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Abstract: Recent studies have demonstrated the potential of bacterial cellulose (BC) as a substrate
for the design of bio-based ion exchange membranes with an excellent combination of conductive
and mechanical properties for application in devices entailing functional ion conducting elements.
In this context, the present study aims at fabricating polyelectrolyte nanocomposite membranes based
on poly(bis[2-(methacryloyloxy)ethyl] phosphate) [P(bisMEP)] and BC via the in-situ free radical
polymerization of bis[2-(methacryloyloxy)ethyl] phosphate (bisMEP) inside the BC three-dimensional
network under eco-friendly reaction conditions. The resulting polyelectrolyte nanocomposites
exhibit thermal stability up to 200 ◦C, good mechanical performance (Young’s modulus > 2 GPa),
water-uptake ability (79–155%) and ion exchange capacity ([H+] = 1.1–3.0 mmol g−1). Furthermore,
a maximum protonic conductivity of ca. 0.03 S cm−1 was observed for the membrane with
P(bisMEP)/BC of 1:1 in weight, at 80 ◦C and 98% relative humidity. The use of a bifunctional
monomer that obviates the need of using a cross-linker to retain the polyelectrolyte inside the BC
network is the main contribution of this study, thus opening alternative routes for the development
of bio-based polyelectrolyte membranes for application in e.g., fuel cells and other devices based on
proton separators.

Keywords: bacterial cellulose; proton exchange membrane; nanocomposites; poly(bis[2
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1. Introduction

The most abundant natural polymer on earth, viz. cellulose, is continuously scoring points in
all domains of research particularly on the development of multifunctional materials [1–3]. In fact,
the versatility of cellulose is even fostered when its nanoscale forms are considered, namely cellulose
nanofibrils (CNFs), cellulose nanocrystals (CNCs) and bacterial cellulose (BC), whose interest for the
design of innovative and all-purpose nanomaterials has skyrocketed during the last couple of years,
including in the nanocomposites domain [4–9]. Within the nanoscale forms of cellulose, BC has a
huge advantage in terms of mechanical performance and dimensional stability, apart from its inherent
biodegradability, biocompatibility and high water-holding capacity [10,11]. The most salient feature
of BC is associated with its moldability during biosynthesis and shape retention, as well as with
the recently achieved degree of control over the three-dimensional morphology of BC films across
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several length scales [12] that enables the design of materials with engineerable size and form for
myriad applications.

The synergetic combination of the ultrafine nanofibrous network of BC with a proton or anion
conducting phase has proven its viability for application as partially bio-based platform in the
fabrication of ion conducting membranes for polymer electrolyte fuel cells (PEFCs) [13–25]. Practical
applicable proton- or anion-exchange membranes derived from BC can satisfy the strict requirements
for application as separators in PEFCs, namely conductivity, suitable mechanical performance,
gas tightness, dimensional and chemical stability under oxidative environment, and variable
temperature and humidity conditions [26,27]. The fabrication of these BC-based membrane separators
can be performed following different strategies like for example the in-situ deposition of metallic
nanoparticles on BC membranes [13,14], the diffusion of an ion conductor onto the BC membrane
network [18,22], blending of BC dispersed nanofibers with a polyelectrolyte or ionomer followed
by casting [25], modification of BC via grafting polymerization with an electrolyte [19], the in-situ
polymerization of electrolyte monomers within the pure BC three-dimensional network [20,21,24],
and by chemical modification of the BC template [15,16].

Following our ongoing interest in bio-based ion separator materials for application in
PEFCs [20–24], this study reports the fabrication of polyelectrolyte membranes through the exploitation
of a mono-acidic phosphate bearing polymer containing two polymerizable methacryloyl moieties,
i.e., poly(bis[2-(methacryloyloxy)ethyl] phosphate) [P(bisMEP)], and BC. The key aspect differentiating
these membranes from polymer electrolyte membranes (PEMs) reported in literature is the use of a
bifunctional monomer that obviates the need of using a cross-linker to retain the polyelectrolyte inside
the BC network, and modulate the properties of the ensuing proton separator material.

