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Abstract

This study explored the improvement of the physicochemical properties (mechanical resistance, water
uptake, swelling...) of Nafion membranes by cellulose nanocrystals (CNCs). These composite
membranes were prepared from Ramie and Tunicate nanocrystals with respective aspect ratios of
about 28 and 106. It was demonstrated that, regardless of the type of nanocrystals, increasing the
cellulose weight content from 0 to 10 wt. % increased the water uptake and the thickness swelling,
and decreased the in-plane swelling of the composite membranes during water immersion. The
mechanical performances of the composite membranes (tensile strength, elongation at break and
Young modulus) were also enhanced, with the best compromise for Tunicate nanocrystals found to be
5 wt. %. The effect of thermal annealing up to 150°C on the Nafion-Tunicate 5 wt. % composite was
tested and compared to that of pure Nafion. With thermal annealing, a small decrease in water uptake
capacity, protonic conductivity, ion exchange capacity and hydration number was observed for both
membranes. At the sub-molecular level, FTIR data suggest that the heat treatment of Nafion-Tunicate
membranes induces cross-linking reactions between sulfonic groups of Nafion chains and surface
functional groups of CNCs, leading for example to sulfonic ester links. The exothermic peak observed
by DSC can assigned an increase of the crystalline phase of Nafion chains and especially in the vicinity
of CNCs. All cross-linkages led to an improvement in the mechanical resistance of the membranes
when thermal annealing was below 130°C.
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Introduction

The proton exchange membrane fuel cell
(PEMFC) technology is one of the most
promising alternative ways to convert chemical
energy to electrical energy [1-5]. Among the
polymer membranes developed [6], one of the
most widely wused is composed of
perfluorosulfonic acid polymers (PFSA) such as
Nafion [1, 7-10]. Its proton conductivity is in the
range of 1 to 21.5 S m™* and depends on the
water content [11]. The cost, high methanol
permeability and low proton conductivity at
temperatures above 80°C are the main factors
that limit its application [12]. In order to find
solutions to guarantee high local mobilities of
the proton solvent and the protonic charge
carriers in the polymer matrix even at high
temperature [11], and to improve the physical
and mechanical properties, it is necessary to
replace low-temperature Nafion-based
PEMFCs (working at 60-80°C) by higher-
temperature PEMFCs with operating
temperatures between 100 and 200°C, using an

appropriate water management system. This
would increase the lifetime of fuel cells but
remains a major challenge [6, 10, 13-18].

In recent years, the enhancement of the
mechanical properties of Nafion has been the
subject of numerous empirical and theoretical
studies [15-17]. Several preparations of Nafion-
composite  membranes combining either
organic or inorganic fillers with Nafion have
been investigated. Among the large number of
fillers tested, the incorporation of 0.5-20 wt. %
hydrophilic inorganic oxides such as SiO2[3, 9,
19-23],TiO; [24] and ZrO; [25] has been
proposed to improve water uptake and the
thermomechanical stability of the membranes
but also to improve proton conductivity. Other
fillers use functionalized clays [26],
functionalized graphene oxide [27], sulfonated
carbon-nanotubes [28], dopants derived from
phosphonic acid [29] generating additional
proton-conducting sites and increasing water



uptake and retention capacity of nanohybrid
membranes.

Organic  polymers such as polytetra-
fluoroethylene [30, 31], polyben-zimidazole
[32], poly (vinyl alcohol) [33], polypyrrole [34],
sulfonated covalent organic nanosheets [35] or
sulfonated poly(arylene ether ketone) [36]
have also been added to Nafion with the aim
of improving proton conductivity, dimensional
stability and water uptake.

In the last two decades, nanocelluloses
have proved to be very worthwhile and are
now used in composites for advanced
functional applications [37-43]. Compared to
inorganic or other polymeric materials,
nanocelluloses have attracted interest thanks
to their potential to replace petroleum-based
composites, thereby contributing to
sustainable economic development [3, 44].
Among nanocellulose materials, cellulose
nanocrystals (CNCs) are rigid rod-shaped
crystalline particles with a high aspect ratio
(from 20 to 100) depending on their origin,
either from lignocellulosic fibers or from the
tunic of mollusks, e.g. Tunicate [43]. They are
usually isolated by mild controlled hydrolysis
using sulfuric acid, in which the crystalline
regions of the cellulose fibers are separated
from the hydrolyzed amorphous zones. CNC
rods contain hydrophilic faces with hydroxyl
groups and hydrophobic ones [45]. They
enhance the mechanical properties of the
composites in which they are incorporated due
to their capacity to form a rigid network
resulting from strong hydrogen-bonding
interactions between adjacent nanocrystals
and/or between the nanocrystals and the
hydrophilic polymer matrix [37, 39]. More
recently, it has been shown that cellulose
nanocrystals or nanofibrils may be a promising
sustainable and environmentally beneficial
nanomaterial for green and renewable
electronics, and for energy applications such as
solar cells, piezoelectric materials or
electroconductive materials [46-48] but also

for fuel cell applications [12, 49]. The inclusion
of CNC in Nafion membranes without thermal
treatment enhanced the proton conductivity
and suppressed the methanol permeability
[50]. Jiang et al. [51] prepared Nafion based
membranes with bacterial cellulose and
observed the positive effect of an annealing
treatment at 110°C for 1h with a maximum
performance of PEMFC membranes of 100
mW. cm? (compared to 60 mW.cm™ for pure
Nafion ). Noonan et al. [47] produced hybrid
cellulose membranes by mixing Nafion with
cellulose nanofibrils extracted from Kraft
softwood pulp to reduce the cost and enhance
the mechanical and thermal properties of
Nafion membranes.

In view of all these bioeconomic challenges,
this work offers a new design for Nafion-based
membranes by adding two types of CNC
preparations, differentiated by their origin,
aspect ratio and CNC content, and annealed at
different temperatures. The objective was to
exploit their promising potential in fuel cell
membranes by improving essential properties
such as dimensional stability in a humid
environment, mechanical properties, and ion
exchange capacity (IEC) and protonic
conductivity. These measurements were
completed by structural analysis through a
combination of spectrophotometric (or
spectroscopic), topographic and physico-
chemical water sorption methods in order to
assess functional groups and the level of
interaction between the cellulose and the
Nafion polymer. They were completed by
measurement of their thermal properties. This
multiple approach showed that Nafion-CNC
membranes can meet a number of essential
criteria for PEMFC applications such as the
improvement of mechanical properties while
maintaining their dimensional stability, ion
exchange capacity and proton conductivity
during swelling, up to a limited CNC content
and for high aspect ratio of CNC.



