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ABSTRACT: The present study reports the development of a
new generation of bio-based nanocomposite proton exchange
membranes based on bacterial cellulose (BC) and poly(4-
styrene sulfonic acid) (PSSA), produced by in situ free radical
polymerization of sodium 4-styrenesulfonate using poly-
(ethylene glycol) diacrylate (PEGDA) as cross-linker, followed
by conversion of the ensuing polymer into the acidic form.
The BC nanofibrilar network endows the composite
membranes with excellent mechanical properties at least up
to 140 °C, a temperature where either pure PSSA or Nafion
are soft, as shown by dynamic mechanical analysis. The large
concentration of sulfonic acid groups in PSSA is responsible
for the high ionic exchange capacity of the composite
membranes, reaching 2.25 mmol g−1 for a composite with 83 wt % PSSA/PEGDA. The through-plane protonic conductivity
of the best membrane is in excess of 0.1 S cm−1 at 94 °C and 98% relative humidity (RH), decreasing to 0.042 S cm−1 at 60%
RH. These values are comparable or even higher than those of ionomers such as Nafion or polyelectrolytes such as PSSA. This
combination of electric and viscoelastic properties with low cost underlines the potential of these nanocomposites as a bio-based
alternative to other polymer membranes for application in fuel cells, redox flow batteries, or other devices requiring functional
proton conducting elements, such as sensors and actuators.
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■ INTRODUCTION

The current concern with the environment, waste accumu-
lation, and disposal, aggravated by the international geo-
political instability, is increasing to a point where sustainability,
together with cost and functional characteristics, became a key
issue for the development of novel materials, processes, and
technologies. Energy storage and conversion are at the center of
these concerns due to the inevitable depletion of fossil
resources and climate change associated with CO2 emissions.
The hydrogen energy vector and fuel cell technologies, namely
the polymer electrolyte membrane fuel cells (PEMFC), are key
for the development of a new sustainable energy paradigm.1

However, sustainability is still not a major concern of those
involved in the research and development of fuel cell materials.
The exception is the search for alternatives to the platinum
catalyst, but in this particular context, sustainability is a
synonym for rarity and prohibitive cost.2

The polymer electrolyte has been (jointly with the catalyst)
the PEMFC component deserving most of the R&D efforts due
to the unsatisfactory performance of the state-of-the-art
perfluorosulfonic acid (PFSA) membrane materials such as
Nafion.3,4 These membranes consist of an hydrophobic
fluorocarbon backbone with side chains tipped by sulfonic
acid groups, which when hydrated generate the hydrophilic
domains where the proton exchange and transport take place.5,6

The conductivity of this type of membranes is significantly
decreased under low humidity or above 90 °C. The mechanical
resistance is also diminished above 100 °C, whereas the
hydrogen gas permeability and electro-osmotic drag of water
should be desirably smaller.5−7 The search for alternative
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materials has been exhaustive, from the development of new
polymers to the modification of existing ones. Yet, most
represent just incremental improvements.8−14 This reflects the
difficulty in finding a material meeting all the stringent
requirements for application as a membrane separator in
PEMFC, i.e., conductivity, adequate mechanical performance,
gas tightness, and dimensional and chemical stability against
strong acidic and oxidative conditions, and all in a compressed
stack subjected to temperatures up to 100 °C (desirably higher
than 120 °C) and to highly variable humidity conditions (from
dry to saturation). It is thus not surprising that adding the “eco-
friendly” requirement has not been a major concern in PEMFC
research so far, with just a couple of known examples.
Chitosan is the most studied “green” material for fuel cell

applications,15 offering vast possibilities for chemical mod-
ification16 and easily forming composites with other protonic
conducting phases. However, the chemical and mechanical
stability of these materials is clearly insufficient due to the well-
known solubility of chitosan in diluted acidic aqueous solutions.
Cellulose is the most abundant natural polymer and has been
used in the form of carbon aerogels as a catalyst support,17,18

and as membrane cross-linked with sulfosuccinic acid.19 The
conductivity of this membrane is reasonable (0.02 S cm−1 at
room temperature), but the mechanical properties are more
than one order of magnitude behind those of Nafion, probably
due to the amorphous nature of the cross-linked structure.
Bacterial cellulose (BC) produced by some non-pathogenic

bacteria is a highly pure and crystalline form of cellulose with a
three-dimensional, cross-linked nano- and microfibrilar struc-
ture.20 The excellent mechanical properties and biocompati-
bility of BC have generated considerable interest in this
material for a variety of applications on the biomedical
area21−23 or as a composite reinforcement.24−27

Barbara Evans and co-workers were the first to notice the
application of BC as a protonic conductor by demonstrating the
anodic oxidation of H2 via an acid displacement reaction and
the concomitant electric current generation.28 The current of
this fuel cell, however, was very low (0.2 mA/0.48 V at room
temperature) due to the intrinsic low conductivity of the
electrolyte, a BC membrane treated in KCl. The idea was later
recovered to produce platinum/BC catalyst layers assembled
with a BC electrolyte modified with H3PW12O40·29H2O.

29 The
power output of this fuel cell in an anhydrous H2/O2 gradient
was less than 20 mW cm−2 at 55 mA cm−2 (at 40 °C), most
likely due to the large ohmic drop in the electrolyte.