2. Materials and Methods

2.1. Chemicals and Materials

2-Azobis(2-methylpropionamidine) dihydrochloride (AAPH, 97%) and bis[2-(methacryloyloxy)
ethyl] phosphate (bisMEP, ≥99%) were supplied by Sigma-Aldrich (Saint Louis, MO, USA) and used
as received without any further purification. Other reagents and solvents were of laboratory grade.
Bacterial cellulose (BC) was biosynthesized in our laboratory in the form of wet membranes by the
Gluconacetobacter sacchari bacterial strain [28].

2.2. Preparation of P(bisMEP)/BC Nanocomposite Membranes

The P(bisMEP)/BC nanocomposite membranes were prepared following an established procedure
based on the in-situ free radical polymerization of a monomer inside the BC three-dimensional porous
network [24]. In brief, never-dried BC membranes with ca. 40% water content (400 mg dry weight)
were placed in Erlenmeyers stoppered with rubber septa and purged with nitrogen. At the same
time, aqueous solutions of monomer (bisMEP) and radical initiator (AAPH, 2.0% w/w relative to
the monomer) were prepared according to Table 1 and transferred to the Erlenmeyers containing
the drained BC membranes. After the total incorporation of the solutions into the BC membranes
during 1 h in ice, the reaction mixtures were placed in an oil bath at 70 ◦C for 6 h. The nanocomposite
membranes were then thoroughly washed with distilled water and dried at 40 ◦C in a ventilated
oven for 12 h. The experiments were performed in triplicate and the samples analyzed as thin dried
membranes. For comparison purposes, P(bisMEP) homopolymer was prepared in the absence of BC.
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Table 1. List of the membranes with the corresponding weight compositions and thickness; BC: bacterial
cellulose, P(bisMEP): poly(bis[2-(methacryloyloxy)ethyl] phosphate).

Membranes

Nominal
Composition a Measured Composition b

Thickness/µm
WbisMEP/WBC WP(bisMEP)/WBC WBC/Wtotal WP(bisMEP)/Wtotal

BC – – 1.0 – 42 ± 11
P(bisMEP)/BC_1 3 0.26 0.79 0.21 64 ± 11
P(bisMEP)/BC_2 5 1.0 0.50 0.50 132 ± 12

a The nominal composition was determined by considering the initial weight of bisMEP monomer (WbisMEP) and
BC (WBC) that were utilized for the in-situ free radical polymerization; b The measured composition was calculated
by taking into account the weight of the nanocomposite membrane (Wtotal), BC (WBC) and P(bisMEP) homopolymer
(WP(bisMEP) = Wtotal −WBC).

2.3. Characterization Methods

The thickness of the membranes was measured by a hand-held digital micrometre (Mitutoyo
Corporation (Kawasaki, Japan)) with an accuracy of 0.001 mm. All measurements were randomly
performed at different sites of the membranes and the mean value was recorded.

Attenuated total reflection-Fourier transform Infrared (ATR-FTIR) spectra were recorded with a
Perkin-Elmer FT-IR System Spectrum BX spectrophotometer equipped with a single horizontal Golden
Gate ATR cell, over the range of 600–4000 cm−1 at a resolution of 4 cm−1 over 32 scans.

Solid-state carbon cross-polarization/magic-angle-spinning nuclear magnetic resonance
(13C CP/MAS NMR) spectra were collected on a Bruker Avance III 400 spectrometer operating at a B0
field of 9.4 T using 9 kHz MAS with proton 90◦ pulse of 3 µs, time between scans of 3 s, and a contact
time of 2000 µs. 13C chemical shifts were referenced to glycine (C=O at δ 176 ppm).

The X-ray diffraction (XRD) was performed on a Phillips X’pert MPD diffractometer using Cu
Kα radiation (λ = 1.541 Å) with a scan rate of 0.05◦ s−1. The XRD patterns were collected in reflection
mode with the membranes placed on a Si wafer (negligible background signal) for mechanical support
and thus avoid sample bending.

Scanning electron microscopy (SEM) images of the surface and cross-section of the membranes
were obtained by a HR-FESEM SU-70 Hitachi microscope operating at 4 kV. The microscope was
equipped with an energy dispersive X-ray spectroscopy (EDS) Bruker QUANTAX 400 detector for
elemental analysis. The membranes were previously coated with a carbon film.

