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ABSTRACT

The variation of lamellar structures of
poly(styrenesulfonic acid)-grafted poly
(ethylene-co-tetrafluoroethylene) proton
exchange membranes dependence on
preparation procedures and grafting degree
(GD) was investigated by small angle X-ray
scattering. The detail structures of lamellar
including lamellar period L, thickness of
lamellar crystal L., thickness of lamellar
amorphous L, and linear crystallinity L./L
were examined by a 1D correlation function.

The lamellar structures were recognized at
the grafting step and did not change under
the sulfonation process. With GD > 79 %, L.
significantly decreased (corresponding to the
increase of L,) and then retained in the GDs
of 79-117 %. Note that the retained values of
L., L, and linear crystallinity in the GDs of
79-117 % are the origin of high conductivity
and mechanical strength of membranes
under severe operation conditions for fuel
cell applications.

Keywords: small angle X-ray scattering, proton exchange membrane, lamellar, 1D correlation

function

INTRODUCTION

Polymer electrolyte membranes (PEMSs) have
been considered as one of the key components
for fuel cell performance because their properties
required for fuel cell applications, such as ionic
conductance, mechanical strength, and thermal
stability, are directly related to their power

generation efficiency and durability under severe
operating conditions [1]. The pre-irradiation
grafting method, in which polymer substrates are
first irradiated using a quantum beam and then
immersed in a monomer solution for graft
polymerization, is a widely recognized technique
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for the introduction of a new functional grafted
polymer phase directly into the polymer
substrates while maintaining the substrate’s
inherent characteristics such as thermal stability,
mechanical strength, electronic properties, and
crystallinity [2]. Therefore, this irradiation
technique has been applied to the preparation of
PEMs for fuel cells through the sulfonation of
grafted films. Among the many graft-type PEMs,
poly(styrenesulfonic acid)-grafted poly(ethylene-
co-tetrafluoroethylene) (ETFE-PEM) has been
intensively investigated because of its well-
balanced properties such as crystallinity,
mechanical strength, thermal/chemical stability,
and high proton conductivity, which are required
for graft polymerization and fuel cell applications
[3, 4].

A fundamental understanding of the
structure—property relationship of PEMs is a
prerequisite for material design that satisfies
PEM performance requirements. Therefore, it is
important to analyze the hierarchical structures
such as the crystalline morphology (lamellar and
crystallite), conducting layers consisting of graft
polymers (size, shape, and connectivity), and the
internal structures of the conducting layers
(aggregation of the sulfonic acid groups and
water), and the phase separation between the
hydrophobic polymer substrates and hydrophilic
graft domains [2,5]. Regarding the lamellar
stacks, the detail investigations of their structures
including the interfacial thickness (L;), which is
the size of the boundary between the crystalline
and amorphous layers, the thickness of the
crystalline (L.) and amorphous layers (L,) in the
lamellar ~ stacks are crucial for depth
understanding of their effects on the properties of
PEMs. There have been several reports
concerning the structures of lamellar and their
internal structures relating to the ion-conducting
layers in ETFE-PEMSs using small angle X-ray
scattering (SAXS) measurements [5,6]. However,

the effects of preparation procedures and grafting
degree (GD) on the structures of lamellar stacks
have not been considered. Accordingly, in this
study, the variation of the structures of the
lamellar stacks dependence on preparation
procedures and grafting degree (GDs = 0-117 %,
corresponding to an ion exchange capacity (IEC)
range of 0-3.1 mmol/g were observed using a
wide g-range observation (q = 4x10°-3 nm™) in
small and ultra-small-angle X-ray scattering
(SAXS/USAXS), corresponding to a large Bragg
spacing (d-spacing) of 2-1600 nm. The results
were compared with the profiles of the precursor
original ETFE and polystyrene-grafted ETFE
films (Grafted-ETFE), because the grafted PEMs
are well-known to retain the crystalline structures
and graft polymer phases of the precursor
original and grafted films.