Materials and methods

Materials

A solution of Nafion 2020 in isopropanol was
purchased from DuPont (US). Sulfuric acid 98%
and dimethyl sulfoxide (DMSO) > 99.5% were
purchased from Roth Sochiel (France). De-
ionized water with a resistivity of 0.055 Q!
cm was used throughout the study.

CNC preparation

Ramie and Tunicate nanocrystals were
prepared by sulfuric acid hydrolysis from Ramie
fibers (Boehmeria nivea) and the tunic of
Microscosmus  fulcatus  respectively as
described before [43, 52]. Small pieces of
Ramie fibers were cut and treated with 2%
NaOH at 20 °C for 48 h in order to remove any
hemicelluloses, traces of pectin or residual
proteins. In parallel, small fragments of the
external wall of the Tunicates were treated
three times with a solution of KOH (5%, w/v),
washed, submitted to four successive
bleaching treatments and finally disintegrated
in water with a Waring blender. The
homogeneous suspensions obtained from
washed Ramie fibers and Tunicate were

submitted to overnight hydrolysis (~16 h) with
65% (w/w) H,S04 at 35 °C under stirring. During
the acidic treatment, amorphous cellulosic
regions are  hydrolyzed, leading to
nanoparticles charged by ester sulfate groups
(HSOs3). The resulting suspensions were
centrifuge washed with water until neutral pH
and dialyzed using a 6000 molecular weight
cutoff regenerated cellulose membrane. The
sulfate ester groups link to cellulose
nanocrystal surface (0.4-0.5 charge nm?) allow
to obtain stable colloidal CNC suspension in
water [42]. It was stored at 4°C and sonicated
for several minutes using a Sonics vibra-cell
(750W, Fisher-Bioblock) at an appropriate
concentration before use. The average crystal
lengths, sections and aspect ratios were
evaluated from analysis of AFM profile images
(Fig. SI-1 and previous data [53]). The sulfur
content was estimated from elementary
microanalysis (ISA, CNRS, Lyon). These results
as well as their mechanical properties and
crystalline form are summarized in Table 1.

Table 1. Physico-chemical characteristics of isolated Ramie (R) and Tunicate (T) nanocrystals

Young Modulus

1 C

o e s e s
longitudinal® 7

R 180.9+12.5 6.3+0.4 28.7t4.1 120-138 1B/l 0.8+0.2

T 1056.0 + 28.5 10.0+0.5 105.618.5 150.7 +28.8 1B 0.7+0.2

2 from [54, 55] P[56] ¢ as in [42]



Preparation of Nafion-Ramie (N-R) and Nafion-Tunicate (N-T) membranes

Nafion based membranes were prepared from
Nafion solution (22.3 wt. %) in isopropanol and
from Ramie (2.3 wt. %) or Tunicate (1.1 wt. %)
CNC aqueous suspensions. First, isopropanol
and water were exchanged with DMSO. Ramie
and Tunicate CNC aqueous suspensions were
dispersed in water-DMSO (50/50) solvent
before evaporating any remaining traces of
water by stirring (500 rpm) in a water-bath at
~100°C during 2 hours. Because of the marked
difference in the boiling points of water and
DMSO (100 and 189°C, respectively) CNC
suspensions in DMSO with a residual water
content estimated at less than 4 % were
obtained. In the second step, each CNC
suspension in DMSO was mixed with Nafion
polymer solution in DMSO and stirred for 2
hours (500 rpm) at ambient temperature to
obtain homogeneous and stable colloidal
mixtures with a final CNC content ranging from
0 to 10 wt. % (see SI-2).

Nafion-CNC membranes were prepared using a
Film Applicator (Model KCC 202 from ERICHSEN
GmbH, Hemer, DE) composed of a heated glass
plate (adjustable temperature varying from
ambient to 200°C) and micrometric applicator,
which at room temperature spreads the
mixture on the glass plate at the chosen
forward speed of 2 m. min! and with a blade
height at 500 um. The “wet membrane” was
then left on the plate and heated at 100°C for
40 min to ensure the removal of DMSO and
traces of water. Once cooled down, the
membrane was carefully removed from the
glass plate and stored at room temperature. All
the Nafion-Ramie (N-R) and Nafion-Tunicate
(N-T) composite membranes obtained in these
conditions had an average thickness of 70 um *
10 um estimated in ambient conditions from
digital optical microscopy observations of each
membrane section (SI-3).

Annealing treatment

A heat treatment in an oven was then applied,
at 100°C during 5 min for the membranes
named “raw” and then at higher temperatures,
from 100 to 150°C during 1 hour for “annealed”
membranes. It has been performed under
atmospheric conditions.

Digital Optical Microscopy (DOM)

The morphology of the Nafion-CNC composite
membranes was examined with a Keyence
VHX-5000 digital optical microscope (DOM).
General observation of the membranes was
carried out at magnifications from x500 up to
x5000.

Atomic Force Microscopy (AFM)

In order to characterize the surface
morphology of the membranes, atomic force
microscopy (AFM) in tapping mode was carried
out in air with an ICON apparatus from Bruker.
Silicon Tap 300 cantilevers from Budget
Sensors with integrated symmetrical pyramidal
tips (15 um high) with no Al coating backside, a
nominal spring constant of 42 N-m?, and a
resonance frequency of 300 kHz were used. A
digital resolution of 512 x 512 pixels and a
scanning rate of 1 Hz were used. For each
condition, three images were acquired at
different places on the membrane.

Scanning Electron Spectroscopy (SEM)

Each composite membrane was observed by
scanning electron microscope (SEM, Zeiss
Evo50 equipped with an Oxford energy
dispersive X-ray detector). Samples were
prepared by fracturing (freeze-casting in liquid
N2) small pieces of the membranes in order to
make the internal part of the specimen
accessible. A low energy was used (5 keV) in
order to obtain the highest possible surface
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resolution. Before imaging, all the specimens
were coated with approximately 20 nm of gold
using a VCR high resolution indirect ion-beam
sputtering system in order to prevent surface
charging during the measurements.

Fourier Transform Infrared Spec-
troscopy (FTIR)

Fourier transform infrared (FTIR) spectra were
recorded on coated films using a Nicolet 6700
spectrophotometer (Thermo Fisher Scientific,
USA) by attenuated total reflectance (ATR). The
measurements were performed in three
replicates on each face of the membrane
section (2 cm X 2 cm). The averaged spectra
were obtained over a spectral range of 4000 to
400 cm™ through 16 scans of the sample at a
resolution of 4 cm™ and corrected by baseline
subtraction and unit vector normalization to a
range of 4000 to 400 cm™.