Thermogravimetric analysis (TGA) was carried out with a SETSYS Setaram TGA analyser
equipped with a platinum cell. The samples were heated from room temperature (RT) to 800 ◦C
at a constant rate of 10 ◦C min−1 under a nitrogen atmosphere (200 mL min−1).

Tensile tests were performed on a uniaxial Instron 5564 testing machine in the traction mode at a
cross-head velocity of 10 mm min−1 using a 500 N static load cell. The specimens were rectangular
strips (50 × 10 mm2) previously dried at 40 ◦C and equilibrated at RT in a 50% relative humidity (RH)
atmosphere prior to testing. All measurements were performed on 5 replicates and the results were
expressed as the average value.

The water-uptake (WU) was determined via immersion of specimens with 1 × 1 cm2 in distilled
water at RT for 48 h. After removing the membranes out of the water, the wet surfaces were dried
in filter paper, and the wet weight (Ww) was measured. The WU is calculated by the equation:
WU (%) = [(Ww −W0)/W0], where W0 is the initial weight of the dry membrane.

Ion exchange capacity (IEC) measurements were carried out by soaking the samples in an aqueous
solution of NaCl (0.1 M) for 24 h at RT, followed by titration with an aqueous solution of NaOH
(0.005 M). The IEC was assessed by the equation: IEC (mmol g−1) = (VNaOH ×MNaOH)/W0, where
VNaOH is the volume (in mL) of the NaOH aqueous solution at the equivalence point, and MNaOH is
the molar concentration of the NaOH aqueous solution.

Electrochemical impedance spectroscopy (Agilent (County of Santa Clara, CA, USA) E4980A
Precision LCR meter) was used to determine the in-plane protonic conductivity (σ) under variable
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temperature (40 ◦C to 94 ◦C) and RH (30% to 98%) conditions in an ACS Discovery DY110 climatic
chamber. The measurements were performed on rectangular membrane specimens with dimensions
of ~1.5 × 0.5 cm2 on which two stripes of silver (Agar Scientific (Essex, UK) silver paste) were painted
separated by ca. 1 cm. Furthermore, a pseudo 4-electrode configuration in a tubular sample holder
was used to ensure full exposure of the membrane surface to the controlled atmosphere and provide
the necessary electrical contact between the sample and the LCR meter. The impedance spectra were
recorded between 20 Hz and 2 × 106 Hz with test signal amplitude of 100 mV, and analysed with
the ZView software (Version 2.6b, Scribner Associates (Southern Pines, NC, USA)) to evaluate the
Ohmic resistance (R) of the membrane. The conductivity was then calculated using the equation:
σ = L0(Rδw)−1, where L0 is the distance between the two silver stripes, and δ and w are the thickness
and width of the membrane, respectively.

3. Results and Discussion

In this study, two distinct nanocomposite membranes based on P(bisMEP) and BC were produced
via in-situ free radical polymerization of the respective phosphate ester bearing monomer, i.e., bisMEP,
inside the BC three-dimensional network under eco-friendly reaction conditions, namely innocuous
solvent (water) and low reaction temperature. The selection of this mono-acidic phosphate monomer
was based on: (i) the lower acidity of the phosphoric acid groups when compared e.g., to sulfonic acid
groups, which expectedly translates into membranes with higher thermal-oxidative stability [21,29];
(ii) the bifunctionality of the monomer that precludes the use of a cross-linker to efficiently retain the
polyelectrolyte inside the BC network; and (iii) its demonstrated potential for application as polymeric
cation-exchange monoliths for capillary liquid chromatography [30] and cation exchange membranes
for blocking complexing ions in presence of non-complexing ions [31].

Overall, the nanocomposite membranes P(bisMEP)/BC_1 and P(bisMEP)/BC_2 were very
homogeneous with no noticeable irregularities on both surfaces of the membranes as illustrated
in Figure 1, which is indicative of a good dispersion of P(bisMEP) inside the BC network. Furthermore,
the thickness of the membranes increased from 42 ± 11 µm for pure BC to 64 ± 11 µm for
P(bisMEP)/BC_1 and 132 ± 12 µm for P(bisMEP)/BC_2 (Table 1).
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Figure 1. Visual aspect of a dry pure BC (bacterial cellulose) membrane, and P(bisMEP)/BC_1 and
P(bisMEP)/BC_2 nanocomposites.