METHODS
Sample preparation

ETFE-PEMs with GDs of 4.2-117 % were
prepared by pre-irradiation grafting of styrene
and a subsequent sulfonation reaction, as showed
in Fig. 1. Because the detailed preparation
method was described in our previous
publications, the present study briefly outlines the
preparation method as follows. ETFE films with
a thickness of 50 um (Asahi Glass Co. Ltd.) were
pre-irradiated by ®°Co gamma rays with an
absorbed dose of 15 kGy under an argon
atmosphere and then immersed in a styrene
solution at 60 °C. The GD of the grafted-ETFE
was determined using the following equation:

W, —W,
GD(%) =~ — x100% @)

0
where W, and W, are the weights of the films
before and after the graft polymerization,
respectively. The grafted-ETFE was then
immersed in 0.2 M chlorosulfonic acid in 1,2-
dichloroethane at 50 °C for 6 h. The membrane
was washed with pure water at 50 °C for 24 h to
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obtain an ETFE-PEM. The IECs of the ETFE-
PEMs were determined by titration analysis with
a standardized 0.01 M NaOH solution using the
following equation:

0.01xVy0n ?)

IEC(mmol /g) = -
Dry weight of membrane

where Vy,on is the consumed volume (mL) of the
0.01 M NaOH solution.
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Fig. 1. Radiation-induced graft polymerization of styrene (2) onto an ETFE substrate (1)
and the subsequent sulfonation to prepare ETFE-PEM (3).

SAXS measurements

SAXS measurements were performed using
two in-house SAXS spectrometers (NIMS-
SAXS-Il and NIMS-SAXS-1II) at the National
Institute of Material Science (NIMS) and at
USAXS at Super Photon ring-8 GeV (SPring-8),
Japan. At NIMS, fine-focus SAXS instruments
with X-rays of Mo-K, (1, = 0.07 nm) (Rigaku
NANO-Viewer, Tokyo, Japan) and Cr-K, (4, =
0.23 nm) (Bruker NanoSTAR, Germany) were
utilized. The characteristic K,-radiation was
selected and focused by two-dimensional
confocal mirrors and Gébel mirrors for Mo- and
Cr-SAXS, respectively. The 2D scattering X-rays
were then recorded using a multi-wire gas-filled
2D detector (Bruker, HiStar, Germany). The
sample-detector distances in the Mo-SAXS and
Cr-SAXS were 35.0 and 105.6 cm, respectively.
Therefore, the total g-range of the SAXS profiles
at NIMS was q = 0.07-3.13 nm™. Here, q is
referred to as the modulus of the scattering
vector, equaling 4nsind/A, where 26 is the
scattering angle and A is the wavelength of the
incident  X-rays. At  SPring-8, SAXS
measurements were performed by USAXS at

beam line BL19B2 using an incident X-ray
energy of 18 keV (4 = 0.0688 nm). The scattering
X-rays were detected by the two-dimensional
hybrid pixel array detectors, PILATUS-2M (pixel
apparatus). The sample-detector distance was 42
m, corresponding to a g-range of 0.004-0.242
nm™. Thus, both pinhole SAXS measurements at
NIMS and SPring-8 were carried out to cover a
wide g-range (q = 0.004-3.13 nm™). The SAXS
intensities were circularly averaged and corrected
for the absorption of the sample and the
instrument background. The absolute SAXS
intensity was corrected using the secondary
standard of glassy carbon.