Hygroscopic properties by dynamic
vapor sorption (DVS)

A gravimetric sorption analyser (IGA, Intelligent
Gravimetric Analyser, Hiden lIsochema Ltd.)
was used to determine the water sorption
isotherm as described previously [55]. The
experiment was performed at 20°C and the
relative humidity (RH) values ranged from 5 to
95%. The membrane portions (5 mg) were
hydrated in steps of RH during the water
sorption and desorption phases. The sample
mass was recorded throughout the process
until equilibrium was reached. The water
content (C) was calculated using Eq. (1), where
Meq is the mass of the sample in the equilibrium
state and mg is the mass of the dry sample
measured after a drying sequence.

= ——— (1)

This drying sequence consisted of a heating
step at 40°C under a dry flow of nitrogen for
240 min. followed by a cooling step at 20°C
under a dry flow of nitrogen for 480 min.

Water uptake and dimensional stability
Nafion-CNC membranes measuring 40 x 40 mm
with different amounts of CNCs were carefully
cut. They were first dried at 60°C for 1 night in
order to remove trace of water. Then, the
weights (Wary), lengths (Lary) and thicknesses
(Tary) of each membrane were measured. After
soaking at room temperature in deionized
water for 72 hours, the samples were removed
from the water and the excess water was
carefully adsorbed by filter paper. Their
weights (Wwet), lengths (Lwet) and thicknesses
(Twet) were measured again at 25°C.

The water uptake (WU), in-plane swelling ratio
(LS) and thickness swelling ratio (TS) of the
membranes were calculated [18, 19, 35] using
equations (2), (3) and (4).

WU = Wwet=Wary (2)
Wdry
LS = Lwet—Lary (3)
Ldry
TS = (Twet=Tary) (4)
Tdry

Lengths were measured by using a ruler with a
resolution of 1 mm. Water uptake and swelling
ratios were measured three times and average
values were recorded. The relative errors on
water up-take and swelling ratios were
estimated at 5%. Thickness measurements
were realized from Digital Optical Microscopic
images of membranes taken before and after
water uptake.

lon exchange capacity (IEC) and
hydration number (A) of membranes



The ion exchange capacity (IEC) of the
membranes was determined via acid-base
titration. For this purpose, all the membranes
were oven-dried at 60°C overnight. The
membranes were then weighed (Wary) before
being immersed in a 2M NaCl solution for 24 h
in order to completely release the protons. The
liquid was titrated with 0.005M NaOH (CnaoH)
solution by pH meter. The experiment was
repeated three times and IEC was calculated
using Eq. (5), where Vnaon is the volume of
NaOH solution consumed.

IEC = YNeoH*CNaon (5)
Wdry

The hydration number of the membranes (A)
was calculated using Eq. (6), where WU is the
water uptake and Mo is the molecular weight
of water [36].

NH,0 wu
1= 1ne0 (6)
NsozH Mpy,0*IEC

Mechanical properties tests

Stress-strain experiments were performed on
Nafion-CNC samples using a LLOYD Instruments
LF plus with a force sensor at 1 kN. Rectangular
samples of 30 mm in length and 10 mm in width
were cut from the membrane and then placed
on a 1 kN dual lead screw tensile testing stage
equipped with a 50 N load cell. The sample
thickness was measured from the section film
observed by Digital Optical Microscopy (SI-3).
The initial length of the sample between the
clamps was 20 mm. The analysis was
performed at a speed of 5 mm.min? until
membrane rupture. The displacement and the
force were recorded during the test, and the
Young modulus, the fracture strain and tensile
strength at break were then measured taking
into account their respective dimensions in the
calculation.

Thermogravimetric (TGA) and
differential scanning calorimetry (DSC)
analysis

The thermal properties of the membranes
were determined by thermogravimetric and
differential scanning calorimetry
measurements using a TA Instruments
Discovery SDT 650 and Discovery DSC 25
respectively. For TGA analysis, the heating rate
was fixed at 10°C min! from 30°C until 800°C
under nitrogen atmosphere using a flux of 100
mL min'l. For DSC measurements, the heating
rate was fixed at 10°C min* and two runs (from
-50°C to 250°C for the first and from -50°C to
300°C for the second one) were performed
under nitrogen atmosphere using a flux of 50
mL minl. For both the sample weight was
about 11 mg.

Proton conductivity

The proton conductivity was measured using
an impedance spectroscopy device equipped
with a 4-electrode FUMATECH Cell. The sample
was placed in water during 72h at room
temperature in order to completely swell the
membrane. After swelling, the sample was
carefully cut with a scalpel to dimensions of
5mm x 40 mm and the thickness was measured
with a Digimatic Absolute Mitutoyo 547-401
thickness gauge with a resolution of 1 um. The
sample was then placed on the electrodes. The
impedance measurements were carried out
using a SI 1260 spectrometer verified and
calibrated once a year. The repeatability,
measured on Nafion NRE112 with 10 samples,
was greater than 95%. The membrane
resistance R was measured by plotting real (Z’)
versus imaginary (Z”’) parts in a Nyquist plot.

The proton conductivity was finally calculated
by using Eq. (7), where L (in cm) is the inter-
electrode distance, R (in kOhm) is the
membrane resistance derived from the real
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axis intersect at high frequencies, and | (in cm)
and t (cm) are the width and thickness of the
sample, respectively.

L
R* Ixt

o(mS/cm) = (7)

Results and discussion

Structure and properties of Nafion-CNC
raw membranes: Influence of the origin

and CNC content.

Nafion-CNC based membranes were prepared
with two distinct cellulose nanomaterials
isolated by mild hydrolysis: one from plant
fibers (Ramie, Boehmeria nivea), the second
one from animal tunic (Tunicate, Microscosmus
fulcatus). The Ramie and Tunicate nanocrystals
are distinguished by their length, aspect ratio
and crystalline form (Table 1 and Fig. SI-1).
Both are made of highly crystalline cellulose |
with high Young modulus values (longitudinal
[56]). The influence of the origin (Ramie versus
Tunicate) and CNC content (from 2.5 to 10 wt.
%) was evaluated on the morphology of the
membranes first and then on their swelling and
mechanical properties. CNC distribution in raw
membranes

CNC distribution in raw membranes

After a visual examination, microscopic
observations were performed at different
scales by DOM, SEM and AFM to evaluate the
CNC distribution in the raw membranes

The relative error on the proton conductivity
measurement was estimated to be less than
10%.

annealed at 100°C for 5 min. All the membranes
were colorless and transparent. Neither CNC
aggregation nor phase separation was
observed on the membrane surfaces,
regardless of the origin and the CNC content
(from 2.5 to 10 wt. %). As an example, Fig. 1
shows photographs, SEM and AFM topographic
images of Nafion, Nafion-Ramie 5 wt. % (N-R5
wt. %) and Nafion-Tunicate 5 wt. % (N-T 5 wt.
%) raw membranes demonstrating a very good
distribution of CNCs in the Nafion matrix. SEM
and AFM images recorded on the surface or on
the cross-sectional cut of the membranes
displayed very good agreement of the
structural shape differences between Ramie
and Tunicate CNCs. Needle forms were clearly
preserved according to their respective aspect
ratio (Table 1 and Fig. SI-1). Fig SI-2 displays the
images recorded by DOM for all the studied
membranes. Moreover, after multiple washing
in deionized water, no change in surface
topography was observed, suggesting that the
interaction between CNCs and Nafion was
strong enough not to release CNC by water
washings. This good affinity between the
Nafion polyelectrolyte matrix and the CNCs
without phase separation was already
observed in a previous study [50].