3.1. Structural and Morphological Characterization

The successful inclusion of P(bisMEP) inside the BC network was demonstrated by ATR-FTIR
spectroscopy. The infrared spectra of P(bisMEP), pure BC, and P(bisMEP)/BC_1 and P(bisMEP)/BC_2
nanocomposites are shown in Figure 2. The ATR-FTIR spectrum of P(bisMEP) shows all the relevant
bands at 1714 cm−1 (C=O stretching), 1159 cm−1 (C–O stretching), 1054 cm−1 (P=O(hydrogen bonded)
stretching) and 976 cm−1 (P–O–C stretching) [32]. The ATR-FTIR spectrum of BC displays the
characteristic absorption bands of cellulose at 3340 cm−1 (O–H stretching), 2900 cm−1 (C–H stretching),
1310 cm−1 (O–H bending) and 1030 cm−1 (C–O stretching) [33]. Regarding the P(bisMEP)-based
nanocomposites, their spectra clearly bear a resemblance to the sum of the vibration peaks of
the corresponding individual components. Besides, the nonappearance of the band at about
1635 cm−1 corresponding to the C=C double bond stretching of the methacrylic group of the
monomer [32,34], supports the occurrence of the in-situ free radical polymerization of bisMEP.
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Furthermore, the augment of the intensity of the bands assigned to the polyelectrolyte agrees with the
weight-gain (WP(bisMEP)/WBC) determined for the nanocomposites (Table 1).

The solid-state 13C CP/MAS NMR spectroscopy also validated the composition of the
nanocomposites through the presence of the representative resonances of both P(bisMEP) and BC,
as depicted in Figure 3. Nanocomposites P(bisMEP)/BC_1 and P(bisMEP)/BC_2 exhibit the resonances
of the BC at δ 65.2 ppm (C6), 71.7–74.5 ppm (C2, C3, C5), 89.0 ppm (C4) and 105.1 ppm (C1) [35], jointly
with those of P(bisMEP) at δ 16.5 ppm (CH3 of polymer backbone, C3′), 45.0 ppm (quaternary C of
polymer backbone, C2′), 54.4 ppm (CH2 of polymer backbone, C1′), 65.1 ppm (OCH2CH2O, C5′) and
177.2 ppm (C=O, C4′). The comparison between the spectra of P(bisMEP)/BC_1 and P(bisMEP)/BC_2)
shows an increase of the intensity of the resonances allocated to P(bisMEP) with the increasing polymer
content and are in accord with the WP(bisMEP)/Wtotal ratio (Table 1). The absence of the carbon
resonances associated with the two double bonds (C=C) of the methacryloyl moiety of the monomer,
is an additional evidence of the occurrence of the in-situ polymerization of bisMEP, as formerly shown
by ATR-FTIR.

The effect of the inclusion of P(bisMEP) within the nanocomposite three-dimensional network
on the crystallinity of BC was assessed by XRD (Figure 4). P(bisMEP) exhibits a diffraction profile
characteristic of amorphous polymeric materials, while the diffraction pattern of BC perfectly shows
the three main characteristic reflections of cellulose I (native cellulose) at 2θ values of about 14.5◦,
16.6◦ and 22.6◦ associated with the (100), (010) and (110) crystallographic planes [36]. The XRD
diffractograms of the membranes display the main features of cellulose but the intensity of the peaks
at ca. 2θ 14.5◦ and 16.6◦ decreased relatively to the (110) crystallographic plane especially in the case
of P(bisMEP)/BC_2 with 50 wt % of P(bisMEP), which might be an indication of higher disorder in
the inter-sheet spacing with the addition of the amorphous polymer [37]. An analogous behavior was
reported for nanocomposite membranes of a poly(ionic liquid) with BC [24].
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Figure 5 displays the SEM images of the surface and cross-section of the two P(bisMEP)-based
nanocomposites. Both membranes maintained the three-dimensional nanofibrillar network and
lamellar microstructure representative of the BC morphology, particularly the P(bisMEP)/BC_1
nanocomposite that contains the higher BC content (79 wt %). So, these membranes present a highly
anisotropic microstructure because of the alternating nanofibril layers of BC and the P(bisMEP) phase.
This morphological anisotropy was recently demonstrated to originate differences in the protonic
conductivity in the through- and in-plane configurations; nevertheless, the impact of this anisotropy in
the fuel cell performance is lessened near RH saturated conditions, i.e., 98% RH [23].