RESULTS AND DISCUSSION

The variation of lamellar structure by prepar-
ation procedures

Fig. 2 shows the SAXS profiles of the
grafted-ETFE films with GDs of 0-117 % and
the corresponding ETFE-PEMs with IECs of
0-3.1 mmol/g in the g-range of 4x10°-3.0 nm™.
For the grafted-ETFE films, the SAXS profiles
exhibited clear peaks in the GD range of 4.2-19
% at approximately q = 0.247-0.329 nm*
corresponding to a d-spacing of 19.1-25.4 nm,
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which became broader shoulder-like peaks at
higher GDs (34-117 %) at q = 0.220—-0.231 nm™
with a d-spacing of 27.1-28.5 nm. The maximum
peaks around q = 0.220-0.329 nm™ originated
from a lamellar structure, as previously reported
[5, 6]. For the ETFE-PEMSs, the SAXS profiles
were almost the same as those of the grafted-
ETFE in the entire g-range. In order to gain a
detail insight of lamellar structure, a one-
dimensional correlation function y(r) was used to
determine the average thickness of the crystalline
(Ly), the amorphous layers (L.), and the
interfacial thickness (L;) within the lamellar
stacks. The correlation function in its most
simple sense is the Fourier inversion of the
Lorentz-corrected scattering intensity as a
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function of q as showed in the flowing equation

[7]:

x

If(q)q:cos(qr)ab
r(r)=t————— ?3)
[1(a)a*dq

where r (nm) presents the correlation distance in
real space, normal to the lamellar and 1(g) is the
experimental scattering intensity function. The
function presents the probability of finding
electron density as a function of distance r, within
the material from an origin or zero position
which, in our case, can be taken as being the
center of a single crystalline lamellar based on
the fact that the linear crystallinity (L./L) of the
films in the entire GD is lower than 50 %.
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Fig. 2. (A) SAXS profiles of the grafted-ETFE with GDs of 0-117% and corresponding to
(B) the ETFE-PEMSs with IECs of 0-3.1 mmol/g.

Fig. 3 shows the 1D correlation function of
the pristine ETFE, grafted-ETFE, and ETFE-
PEM with GD = 6.6 %. It can be seen that the
lamellar morphology of the precursor film (i.e.,
the pristine ETFE) has a sharp distribution of
lamellar thickness. After grating (grafted-ETFE)
and subsequence sulfonation of the grafted film
(ETFE-PEM), the correlation function plots of
both films are almost the same but wider
distribution of lamellar thickness than the pristine

film. The results indicate that the grafting process
but not the sulfonation one induces the noticeable
changes in the lamellar stacks. These features can
be used for gaining a detail insight of the lamellar
stacks dependence on preparation procedures. As
showed in Fig. 3, the long period L (i.e., the
correlation distance between the two adjacent
lamellar crystals) can be estimated from twice of
the position point of the minimum (L,;,) or from
the position of the maximum in the correlation
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function curve (Lma).- Lmin presents the
correlation distance between the center of the
crystal and the adjacent amorphous region, while
Lmax presents the correlation distance between the
centers of two adjacent crystals (Figure 4). For an
ideal two phase system, Lmax = 2Lmin but, for
most polymer, the thickness distribution of the
crystals and amorphous regions are not the same
and are usually broad, which results in Ly #
2Lmin. Thus, we assume that the interfacial
thickness (or diffuse boundary thickness)

presents in the samples (Figure 4) and can be
estimate by the following equation;

L=L-L, @
where Ly is the thickness of the core for all
lamellae. In the Figure 3, L. can be estimated as
an intersection between the straight line extended
from the self-correlation region and the base line.
In addition, L can be determined as a position
of lower limit of the straight line. The results of
above parameters are presented in the Table 1.
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Fig. 3. The 1D correlation function of the pristine ETFE, grafted-ETFE, and ETFE-PEM with GD = 6.6 %.
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Fig. 4. Electron density distribution n(r) and the detail insight of the lamellar stack. n. and n are the average
electron density of the lamellar crystal and lamellar amorphous, respectively.
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Table 1 shows the values of L, L., L, Lo, L,
and the linear crystallinity (L./L). The values of L
for the grafted-ETFE and ETFE-PEM are 27.0
and 27.6 nm, respectively which is higher than
those of the pristine ETFE (L = 22.0 nm) even at
a low GD = 6.6 %. The similar trend was also
recognized for L,, namely the value of L, for the
pristine ETFE is 13.9 nm and increases to 18.5
and 19.1 nm for the grafted-ETFE and ETFE-
PEM. The results clearly indicate that some of
the PS grafts were introduced in the lamellar