Figure 1. Photographs, SEM (surface and
cross-section) and AFM topographic images
of Nafion based membranes annealed at
100°C during 5 min: pure Nafion; N-R 5 wt. %
and N-T 5 wt. %. Red arrows show some CNC
rods in the Nafion matrix. For AFM images,
the Z scale is [-2;2]nm for Nafion, [-50;50]nm
for N-R 5 wt. % and [-80;80]nm for N-T 5wt.
%.

photograph

cross-section SEM surface SEM

AFM

Water uptake and swelling properties

The water uptake capacity, in-plane linear and
thickness swellings of raw Nafion-CNC
membranes with CNC contents varying from 0
to 10 wt. % are displayed in Fig. 2. The observed
behaviors were similar for both N-R and N-T
membranes. The water uptake (WU) increased
first from 20 to 30 % for CNC content between
0 and 5 wt. % and then remained relatively
constant at 30 % up to CNC 10 wt. %. Likewise,
the thickness swelling ratio (TS) increased with
the CNC content, going from 10 to 30 % when
CNC content increased from 0 to 10 wt. %.
Thus, WU and TS increases indicate the
effective role of CNCs in keeping water
molecules in the nanocomposite. In contrast,
the in-plane linear swelling ratio (LS) decreased
continuously from 10 to 4 %, particularly when
the CNC content was greater than 5 wt. %
whatever the origin of the CNC. This is in
accordance with the existence of a critical
percolation threshold of CNC in Nafion
composite aided by matrix-CNC interactions,
primarily by hydrogen bonds previously
estimated at 5 wt. % [50], [57]. It is important

1pum
H
<

to take this criterion into consideration in the
context of the target application.

Mechanical properties

Tensile properties, including strength, Young’s
modulus and elongation at break were
determined on each membrane equilibrated at
room temperature (Fig. 3). The stress-strain
curves exhibited a bi-phasic behavior
characterized by an initial linear stress-strain
followed after yielding by a second horizontal
phase until fracture for all N-R and N-T raw
membranes annealed at 100°C during 5 min, as
shown for N-R and N-T membranes containing
5 wt. % of CNC, (Fig. 3A). This bi-phasic behavior
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Figure 2: Swelling properties of Nafion membranes at
various Ramie (A) and Tunicate (B) CNC contents. Water
uptake (WU), thickness ratio (TS) and in-plane linear ratio
(LS) were calculated using equations 2, 3 and 4.

was widely observed in Nafion composites and
in cellulose based composites [58]. Young’s
modulus calculated from the initial linear curve
part increased from 0.2 to 0.5 and 1.0 GPa for
N-R and N-T membranes respectively when
CNC content increased from 0 to 10 wt. % (Fig.
3B). The tensile strength remained constant at

14 MPa for N-R membranes, but increased
from 10 up to 29 MPa for N-T membranes in the
same CNC content range (Fig. 3C). Finally, the
mean values of the strain at break (values
between 10 and 150 %) tended to decrease
with CNC wt. %, specifically for CNC contents
greater than 5 wt. % (Fig. 3D). Beyond this CNC
content, a strong decrease in the strain at break
could be prejudicial for using such membranes
for PEMFC applications. This CNC threshold
value is related to the limit CNC content value
of the percolation network phenomena
obtained in similar dry composite membranes
[57]. Moreover, the 4-fold higher aspect ratio
value for Tunicate than for Ramie CNC (Table 1)
can explain the 2-fold Young modulus
enhancement with stable tensile strength and
similar decrease in the strain at break.
Nevertheless, mechanical softening will no
doubt occur upon exposure to water on
account of water diffusing into the matrix and
competitively hydrogen bonding with the CNC
surfaces which disrupts the stress-bearing CNC
scaffold [57]. Moreover, the higher aspect
ratio of Tunicate CNCs could explain the higher
Young modulus and tensile strength values at
break for raw membranes than those obtained
with Ramie nanocrystals. Thus, in the following
study, in view of these mechanical properties
results combined to high water uptake and
reasonable in-plane swelling and thickness
swelling properties, the N-T 5 wt. % composite
membrane was selected to study the effect of
heat treatment on Nafion-CNC membrane
performances in comparison with pure Nafion
membrane.
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Figure 3: Mechanical properties of Nafion membranes at various Ramie and Tunicate CNC contents. All membranes were
annealed at 100°C for 5min : (A) stress vs strain curves of pure Nafion, N-R 5 wt. % and N-T 5 wt. % membranes (B) Young's
modulus, GPa.; (C) Tensile strength, MPa.; (D) Strain at break, %.

Thermal annealing effect on structural
properties of Nafion-CNC membranes

Morphological characterizations

Raw Nafion and N-T 5 wt. % membranes were
oven-annealed during 1h at different
temperatures ranging from 100°C to 150°C.
During thermal treatment, the N-T membranes
became black when the annealing temperature
was above 120°C, while Nafion membranes
remained practically unchanged and
transparent even after annealing at 150°C (Fig.
4). Note that similar behavior was also
observed for N-R membranes (data not shown).
The black coloration was already often
observed when the acid hydrolysis of cellulose
was performed in presence of a high

concentration of sulfuric acid (pH < 1) at high
temperature (T > 50°C). It reveals a partial
degradation of cellulose chains with rupture of
[-1-4 linkages between glucose molecule units
without total dehydration of some of them.
Total dehydration  often  occurs at
temperatures above 467 °C or in a polar aprotic
solvent [59, 60]. Moreover, the occurrence of
chemical acid sulfate groups on Nafion and on
CNC with a pKa value close to 1.9 can induce, in
the vicinity of the sulfate groups, a decrease in
the pH which could locally initiate a low
degradation of arranged cellobiose chains on
the surface of the rods.