The homogeneous distribution of P(bisMEP) inside the BC nanofibrous network was further
corroborated by EDS analysis as illustrated in Figure 6. This technique certified the presence of
phosphorus element as shown in the EDS spectrum (Figure 6c) of P(bisMEP)/BC_2, as well as the
homogenous distribution of P(bisMEP) within the BC network as depicted in the SEM/EDS mapping
of phosphorus element (Figure 6a,b, cross-section view) of the nanocomposite membrane containing
50 wt % of P(bisMEP).
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3.2. Thermal Stability

The thermal stability and degradation profiles of the P(bisMEP)-based nanocomposites (and the
corresponding individual components) were evaluated by thermogravimetric analysis under nitrogen
atmosphere, and the data is summarized in Table 2. The P(bisMEP) homopolymer with a single
weight-loss step degradation profile started to decompose close to 230 ◦C and reached a maximum
decomposition temperature at about 304 ◦C, leaving a residue of ca. 40% at 800 ◦C almost certainly
rich in phosphorus, in accordance with data reported elsewhere [38]. The TGA curve of pure BC,
in addition to the dehydration below 100 ◦C (loss of ca. 5 wt %), showed a single-step degradation
profile with initial and maximum decomposition temperatures at 266 ◦C and 347 ◦C, respectively, in
good agreement with previously published data [21]. This single-step pathway is associated with the
pyrolysis of the cellulose skeleton [39].

The TGA thermograms of the P(bisMEP)/BC nanocomposite membranes exhibit an intermediate
behavior between the individual components with a two-step weight-loss degradation profile
(Table 2). The first stage with maximum decomposition temperature (Tdmax1) of 234 ◦C for
P(bisMEP)/BC_1 and 235 ◦C for P(bisMEP)/BC_2 is comparable to the degradation of the P(bisMEP)
polymer backbone, whereas the second stage with maximum decomposition temperature (Tdmax2)
of 300 ◦C for P(bisMEP)/BC_1 and 303 ◦C for P(bisMEP)/BC_2 corresponds to the degradation of
the cellulose skeleton. This is corroborated by the fact that the magnitude of the loss at Tdmax2
decreases with the reduction of the BC content. A weight-loss of about 60 wt % was obtained
for P(bisMEP)/BC_1 and P(bisMEP)/BC_2 at temperatures up to 800 ◦C. Despite the reduction
of the thermal stability of both nanocomposites in comparison with P(bisMEP) and BC, they are
still thermally stable up to about 200 ◦C (loss of ca. 6 wt %), which is higher than the standard
(<100 ◦C) and maximum (<140 ◦C) operating temperatures of the PEFCs technology [14,40]. Moreover,
these results are comparable to those reported for BC-based membranes containing the cross-linked
poly(methacryloyloxyethyl phosphate) (PMOEP) as the polyelectrolyte [21], which is the diprotic acid
version of the P(bisMEP) homopolymer.

Table 2. TGA data of the P(bisMEP), BC and P(bisMEP)/BC nanocomposites.

Sample * Tdi/◦C Tdmax1/◦C Tdmax2/◦C

P(bisMEP) 230 289 –
BC 266 347 –

P(bisMEP)/BC_1 205 234 300
P(bisMEP)/BC_2 195 235 303

* See Table 1 for sample identification.

3.3. Mechanical Properties

The mechanical properties of P(bisMEP)/BC_1 and P(bisMEP)/BC_2 nanocomposites were
evaluated by typical tensile tests and the results of Young’s modulus, tensile strength and elongation
at break are summarized in Table 3. Data for the P(bisMEP) homopolymer could not be obtained given
its low film-forming ability. Regarding the pure BC membrane, the attained results showed a Young’s
modulus of 10.2 ± 2.21 GPa, tensile strength of 222 ± 47.0 MPa and elongation at break of 4.1 ± 0.93%,
which reach agreement with values reported in literature [41].

