiv,e pe cent of PTFE
microfibers weight is di persed in the perfluoro-sufonic
resin. Figure 4(b) show~ a scanning electron nlicroscope
(8 ) image of the cro s-section of the membrane that was
torn up. This photo indicates that PTFE fibtis are stre ched
to over 50 I~m and the stretched fibrils restrain swelling or
shrinkag of the polym r and stab'· e the d'mension.

As one of the mechanical properties of this composite
material, t nsile str ngth of th composite' expr _s eel by
the fo lowing equation using parameters of length radii
of fib rs and adh si ity b tween the fiber and the matrix
polymer:' 221

where K is the orientation of fiber, Vf ' the volullle
fraction of filler. Tr i the tensile trength of filler. Ie =

OCEM ' T3 PTFE FIBA......&J RE

3.1 ntroducfon
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Reinforced 2-3 wt~

PTF fibril
Membrane type

AC re istivity
(Qcm)a

H2 permeability
(cm2 S-I m- I

Hg)b
1a tic m dulu.
(kgmm-2)C

Tear trength
(Nmm- I )

Vi co-elasticity
(dyn cm-2y:­

Sing e cell
perfonnance

En ironmental
cyclic te t

41 80 a ,95o/c relative humidityJI61
bSO ae. humidified al 80 ae.
85 a ,95% relatjve humidity.

d25°e 50O/C r lative hl1l'nidity.
e25 a , 85r;.! relati e humidit .

able 4. haracteristics of the fibril-reinforced Flemion
membrane.

3.4 Propertie

The characteristic of the fibril-reinforced membranes are
sununarized in able 4. A for alternating current (a.c.)
re istanc. water up ak and hydrog n p lID ability. the
fibril reinforced . lemion membrane has values almost
equivalent to ,ose of nonre·u arced membrane. becau.e
the addition of PTFE is small. On the other nand, as
shown i.n Table 4 improvenlent in mechanical propeltie·
ucb a ela· tk modulu., tear trength and creepage i

ob r d compar d with nonr· inforced membranes. The
fibri -reinfo coo membrane shows the sane ce perfor­
mane as the nonreinforc d m mbrane with tb sam thick­
ness as shown in Figure 6. Durability of the fibril-reinforced
membrane was evaluated under relative y higher CUlT nt
d nsity using pure hydrogen ga with a laboratory cell

The conventional xtruding process ha not materiaHz d
a thickness less than 150 J.1ffi. Recently Asahi Glass has
propo ed a llew proces and the method of p eparation
i describ d in th Europ an pat nt EPl,139,47Z.ll6] As
hown in Figure 5, precursor polymer and PT powder

are kneaded and pIt'zed If How. d by Ktm ion to mak
a thick r base film. The base film is sandwiched with
supporting films aId tretched toget er with upporting
films t . form a thin cationic film f, llowed by alkali and
acid treatment.

(b)

20-S0Jim ~

Flemion® polymer

(a)

__Io_n_o_m_e_r---JI "r I PTFE powder

l Pellet of oomposite

Stretching

Fibril-reinforced membrane

Figure 4. Schematic figure of fibril-reinforced membrane and hs
ero . - 'ectiona i age after tearing.

IHydrolysis and' acid treatment I

t
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Thick base film

PTFE-fibril
diameter: sub-I-Im

I

3.3 Prep,aration

Figu e 5. Flow chart of fabrication of PTFE fibril-reinforced
Flemion®.

dTr/(2-c), d L the radii of filler, -c is th shear tr. ngth
at the interface of he matrix and the filler l is the
leng h of the filler and Tm is the tensile strength of the
matrix.

Although PT, itself is not always the best filler material
from the point of elasticity and shear str ngth at tb
interface of the matrix and the filler, it is however PT
.s the be t aterial fro 11 tl e po' nt of view of cb. mica]
stability. Various mechanical properties are controlled by
optimizing the fibril conte t, ength and 'adii of PTFE­
fibril or oth r paramet rs.