Thermal properties

TGA experiments showed a weight loss in three
approximatively stages for both Nafion and N-
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T 5 wt% membranes annealed up to 100°C or
150°C (SI-5 A and B). The first derivative traces
(SI-5B) show the first loss less of 6 wt% from
30°C to 220°C, attributed undoubtedly to the
loss of water and solvent traces in annealed

100°C, 1h

100°C, 5 min

membranes. Ir was also associated with the
black coloring fot N-T membranes related to its
surface degradation, favoring the
implementation of specific interactions
between Nafion and CNC surfaces. The second

150°C,1h

Figure 4: Photographs of Nafion and N-T 5 wt. % membranes annealed at 100 °C during 5 min and at different temperatures

(100, 120 and 150°C) during 1 h and stabilized at ambient relative humidity.

Table 2 : Temperature changes for Tg, endothermic and exothermic peaks in Nafion and N-T 5 wt% annealed membranes

Membranes Annealed Tg (°C) Peakexo(°C) Peakendo 1(°C) Peak endoll et Ill (°C)
temperature(°C)
Nafion 100 133.7 148.1 164.9 >225
150 157.2 - 193.0 >225
N-T 5 wt% 100 not visible 180.0 198.3 > 200
150 not visible - 219.1 > 235

stage between 400 and 560 °C to the total
decomposition of membranes as already
observed by [61]. The presence of CNC dors not
DSC curves (Figure SI-5 C and D) concern the
first run at the heating rate of 10°C min. Tg
and temperature values of endothermic and
exothermic peaks were described in Table 2 for
both Nafion and N-T 5 wt% membranes
annealed up to 100°C or 150°C. First, the Tg of

change drastically the thermal properties of
Nafion-based membranes after 220 °C.

Nafion membranes annealed respectively at
100°C and 150°C increases from 133.7 °C to
157.2 °C and can be due to the loss of water
known to be act as a plasticizer. [61, 62] On the
contrary, DSC curves of N-T membranes didn’t
show Tg and that can be explained by the
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decrease of Nafion chain mobility due to their
strong interactions with CNC. Exothermic peaks
were observed at 148.1 °C and 180°C for Nafion
and N-T membranes annealed at 100°C,
respectively and the peak for N membrane
being much smaller than the one for N-T
And finally, first endothermic peak was
observed at 164.9°C and 198.3°C for Nafion and
N-T T membranes annealed at 100°C,
respectively. In accordance with another
studies, it was assigned to the order-desorder
molecular rearrangement transition which
occurs inside the hydrophilic polar clusters of
Nafion as a result of water present. [63, 64] The
temperature increase of this endothermic
transition (close to 30°C) tends to show that
CNCs help to stabilize hydrophilic polar
clusters. For membranes annealed at 150°C the
first endothermic peak was detected at 193°C
for N and 219.1°C for N-T. It could be also
attributed to the order-desorder molecular
rearrangement transition which occurs inside
the hydrophilic polar clusters of Nafion but a
contribution of the endothermic
decomposition of acid —=SO3H groups could not
be ruled out. The following regions above
220°C would be related to the melting of
hydrophobic part of Nafion polymer [61, 63].
DSC curves after the second run adopt a flat
shape which can suggest the degradation of
membranes were slightly above those of
Nafion membranes especially at high RH (from
50 to 95%). On the contrary, they were below
those of pure Nafion membranes in the same
RH range when annealed at 150°C. These
differences did not exceed 2.5% of water
content, at 95% RH, between the two
membranes. With the high precision of the
gravimetric analyzer’s ultrasensitive
microbalance used (0.1 mg), they were
nevertheless significant.

To clarify these membrane behaviors,
the water sorption isotherms were fitted by
using the PARK model (Fig. 5). This analysis
allowed us to distinguish three sorption

membrane. It can assigned by an increase of
the crystalline phase of Nafion chains and
especially in the vicinity of CNCs. After heat
treatment at 150°C, this phenomena was not
observed.

membranes at 250°C as observed in figure SI-5
A and B.

Assessment of water accessibility of the dry
membranes

The dry Nafion and N-T membranes were
examined by dynamic vapor sorption
measurements to investigate the state of water
molecules in the dry microstructure network
before analyzing their water swelling
properties. The water sorption isotherms
provide the numbers of water sorption sites (at
low RH range) and of voids (at high RH range).
These numbers depend on the cross-linkages
implemented in the composite membrane. The
water sorption isotherms of Nafion and N-T 5
wt. % membranes annealed between 100 and
150°C exhibited sigmoidal curves during water
sorption and desorption in the 5-95% RH range
(Fig. 5). When the thermal treatment was
carried out at 100°C or at 120 and 130°C (the
same results were obtained for 120° C as for
130°C), the sorption-desorption curves of N-T

mechanisms from the curves: between 0 and
20% RH, the formation of water sorption sites
on the surface of the polymers (Nafion and
CNCs), represented by the A. parameters;
between 20 and 60% RH, the linear sorption of
water molecules following Henri’'s law (Ku
parameter); and above 60% RH, the formation
of water molecule aggregates represented by
Ka and n [55].

The A,, corresponding to the formation of a
layer of water sorption sites on the polymer
chains, varied between 0.06 and 0.010 g
water/g of dry material for both raw and
annealed membranes. The addition of CNC 5
wt. % did not show a clear increase in the water
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sorption sites at low RH values (Fig. 5, table). In
the same manner, the Ky value, representing
the formation of water molecule multilayers on
polymer chains, tended to be the same from
100°C to 150°C for the Nafion and N-T
membranes, between 0.09 and 0.11 g water/g
dry matter, i.e. ten times more than water
molecules adsorbed between 0 and 20 % RH.
Larger variations were observed, however, at
high RH values.

Differences between the Nafion and N-T
membranes were clearly observed when the
annealing temperature applied was below
150°C. Ka and n values increased up to 0.3 g
water/g and 16.3 respectively for N-T
membranes annealed at 120°C, whereas for
Nafion membranes, these parameters
remained around 0.19 g water/g and 9.5 (Fig. 5,
table). At 150°C, Ko and n values decreased
significantly 1-1.5 fold for both Nafion and N-T
membranes and tended even to be similar (K; =
0.12-0.13 g water/d and n = 9) for Nafion and
N-T membranes.