In the case of the nanocomposites, the Young’s modulus and tensile strength increased with
the increasing content of BC (50 wt % and 79 wt %), with the latter parameter experiencing a higher
variation, particularly in the case of the nanocomposite containing 50 wt % of P(bisMEP). In fact,
P(bisMEP)/BC_2 exhibits a tensile strength value of almost one order of magnitude lower than pure
BC, whereas the Young’s modulus is just four times inferior (Table 3). The impact is considerably
lower in the case of the nanocomposite with 21 wt % polyelectrolyte (P(bisMEP)/BC_1), with the
Young’s modulus and the tensile strength attaining about 61% and 21.5% of the values of pure BC,
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respectively. This outcome was expected given the superior mechanical performance of BC associated
with the nanofibrils high aspect-ratio and highly ordered self-assembled nanostructure. The ultrafine
nanofibrous network of pristine BC is indeed one of the major contributions of this biopolymer
to the development of partially bio-based proton-exchange membranes for fuel cell applications.
As an illustrative example of this feature, Yue and co-workers [15] functionalized BC with carboxylic
moieties, which drastically reduced the tensile strength and modulus of the carboxymethylated-BC
biopolymer to values of about 413 kPa and 814 kPa, respectively. Furthermore, the inclusion
of polyaniline (conducting polymer) in a carboxymethylated-BC network further decreased the
mechanical performance of the composite gel membranes [16]. Worth noting is the fact that these
P(bisMEP)-based nanocomposite membranes present a better mechanical performance than Nafion®

(the reference perfluorosulfonic acid membrane) in terms of Young’s modulus (0.25 GPa) and tensile
strength (43 MPa) [42].

On the other hand, the elongation at break of the nanocomposites is also lower when compared
to the pure BC membrane (Table 3), probably due to a stronger constriction effect leading to an
increase of the applied stress (with respect to the nominal stress) in the fracture region (with smaller
cross-sectional area), going beyond the fracture point. In fact, the BC nanofibril network is known for
exhibiting an auxetic behavior, i.e., negative Poisson ratio, for in-plane deformation [43]. This negative
Poisson ratio implies that the network expands in the transverse direction when stretched [43–45].
The nanocomposite membranes are expected to display a conventional behavior with positive Poisson
ratio, due to the fraction of P(bisMEP) and their lower crystallinity. The higher content of P(bisMEP)
present in P(bisMEP)/BC_2 decreases the Young’s modulus and tensile strength leading to a more
elastic nanocomposite, in agreement with an elongation at break larger than for P(bisMEP)/BC_1.

Table 3. Tensile tests data: Young’s modulus, tensile strength and elongation at break of the
P(bisMEP)/BC nanocomposites.

Membrane * Young’s Modulus/GPa Tensile Strength/MPa Elongation at Break/%

BC 10.2 ± 2.21 222 ± 47.0 4.1 ± 0.93
P(bisMEP)/BC_1 6.22 ± 0.95 47.8 ± 9.4 0.68 ± 0.30
P(bisMEP)/BC_2 2.68 ± 0.41 23.5 ± 3.3 1.1 ± 0.24

* See Table 1 for membrane identification.

3.4. Water-Uptake and Ion Exchange Capacity

The water-uptake ability of the P(bisMEP)/BC nanocomposites was estimated by immersing the
membranes in water during 48 h at room temperature. The WU data (Table 4) shows the increase of
this parameter from 79 ± 6% to 155 ± 8% with the increasing content of P(bisMEP) from 21 wt % to
50 wt %. Such an increase is probably due to the increasing concentration of highly hygroscopic acid
groups in P(bisMEP), which are likely to interact electrostatically with the adsorbed water molecules.
One observes that the value obtained for P(bisMEP)/BC_1 is lower than the WU value of a pure BC
membrane (121 ± 11%). The difference, although statistically significant with respect to the series of
membranes prepared in this work, is within the natural dispersion of the water-uptake determined
in previous works for BC. For example, and restricting to our own results, we have reported values of
100% [20,21] or even 165% [24]. Furthermore, both nanocomposites exhibit water-uptake values higher than
those typically found for the commercial Nafion® ionomer (54%) [46], but lower than the corresponding
values obtained for the cross-linked PMOEP/BC membranes prepared in our previous study [21].