amorphous regions (as illustrated in Figure 5)
resulting in the expansion of L after the grafting
and sulfonation processes. As a result, the
decrease of the linear crystallinity from the
pristine ETFE (36.8 %) to the grafted-ETFE
(31.5 %) and ETFE-PEM (30.8 %) as presented
in Table 1 originated from the increase of L,.
Note that all parameters showed in Table 1 for
grafted-ETFE and ETFE-PEM are almost similar
suggesting that the sulfonation did not induce a
noticeable change in the lamellar structure.

Table 1. Values of L, L, Lg, L¢, L, and crystallinity of the pristine ETFE, grafted-ETFE,
and ETFE-PEM with GD = 6.6 %.

Samples L(nm) L. (nm) La(nm)  Le(nm)  Li(nm) Crystallinity (%)
Original ETFE 22.0 8.1 13.9 6.1 2.0 36.8
Grafted-ETFE

27.0 8.5 18.5 6.5 2.0 315
(GD=6.6 %)
ETFE-PEM (GD=6.6 %) 27.6 8.5 19.1 6.4 2.1 30.8
Original ETFE Lamellar

crvstal

Grafted-ETFE +

Lamellar amorphous

> and polystyrene grafis

P

L.=85y d I I
1 I L=276
L.=19.1 Lamellar amorphous
ETFE-PEM - : ) - and polvstyrenesulfonic
acid grafts
L.=8.5

Fig. 5. Illustration of the changes of lamellar structures of the pristine ETFE, grafted-ETFE, and ETFE-PEM with
GD = 6.6 % dependence on the grafting and subsequent sulfonation processes.

Trang 158



TAP CHi PHAT TRIEN KH&CN, TAP 18, S0 T4- 2015

The variation of lamellar structure by the
grafting degree

Table 2 shows the values of L, L., L, and
crystallinity of grafted-ETFE and ETFE-PEM
with GD = 0-117 % (The plots of 1D correlation
function dependence on the GD did not show in
the text). In addition, the curvatures of the 1D
correlation function of the films at higher GD
result in the difficulty for determine the L., and
L;. Thus, the values of Ly, and L; were not
presented in Table 2. As showed in Table 2 for
the grafted-ETFE, the value of L= 8.1-7.1 nm
slightly decreased in the range of GD = 0-34 %

and significantly dropped at GD =59 % (2.7 nm)
and then further decreased to 1.5 nm at GD = 79
% and final retained in the GD = 79-117 %.
Because L is the sum of L. and L, and L did not
change in the entire GD (GD = 4.2-117 %), the
values of L, changed with the opposite trends to
that of L. as showed in Table 2. The thickness of
lamellar crystal dramatically decreased at higher
GD (> 19 %) as the resulting from the
deterioration of the lamellae during the grafting
processes resulting in the expansion of L, and the
decrease of crystallinity with the increase of GD.

Table 2. Values of L, L, L, and crystallinity (%) of the grafted-ETFE and ETFE-PEM
with GD = 0-117 %. The dimension of L, L, and L, is nm.

GD Grafted-ETFE ETFE-PEM
(%) L L. La Crystallinity (%) L L, L.  Crsytallinity (%)
0 220 81 13.9 36.8 220 81 139 36.8
4.2 260 85 175 32.7 256 86 170 33.6
6.6 253 85 16.8 33.6 259 85 174 32.8
8.8 255 7.9 17.6 31.0 276 85 191 30.8
10.2 259 86 17.3 33.2 254 86 168 33.9
19.0 254 7.1 18.3 28.0 266 76 190 28.6
34.0 251 7.2 17.9 28.7 260 82 178 315
59.0 257 2.7 23.0 10.5 229 29 200 12.7
79.0 258 15 24.4 5.6 262 16 246 6.0
1020 259 17 24.2 6.5 257 16 241 6.3
1170 253 14 23.9 5.7 253 19 234 7.5

In the entire GD, the values of the L, L., L,
and crystallinity of ETFE-PEM changed the same
trends to those of the grafted-ETFE. The results
indicate that the sulfonation process did not cause
the noticeable changes of the lamellar structures
with the changes of the GD. In other words, the
lamellar structure was significant changed and
really recognized only at the grafting process.