These results indicate that the size and the
number of the water molecule aggregates
embedded in the Nafion membrane decreased
strongly after the thermal treatment at 150°C,
even in the presence of CNCs. Before this
critical temperature value, the addition of CNC
clearly induced an increase in the free volume
in the composite network. Similarly, the
hysteresis (%) exhibited between the sorption
and desorption curves and calculated from the
differences between water content values (Cp-
Cs, %) was much less pronounced for annealed
Nafion membranes than for annealed N-T
membranes and for N-T membranes annealed
at 150°C than for those annealed at 100°C (Fig.
5, insert). This demonstrates that the water
retention was 3-fold higher for N-T annealed
before 150°C than for pure Nafion membranes.
Overall, the introduction of CNC in the Nafion
matrix increased the number of OH sites in the
membranes and favored the water uptake of

the Nafion-based composite only when it was
annealed at temperatures below 150°C (100
and 120°C). We also investigated the situation
with regards to the water uptake and swelling
properties after soaking (or total immersion) in
deionized water.

w
(=]
1

% T o NAFION 100°C
® % T mN-T5%wt100°C
25 4 ¥ 2,0 1 ENAFION 150°C
& 15 | WN-T5%wt150°C
SQ\ 20 - 'fé 1,0 +
£ ]
c g 05 f
3 15 - :b:.
g 0,5 |15 10 20 30 40 50 &0 70 80 90 95
: Relative Humidity, %
% 10
s ;|
0 T T T T 1
0 20 40 60 80 100
Relative Humidity, %
Nafion A x10? Ky K, n E
gwncr i g-‘dry matter %
Raw 0.08 0.109 0.194 104 3
100°C 0.06 0.104 0.185 9.5 3.7
120°C 0.06 0.094 0.195 9.2 55
150°C 0.06 0.106 0.127 9.3 1.7
N-T 5 wt% A x 107 Ky K, n E
gwatcr N g-ldry matter %
Raw 0.10 0.104 0.189 109 2.2
100°C 0.09 0.114 0.277 14.7 4.0
120°C 0.06 0.112 0.299 16.3 7.5
150°C 0.10 0.091 0.116 9.2 2.0

Figure 5 : Water sorption isotherms and hysteresis
(insert) of Nafion and N-T 5 wt. % raw and annealed
membranes, at 100°C and 150°C, 1h. Tables : PARK
parameters of Nafion and N-T 5 wt. % membranes; Ay,
Ku, Ka (expressed in units of g water/g dry material) and
n were calculated as in [48] between 5 and 95% RH
corresponding to a water activity of 0.05 to 0.95. E,
deviation modulus.

Water uptake and swelling properties of
annealed membranes
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The impact of heat treatment on the swelling
properties of Nafion and N-T 5 w. %
membranes was measured after water
immersion for 72 hours at room temperature
(Fig 6A). Nafion and N-T 5wt. % membranes
annealed at 100°C during 5 min were taken as
the reference.

For Nafion membranes, thermal annealing
from 100 to 150 °C had no effect or only very
slightly decreased the water uptake (WU from
21 to 18 %), the thickness swelling (TS from 10
to 8%) and the linear in-plane swelling
parameter (LS 9-10 %), as shown in Fig 6A. The
addition of 5 wt. % Tunicate led to a quite
different situation: the WU and TS values of N-
T membranes were 1.5 and 2.5 times higher
than those of Nafion membranes (i.e. this has
to be correlated to the 20% more bond water
molecules in the composite at any annealing
temperature). On the contrary, the LS
parameters of N-T membranes were two times
lower than those measured on Nafion
membranes and remained stable at ~5% under
thermal annealing. Thus, the presence of CNC
promoted water uptake while the thickness of
the membrane increased and its 2D plane
dimensions decreased. Fig. 6B represents the
volume increase (AV) as a function of water
mass uptake (AM) for the different
temperatures of the heat treatment. For the
two systems (Nafion and N-T 5 wt. %) the
relation between the AV and AM followed a
distinct linear function (Fig. 6B). It shows that
the water mass uptake was higher than the
volume uptake of the corresponding mass
uptake for N-T 5 wt. %.

The opposite situation was observed for Nafion
where the volume increase was higher than the
corresponding increase in the mass uptake.
This is in agreement with the fact that water
uptake is more constrained (especially in-
plane) for N-T 5 wt.% than for Nafion and could
be due to the presence of nanocrystals aligned
parallel to the membrane surface, as observed
on AFM topography images (Fig. 1).

Influence of the annealing processing on
functional groups

In order to study the Nafion-CNC interactions at
sub-molecular level, N-T 5 wt. % and pure
Nafion membranes annealed in the 100-150°C
temperature range were analyzed by ATR
spectroscopy and compared (Fig.7). FTIR
spectra of the membranes were normalized
and are presented from 4000 to 850 cm™.
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Figure 6: (A) Swelling properties (WU, TS and LS) and (B)
relationship between the volume increase (AV) and the
water mass uptake (AM) for Nafion (full) and N-T 5% wt
(hatched) membranes annealed at different
temperatures (100, 120 and 150°C) during 1 h. TS and LS
were calculated according to equations 3 and 4. Raw
sample was pure Nafion membrane annealed at 100 °C,
5 min., stabilized at ambient relative humidity.

For Nafion (Fig 7A), a broad band around 3500
cm? assigned to water molecules was
observed. For N-T 5 wt. %, a broad intense
spectral band assigned to the hydroxyl groups
of Tunicate was observed between 3500 and

15



3250 cm™ (Fig 7. B) that corresponds to the
vibration of intramolecular and intermolecular
OH bonded in CNC. Another band was observed
between 2930 and 2850 cm™ and corresponds
to the asymmetric CH; vibration in cellulose
from C6 (Fig. 7B) [65-68]. The intensities of all
the bands in this region decreased with the
increase in the annealing temperature of N-T 5
wt. % membranes from 100°C to 150°C. The
spectra tended to be similar to those of the raw
Nafion membrane above an annealing
temperature of 120°C, indicating the decrease
in the hydrogen bonds network in N-T 5 wt. %
membrane above 120°C (Fig 7A and B). The
increase of hydrogen bonds in N-T 5 wt. %
membranes compared to Nafion and the
decrease in hydrogen bonds with thermal
annealing is in good agreement with the water
sorption isotherms and swelling measurements
of the membranes presented above with a WU
higher for N-T 5 wt. % than for Nafion and a WU
decrease with the thermal annealing
temperature.

In the range 2000 - 1385 cm™ (Fig 7C and D),
Nafion spectra showed three characteristic
bands: 1720 cm, assigned to the asymmetric
bending of the H3O* counter ion of sulfate
groups, 1628 cm™ assigned to the bending
frequency of water and 1438 cm™ assigned to
the vibrations of —(S(0), — O)— groups in Nafion
(Fig 7C) [69, 70]. In presence of CNC, the band
at 1720 cm® remained unmodified, the OH
bending of water vibration was more
pronounced at 1628 cm™ as well as that of the
—(S(0)2 — O)— groups between 1438 and 1428
cmdue to the presence of such groups in CNC
(Fig 7D). The thermal annealing induced slight
modifications in the Nafion spectra with a small
decrease in the 1720 and 1438 cm™! bands. For
N-T 5 wt. %, thermal annealing induced in this
case a strong decrease in the three bands in this
region above 120°C. These decreases of the
bands at 1720 and 1628 cm™ with thermal
annealing are again in good agreement with a

WU decreasing with the thermal annealing
temperature.