Table 4 also displays the IEC of the P(bisMEP)/BC nanocomposite membranes. This data
demonstrate that IEC increased from 1.1 ± 0.12 mmol g−1 to 3.0 ± 0.05 mmol g−1 with the augment
of P(bisMEP) content from 21 wt % to 50 wt % (P(bisMEP)/BC_1 and P(bisMEP)/BC_2, respectively).
Regardless of the null IEC value of BC due to the absence of ionic groups, the results obtained for
the nanocomposite membranes were expectable given the electrolytic nature of P(bisMEP) exhibiting
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an IEC of 3.5 ± 0.02 mmol g−1. The P(bisMEP)/BC_2 nanocomposite membrane with the highest
IEC value will be the one exhibiting the higher protonic conductivity, since the IEC represents the
quantity of ionizable groups that are responsible for the protonic conductivity of the membranes,
as will be discussed in detail in the following section. Furthermore, the IEC values are in accordance
with the WU capacity confirming that the latter parameter is also deeply correlated to the phosphate
group of the polyelectrolyte. A similar trend was observed for the nanocomposites composed of
cross-linked PMOEP (i.e., diprotic acidic phosphate bearing polymer, which is the monofunctional
version (one polymerizable double bond) of bisMEP) and BC, whose IEC values were 1.95 mmol g−1

and 3.38 mmol g−1 for the nanocomposites containing 22 wt % and 48 wt % of the phosphate containing
polymer, respectively [21]. These values are comparable to that of commercial membranes such
as Nafion® (0.95–1.01 mmol g−1, DuPont Co., Wilmington, DE, USA), fumasep® FKB and FKD
(1.2–1.4 mmol g−1, FuMA-Tech GmbH, Bietigheim-Bissingen, Germany), and JCM-II (1.8–2.9 mmol g−1,
Tingrun Co., Ltd., Beijing, China) [27].

Table 4. Water-uptake (WU) and ion exchange capacity (IEC) of the P(bisMEP)/BC nanocomposite
membranes and the corresponding individual components.

Sample * WU/% IEC/mmol g−1

BC 121 ± 11 –
P(bisMEP) – 3.5 ± 0.02

P(bisMEP)/BC_1 79 ± 6 1.1 ± 0.12
P(bisMEP)/BC_2 155 ± 8 3.0 ± 0.05

* See Table 1 for sample identification.

3.5. Protonic Conductivity

The protonic conductivity of the nanocomposite membranes was assessed in the in-plane
configuration. Figure 7 shows the impedance spectra of the two membranes collected at 80 ◦C and two
different RH (20% and 98%) and normalized to the maximum in Z′ to facilitate comparison. The spectra
are in all cases dominated by one single semicircle at high frequency, with an amplitude corresponding
to the ohmic resistance (R) of the membrane, which was used to calculate the conductivity. At high
humidity, the membrane resistance decreases substantially, giving rise to the onset of a second
contribution at low frequency, which is ascribed to the electrode impedance (that varies under variable
test signal amplitude [20]). The capacitance associated to the high frequency relaxation is mostly
the stray capacitance (Cstray, ca. 20–30 pF) due to the platinum wires of the sample holder (see
Reference [20], including electronic supplementary data, and Reference [23] for further details on the
analysis of impedance data). In fact, the capacitance of the sample in the in-plane direction is much
lower due to the small cross-sectional area determined essentially by the thickness of the membrane
(Cin-plane = ε0εrwδL0

−1, where ε0 and εr are the vacuum and relative permittivities, respectively, of the
membrane material, and w, δ and L0 are the width, thickness and length of the membrane). The shift
of the relaxation (peak) frequency (given by ν0 = 2π(RCstray)−1, assuming a parallel RC equivalent
electric circuit) towards higher values, which is apparent in the spectrum of P(bisMEP)/BC_2 obtained
at 98% RH, is due to the decrease in the membrane resistance, since Cstray remains unaltered by the
external conditions. Therefore, for high humidity, the R corresponds to the Z′ value at the minimum of
Z′ ′ observed on the transition between the high frequency semicircle and the low frequency electrode
tale (Figure 7).