The key to preparing a thin and flat membrane with fibr'l
I inforcement is the un'fonn di per ion of th fibrils in the
matrix and the flatness of the membrane which assures good
coating of the electrode layer . In the extru ion pr ce.. of a
film, the n r usually di. turbs the flow pattern of the melted
poIymer and it make it difficult to e trude a thin ·In.
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0
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()

0.2 (each electrode)

2.00.5 1.0 1.5

Current density (A cm-2)

O+-----+-----+-------+-------""J
o

Fig 6. pical cell performance of fibrH-reinfor ed
. 'emlOn "

ha ing an active area of 25 cm2. As shown in Figur 7 th
c H vol age was stabl at 0.6 V for 4 months.

In consid ration of th actual operafon th environmen­
tal cycle tests w re don by changing th operating

conditions repeatedly, The details of the test procedure
are illustrated in Figure 8. [23-~.s] This est reveals that
th reinforced membran has good stability both in c II
p: rformance and gas perm ability (Figures 9 and 10).

Effective ar,ea : 25 cm2

Current density : 1 A cm-2

Hydrogen pressure : 1.5 ata
Ar pressure : 1.5 ata
Temperature : 80 DC
Pt loading : 0.4 mg cm-2

Humidification temperature: 80°C

30001000 2000

Time (h)

I
~ . ...

I I

Cell voltage

- I-

IInternal resistance

....... - ... ...

0.7

0.6>
- 0.5
<D
~ 0.4-
~ 0.3

Q.l 0.2
o 0.1

00

Figure 7. Durability est of fibril-reinforcedlemion' .
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conditlion

/

1 h

6 h cycle-1

Booe,
. 1.5h

I
MEA

I

•
. -,

Cell frame ,.
r---,.74-;±::::==::::::t.,;. p
til

Fixed by screws

'gure 8. Setup and condition for tbe cyclic environ· ental te -( of tbe A.
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Fibril reinforced membrane

Flemion nonreinforced

----A- Nafion 112

Cel.1 voUage

50 100 150

eye as (times)

tnternal resistance

Effective area : 25 cm2

Current density : 1 A cm-2

1---+---+---+---1 . Hydrogen pressure : 1.5 ata
Air pressure : 1.5 ata
Temperature : 80 °C
Humidification temperature: 80 DC
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Figure 9. Influenc ofcyctic -hange of the environment on ceU per 01 'allee.

Fibril reinforced

Fibril reinforced membrane

--- Flemion nonreinfmced

Nafion 112

Measurement conditions
Area : 25 cm2

Temperature : 80 DC
Humidification temperature: 80 DC

I--_Flemlon nonreinforced

_ 1E-10~~~~~~~~
,..

I-OJ
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Figure 10. Influence of cyclic change of the environmen on H2 permeability.
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Th s _ hin composit m mb1"anes will play more important
role in future fuel cell technology.

As typ'cal composite perfluor'nated membranes applied
to P MFC two types of membranes with different rein
forcem·ent were reviewed. Gore- elect®. reinforced with a
porous PTFE sh , and fibril-dLp rsed membran , rein­
fore d with micro-PTFE fibrils, are charac erized by th _i1"
unique preparation methods to mak thin membranes. Both
membranes provide not only good mechanical properties
such as tear strength and dimensional stability but al 0 good
e ectroc e 'cal perfor ance such as low membrane res" s­
tance and durability under practica operating conditions.

Tn the future P M C will be widely used for station­
ary and automobile applications. Drastic co t reduction and
maturity of th . chnology to nhanc. it. p rformance and
reliability are the essential prerequisi es for the wide pread
use of P MFC . The future membrane nee· s to fulfill var­
iou requirements such as good performance, fobu toess,
attractivecost, and ease of handling that is essential for
mas p oduction. urtbermore. ome other brea throughs,
which wi] nabl the operation of P MFCs at high telll­
peratures or under· xtrem ly dry condition. are neces afy.
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