Finally, in the range 1350 — 850 cm™ (Fig. 7E
and F), apart from the bands coming from
Nafion, characteristic absorption peaks [41, 42,
66-68, 71] were detected at 1034 cm for
primary [41, 42, 71] and at 1055 cm™ and 1120
cm for secondary [66-68] alcohol groups of
cellulose. The peak at 1034 cm™ decreased
progressively and then completely disappeared
during membrane annealing from 100°C to
150°C. At the same time, the peak at 1055 cm™
assigned to both the SOs™ groups occurring in
Nafion and the secondary alcohol of cellulose
decreased partially (Fig. 7E and F) while the
peaks at 1134, 1150 and 1197 cm™ assigned
respectively to S(0), and —(S(0); - O)-
stretching [72] increased until a perfect
superposition of the spectrum with that of
Nafion membrane annealed at 150°C was
observed. The band at 1134 and 1150 cm™ was
especially well detected when the composite
membrane was annealed at 130°C and 150°C.
Thus, all these band changes could derive from
the cross-linkage reactions between hydroxyl
groups of cellulose and SO3™ groups of cellulose
and Nafion. Six reactions were considered: i-
formation of an ether by condensation of two
primary alcohols of cellulose (likely reaction); ii-
sulfate ester formation by reaction of one
alcohol function and a sulfate function, both
coming from cellulose (likely reaction); iii-
sulfonate ester formation by reaction of an
alcohol function coming from cellulose and a
sulfonic acid function coming from Nafion
(likely reaction); iv- dehydration of two sulfate
functions leading to a sulfate anhydride coming
from cellulose (unlikely reaction); v-
dehydration of one sulfate function and one
sulfonic acid function leading to a sulfonate
anhydride (unlikely reaction); and vi-
dehydration of two sulfonic acid functions
leading to a sulfonate anhydride, both coming
from Nafion (likely reaction). These various
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reactions, detailed in the supporting
information (SI 5), are not equivalent and do
not exhibit the same thermal stability. A
depletion in alcohol functions as shown by
decrease in C-O alcohol bands at 1034 and 1055
cm’, a depletion in the sulfate function as
shown by the evolution of the band at 1720 cm®
1, the formation of sulfate ester and anhydride,
sulfonic ester and anhydride supported by the
enhancement of the bands at 1120, 1134 and
1197 cm™ attributed to SO, and SOs in such
functionalities are coherent with ester
formation and dehydration reactions, activated
by thermal annealing above 130°C, the
temperature at which the black color became
increasingly intense (Fig. 4).

Influence of the annealing processing on
mechanical properties

The mechanical properties of Nafion and N-T 5
wt. % annealed membranes were measured
(Fig. 8). The impact of thermal annealing on the
stress-strain curve was more complex in
comparison with that measured on raw
membranes (Fig. 3A). Overall, the stress-strain
curves can be divided into 2 regions

corresponding to the elastic (elongation from 0
to 2%) and plastic (elongation above 2%)
regions (Fig. 8A). In the elastic region, the
Young modulus of Nafion membranes
remained constant at 0.2 + 0.05 GPa (Fig. 8B)
whatever the annealing temperature used,
while after the addition of 5 wt. % CNC, it
increased significantly from 0.6 £ 0.15 GPato 1
+ 0.15 GPa when the annealing temperature
increased from 100 to 120°C. Thereafter, it
strongly decreased until 0.4 + 0.1 GPa after
thermal treatment of the N-T membrane above
130°C, i.e. a Young’s modulus value twice as
high as that of Nafion membrane. The tensile
strength increased with the annealing
temperature, from 10 to 15 MPa for pure
Nafion and from 15 to 20 MPa for N-T 5 wt. %
membranes (Fig. 8C). However, the strain at
break values were lower for N-T membranes
than those of Nafion membranes and did not
exceed 75% for annealing temperatures
between 100 and 130°C and was 125 % at
150°C. The strain at break of the Nafion
membrane increased up to 250 % + 50 % in the
same thermal treatment range (Fig. 8D).
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Figure 7 : FTIR spectra of pure Nafion (A,C,E) and N-T 5 wt. % (B,D,F) membranes annealed from 100 to 150°C, 1h. Raw

membranes were annealed at 100 °C, 5 min.

Thus, the black color associated to the cross-

linkage reactions demonstrated on

N-T

membranes treated beyond 120°C can explain
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the sudden decrease in the Young modulus and
the increase in strain at break (%), and hence
the lower in-plane swelling values shown in Fig.
6. On the contrary, the increase in both the
Young modulus and tensile strength with the
addition of CNC and annealing below 130°C
could promote the ion exchange capacity and
proton conductivity through the membrane
which increased in thickness due to the water
uptake (Fig. 6).

Impact on lon exchange capacity (IEC),
hydration number (A) and proton conductivity
properties

In order to investigate the proton exchange
capacity of Nafion and N-T 5 wt. % membranes
as a function of the thermal annealing
conditions, the lon Exchange Capacities (IEC)
were measured and hydration numbers (A)
were determined (Fig. 9A and B).

Both raw membranes had similar IEC values
1.07 £+ 0.01 meg.g*close to the one measured
in previous studies [11]. The IEC value
decreased from 1.07 to 1.04 meq.g* for Nafion
and from 1.06 to 1.01 meq.g™* for N-T 5 wt. %
when the annealing temperature increased
from 100°C to 150°C. The IEC decrease of
Nafion membranes with annealing
temperature may be the result of the weak
formation of cross-linked network reflected in
the FTIR spectra by only a slight reduction in the
HsO* counter ion of free SO3™ sulfonic groups in
Nafion at 1720 cm™, a system replaced by a few
—(SO2—0) ether groups at 1438 cm™ leading to
the formation of anhydrides (Fig. 7B). In N-T 5
wt. % membrane, the reduction in the H3O0*
counter ion of sulfonicgroups at 1720 cm?, and
the increase in —=(SO, — O) ether groups at 1438
cm™ as well as the increase in the OH bonding
of water at 1628 cm™ can explain the IEC
differences of about 0.7 meq/g between Nafion
and N-T 5 wt. % membranes. Nevertheless,
when N-T membranes were annealed at 130°C

and 150°C, the number of —(SO, — O) ether
groups at 1438 cm™ and OH water bonding
observed at 1628 cm™ decreased and could be
associated with the decrease in the IEC. These
cross-linkage reactions could contribute to a
higher continuous decrease of IEC values for N-
T membranes than for Nafion membranes (Fig.
9A and B). All these phenomena contribute to
a greater reduction of SOs™ groups in the N-T 5
wt. % compared to Nafion and thus a greater
reduction in the proton exchange capacity of N-
T 5 wt. % compared to Nafion.