Recently, we reported the relative humidity
(RH) dependence of the electrochemical and

mechanical properties of ETFE-PEMSs in a wide
ion exchange capacity (IEC) range [3]. The
results showed that ETFE-PEMs have proton
conductivities that are less dependent on the RH.
Namely, ETFE-PEMs with IECs > 2.7 mmol/g
exhibited higher conductivity (> 0.009 S/cm)
under 30 % RH and showed compatible tensile
strengths of approximately 10 MPa at 100 % RH
and 80 °C. Thus, the retained lamellae crystal
even at very high GD (GD > 79 %, IEC > 2.7
mmol/g) should be one of the most original
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reasons for the high mechanical strength and high
proton conductivity of membranes under severe
operation conditions.

CONCLUSION

The detail lamellar structures including
lamellar period L, thickness of lamellar crystal
L., thickness of lamellar amorphous L, and
linear crystallinity L./L of ETFE-PEM were
examined by a 1D correlation function from the
small angle X-ray profiles in the wide GDs =
0-117 % (IECs = 0-3.1 mmol/g). The lamellar

structures were recognized at the grafting step
and did not change under the sulfonation process.
With GD > 79 %, L. significantly decreased
(corresponding to the increase of L,) and then
retained in the GDs of 79-117 %. Note that the
retained values of L., L,, and linear crystallinity
in the GDs of 79-117 % are the origin of high
conductivity and mechanical strength of
membranes under severe operation conditions for
fuel cell applications.

Nghién cuu cau trdc lamellar ctia mang
trao doi proton fluor hoa tao dang gheép
str dung phwong phap tan xa tia X goc
nho: sw phu thudc vao quy trinh ché
tao mau va mwrc do ghep mach huwdng
trng dung cho pin nhién liéu

e Tran Duy Tap

e Pham Minh Hién

e Nguyén Hoang Anh
e Lwong Tuan Anh

Trwdng Dai hoc Khoa hoc Ty nhién, BPHQG-HCM

e Lwu Anh Tuyén

Trung Tam Hat Nhan Tp.HCM
TOM TAT

Sw thay dbi cdu tric lamellar cia mang
dén proton ETFE-PEM theo quy trinh ché
tao ma&u va mirc d6 ghép mach burc xa (GD)
dwoc nghién ctru béi ky thuéat tan xa tia X
géc nhd. Théng tin chi tiét céu truc lamellar
bao gém khodng céch lamellar L, bé day
lamellar tinh thé L., bé day lamellar vé dinh
hinh L., va phén trém tinh thé Ly/L dwoc xac
dinh bdng ham tuong quan mét chiéu. Cau
trac lamellar chi thay déi tai buéc ghép mach
btrc xa va khéng phu thudc vao qua trinh lueu

huynh hoa. V&i GD > 79 %, gia tri L. giam
xubng manh mé (twong (g voi sw tdng 1én
manh mé cua L,) nhung sau dé khéng doéi
trén toan gia tri GD = 79-117 %. Can nhén
manh réng sw khéng gidm gié tri cia L., L,
va phén trdm tinh thé trén toan gié tri GD =
79-117 % la ngudn géc cla viéc dan proton
cao, tinh chéat co hoc tét ciia mang hoat
doéng tai diéu kién khat khe dé (g dung cho
pin nhién liéu.

Tor khod: tén xa tia X géc nhd, mang dan proton, lamellar, ham tuong quan mét chiéu
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