Figure 8 shows the Arrhenius plots of the in-plane protonic conductivity of both nanocomposite
membranes (P(bisMEP)/BC_1 and P(bisMEP)/BC_2) measured under variable temperature (30 ◦C,
40 ◦C, 60 ◦C, 80 ◦C and 94 ◦C) and RH (20%, 40%, 60%, 80% and 98%). The data clearly demonstrate
the dependence of the protonic conductivity on temperature, RH and polyelectrolyte content, with RH
as the parameter responsible for the most significant differences. In fact, the protonic conductivity of
membrane P(bisMEP)/BC_1 increased 4 orders of magnitude from 35.8× 10−4 mS cm−1 to 22.4 mS cm−1
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after raising the RH from 20% to almost saturated conditions (98%) at a temperature of 94 ◦C
(Figure 8a). The impact of temperature is less pronounced with the protonic conductivity of membrane
P(bisMEP)/BC_2 increasing less than one order of magnitude from 6.21 mS cm−1 to 27.2 mS cm−1 with
the temperature augment from 30 ◦C to 80 ◦C at 98% RH (Figure 8b). Furthermore, the increase of the
polyelectrolyte content from 21 wt % to 50 wt % (P(bisMEP)/BC_1 and P(bisMEP)/BC_2, respectively)
promoted an increase of the protonic conductivity from 9.12 × 10−2 mS cm−1 to 23.6 × 10−2 mS cm−1

at 94 ◦C and 60% RH. This is a solid evidence, apart from the low conductivity of BC (ca. 60 µS cm−1 at
94 ◦C, 98% RH) [20], that the protonic conductivity of these nanocomposite membranes is related with
the acidic groups of P(bisMEP) and the resulting water-uptake ability of the nanocomposites (Table 4).

The protonic conductivities of the P(bisMEP)-based nanocomposite membranes are lower
than those obtained for the cross-linked PMOEP/BC membranes prepared in our previous
study (σ > 100 mS cm−1 at 98% RH and 20–94 ◦C, membrane with 48 wt % polyelectrolyte,
IEC = 3.38 mmol g−1) [21]. Since the IEC and the WU values of both membranes are similar, the higher
conductivity of the cross-linked version must result from significant differences in the structure and/or
distribution of the polyelectrolyte and the hydrated domains within the structure forming the ion
transport paths. These factors are, however, difficult to access in detail given the predominately
disordered molecular structure of the materials. Although the values of protonic conductivity of the
P(bisMEP)-based nanocomposite membranes are lower than those usually found for Nafion® [46,47],
the accomplished results may still be considered as promising in the present context.
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Figure 7. Nyquist plots of P(bisMEP)/BC_1 and P(bisMEP)/BC_2 collected at 80 ◦C and different RH
(20 and 98%) (the values are normalized to the maximum in Z′).
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Regarding the temperature dependence, the conductivity data can be fitted by the Arrhenius
equation: σ = σ0 exp[−Ea(RT)−1], where σ0 is a pre-exponential term, Ea is the activation energy for
proton transport, R is the gas constant and T is the absolute temperature. The estimated Ea values
vary between 29–37 kJ mol−1 for P(bisMEP)/BC_1 and 21–51 kJ mol−1 for P(bisMEP)/BC_2, and
this range of values is typically related with structural diffusion of protons as the leading transport
mechanism. Data reported in literature for membranes composed of cross-linked PMOEP/BC [21]
and poly(4-styrene sulfonic acid)/BC [20] display comparable Ea values. The activation energy is
found to decrease with increasing humidity, particularly when reaching 98% RH. The behavior of
P(bisMEP)/BC_1 is similar to that typically found for Nafion® [47].

4. Conclusions

The P(bisMEP)/BC-based nanocomposite systems studied here are a good example of
proton-exchange BC-based nanocomposite membranes prepared through a simple and single-step
methodology. The incorporation of a non-cross-linked polyelectrolyte onto the three-dimensional
BC network originated membranes with thermal stability up to 195–205 ◦C, good mechanical
performance (Young’s modulus > 2 GPa), water-uptake ability (79–155%) and ion exchange capacity
([H+] = 1.1–3.0 mmol g−1). Additionally, the mono-acidic phosphate moieties were responsible for
the maximum protonic conductivity of ca. 0.03 S cm−1 at 80 ◦C and 98% RH for the membrane
containing 50 wt % of each component, and the temperature dependence of the conductivity followed
an Arrhenius-type behavior typical of proton structural diffusion. The overall positive results of this
study show that these polyelectrolyte membranes can be efficient proton-exchange membranes for
application as proton separator materials in fuel cells or other devices such as sensors and actuators.
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