The hydration number, A, which reflects the
number of water molecules per SO3 group, was
calculated using Eqg. 6 and is displayed in Fig. 9B.
Like IEC, A decreased with the annealing
temperature from 13.5 to 9.5 and from 15.0 to
11.0 for Nafion and N-T 5 wt. % membranes,
respectively. Contrary to IEC, the hydration
number of Nafion was lower than that of the N-
T 5 wt. % membranes. Although the sulfur
content in Nafion membrane increased from
3.2to 3.8 wt. % after adding CNC, the hydration
number difference between the two is mostly
related to the lower WU capacity of Nafion
compared to N-T 5 wt. % membranes (Fig. 6A).
The increased interaction between the
hydrogen bonds and —(SO, — O) ether observed
by FTIR (Fig. 7), as well as the occurrence of
voids in the composite membrane identified by
DVS measurements (Fig. 5), can explain this
increase in hydration number at each annealing
temperature, even above an annealing
temperature of 150°C.

The proton conductivity, the significant
property for fuel cell applications, was
measured for Nafion and N-T 5 wt. % raw and
annealed membranes from 100°C to 150°C (Fig
9C).
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Figure 8: Mechanical properties of pure Nafion and N-T 5 wt. % membranes annealed from 100°C to 150°C, 1h; (A) stress
vs strain curves; (B) Young’s modulus in GPa ; (C) Tensile strength in MPa ; (D) Strain at break in %. Raw membranes

were annealed at 100 °C, 5 min.

In the raw condition (5 min at 100°C), the
presence of 5 wt. % of CNC in the Nafion
membrane increased the conductivity slightly
from 90 to 100 mS/cm thanks to a higher
hydration number (Fig. 9B), no doubt thanks to
a slight increase in sulfate groups (3.2 wt. % of
sulfur for Nafion to 3.8 wt. % in N-T
membranes, table 1).

Thermal annealing between 100°C and
130°C during 1 hour improved the proton
conductivity of the Nafion membrane which
rose to 110 mS/cm but it caused on the
contrary a decrease in the proton conductivity
of about 20 to 35% when CNCs were added, i.e.
it fell to about 70 mS/cm. This decrease was

linked to the IEC decrease and cross-linkage
increase in the network, especially at high
annealing temperature. Nevertheless, the
proton conductivity value was preserved at 70
+ 5 mS/cm for N-T 5 wt. % membrane until the
annealing temperature of 130°C and remains
acceptable in fuel applications in comparison
with another composite Nafion membrane
such as Nafion/Laponite-p-styrene sulfonic acid
[26](Fig. 9C).
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Conclusions

CNCs strongly modify the properties of Nafion
membranes (Young's Modulus, dimensional
stability, water uptake capacity...) and
demonstrate their great interest as natural
dopants for composite material preparation.
Two series of membranes — Nafion with Ramie
and Tunicate nanocrystals (CNCs with different
lengths) — were prepared and annealed 5 min
at 100°C in order to examine the influence of
the size of the cellulose nanocrystals on the
properties of the composite membranes.
Digital, AFM and SEM Microscopies showed an
excellent dispersion of the cellulose
nanocrystals in the Nafion polymer. The water
uptake capacity increased with the amount of
CNCs in the composite membranes for both
Ramie and Tunicate nanocrystals. At the same
time, membrane surface area swelling
decreased and thickness swelling increased
with the amount of CNCs in composite
membranes. These parameters are mandatory
for proton exchange membrane fuel cell
applications. It was shown that the Young
modulus increased with the amount of CNCs in
these membranes, regardless of the type of
nanocrystals used (Ramie or Tunicate). These
changes were stronger for Nafion-Tunicate
membranes (needle-like nanocrystals
measuring 2000 nm in length) than for Nafion-
Ramie membranes. The Nafion-Tunicate N-T 5
wt. % composite membrane was thus selected
to study the effect of heat treatment on
membrane performances in comparison with
pure Nafion membrane in the temperature
range between 100°C and 150°C. The state of
water molecules in the dry microstructure
network was analyzed using dynamic vapor
sorption measurements. Below 60 % RH, the
behavior of the N-T 5 wt. % membrane was
quite similar to that of the pure Nafion
membrane. Above 60 % RH, differences
between Nafion and N-T membranes were
clearly observed: the size and the number of
water molecule aggregates (or clusters)
embedded in the membrane were greater in N-

21



T than in Nafion membranes but decreased
strongly after the thermal treatment at 150°C,
even in the presence of CNCs. This is coherent
with the higher water uptake of N-T 5 wt. %
than of Nafion and which decreases with the
thermal annealing  temperature.  The
dimensional stability of N-T 5 wt. % (especially
the in-plane linear swelling) was better that
that of pure Nafion membrane.

During the annealing process, Nafion and N-T 5
wt. % membranes lost less than 5% of weight
when heated up to 150°C. The N-T 5 wt. %
membrane became black, while the Nafion
membrane  remained unchanged and
transparent after annealing at 150°C. Using
FTIR, it was demonstrated that in Nafion
membranes thermal annealing has little
impact. In presence of CNCs, thermal annealing
up to 130°C induced a loss of hydroxyl groups
of cellulose but also induced crosslinking
reactions leading to the formation of ether,
ester and anhydride groups which could be
correlated to the black color, the exothermic
peak assigned by an increase of ordered Nafion
chains in the vicinity of CNCs and the increase
in the Young modulus of the membranes. The
decrease in the Young modulus and strain at
break of the composite membranes above
130°C  could be correlated to the
decomposition of some of the above-
mentioned groups. The ion exchange capacity
and hydration number of both pure Nafion and
N-T 5 wt. % membranes decreased slightly with
annealing temperature, indicating the
existence of reactions of proton exchange
groups (sulfate groups) under thermal
annealing, which were even more pronounced
in the presence of cellulose nanocrystals.

From the results presented above, we can
conclude that the design of Nafion-CNC
composite membranes is a very promising way
in fuel cell field because first, CNCs increase

water uptake while decreasing in-plane
swelling. Secondly, CNCs increase membrane
stiffness and thermal stability as is required for
fuel cell applications in total hydrated medium.
They could also decrease hydrogen permeation
by increasing tortuosity inside the membranes.
Then, hydrogen permeation and PEMFC
performance measurements will be planned in
a future study.
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