Unfortunately, this paper does not report any information on
the protonic conductivity nor on the thermal and chemical
stability of the materials.
To the best of our knowledge, only two systematic attempts

to obtain highly conductive BC-based electrolytes have been
reported so far. The first paper retrieves the example of
polybenzimidazole/phosphoric acid composites30 by doping
the BC membranes with an anhydrous protonic conductor such
as phosphoric or phytic acid.31 As expected, the conductivity
levels in anhydrous conditions may be high (>0.1 S cm−1), but
considering these excellent figures, the power output obtained
under humidified H2/O2 gradients is rather low (<25 mW cm−2

at 60 mA cm−2). The second paper reports the chemical
modification of BC by a UV-induced graft polymerization of 2-
acrylamido-2-methyl-1-propanesulfonic acid as a strategy to
avoid acid leaching in contact with water.32 Analogously to the
PFSA membranes, the presence of water in the structure is
fundamental to achieve the reported good levels of conductivity
(∼0.03 S cm−1 at room temperature).
All in all, less than five papers were published in the last 10

years exploring BC as a base component for proton exchange
membranes, but all with fuel cell applications in mind and all
reporting properties clearly behind Nafion.
We have recently presented a new type of renewable

nanostructured composite electrolyte consisting of a BC
network and a cross-linked poly(4-styrene sulfonic acid)
(PSSA) polyelectrolyte (Scheme 1).33 PSSA is a low-cost
polyelectrolyte with high protonic conductivity34,35 that can be
easily processed using green chemistry methods. However,
being a polyelectrolyte, PSSA is highly soluble in water, and
hence, it must be anchored−usually by grafting−to other stable
polymers such as poly(vinylidenefluoride)36 or poly-
(fluoroethylene-co-hexafluoropropylene),37 or cross-linked
with a bifunctional monomer to avoid leaching. Grafting to
another polymer also improves the relatively poor mechanical
properties of PSSA.38 While its liability to oxidative
decomposition limits the use in PEMFC to low temperature
(<60 °C),35,39 it is seen as a low-cost, green alternative to
Nafion as the proton conducting component of ionic polymer
metal composite actuators for biomedical applications40 or
sensors for toxic gases.41 All these factors make PSSA an
excellent candidate to demonstrate the potential of BC as a
proton exchange membrane support. Here, we present the full
details of the synthesis and characterization of these novel BC/
PSSA nanocomposites, highlighting the relationships between

Scheme 1. Polymerization Scheme of NaSS into the PSSA Acidic Form with Cross-Linker PEGDA
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structure, composition, viscoelastic behavior, and protonic
conductivity.

■ RESULTS AND DISCUSSION

BC/PSSA nanocomposite membranes with variable concen-
trations of sulfonic acid groups were prepared by controlling
the amount of poly(ethylene glycol) diacrylate (PEGDA) as
cross-linker, according to the compositions listed in Table 1.
The membranes were homogeneous and translucent after
drying (Figure S1, Supporting Information). In this section, we

present and discuss a set of data obtained by various techniques
providing a detailed characterization of the structure, micro-
structure, composition, thermo-chemical stability, and protonic
conductivity of these nanocomposite membranes.

ATR-FTIR Spectroscopy. Figure 1 shows the FTIR spectra
of native BC and BC/PSSA nanocomposite membranes with
increasing contents of cross-linker (PEGDA). The cross-linker
content is crucial to promote the polymer retention inside the
BC tridimensional network, since after the washing and cation
exchange procedure the spectrum of the nanocomposite

Table 1. List of the Prepared Membranes Including Composition, Sulfur Content, Ionic Exchange Capacity, and Water Uptake
Capacity

nominal composition measured properties

Sample wNaSS/wBC wPEGDA/wNaSS wPSSA/PEGDA/wBC wBC/wtotal [S] mmol g−1,a [H+] mmol g−1,b water uptake %

PSSA/PEGDA (1:0.4) - 0.4 - - 2.19 ± 0.01 - -
BCc 1 - - 1 - 0 100
BC/PSSA/PEGDA (1:5:0) 5.8 0 0.40 0.71 0.11 ± 0.01 0.09 100
BC/PSSA/PEGDA (1:5:0.1) 5.8 0.1 0.88 0.53 0.76 ± 0.20 1.76 150
BC/PSSA/PEGDA (1:5:0.2) 4.4 0.2 1.29 0.44 1.83 ± 0.19 1.88 185
BC/PSSA/PEGDA (1:5:0.4) 4.4 0.4 4.74 0.17 2.36 ± 0.22 2.25 165

aAverage of at least 2 values obtained for different pieces of the same membrane. bValue obtained with the piece of the membrane used for the
conductivity measurements. cMembrane treated in 0.5 M HCl solution, as all composites.

Figure 1. FTIR-ATR spectra of BC/PSSA/PEGDA nanocomposites (after washing and cation exchange), native BC (with acid treatment), and
cross-linked polymer (PSSA/PEGDA).
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without cross-linker (BC/PSSA/PEGDA (1:5:0)) is very
similar to that of pure BC. The typical bands of PSSA are
still discernible in the spectrum of this composite, but with very
low intensity, in agreement with the low sulfur content
determined by CHNS elemental analysis (Table 1).
The success of the polymerization and retention of the cross-

linked polymer inside BC was clearly confirmed by the
appearance of the vibrations typical of PSSA (at 1597 cm−1

the ring skeletal vibration and at 860 cm−1 the aromatic out of
plane C−H deformation in para-substituted rings), of sulfonic
acid moieties (several absorptions in the range 1310−1060
cm−1), and of one peak at around 1720 cm−1 assigned to the
stretching of the carbonyl (CO) group of the ester moiety of
PEGDA. The vibrations at 3350 cm−1 (O−H stretching), 2930
cm−1 (C−H stretching), and 1060−920 cm−1 (stretching of
C−O−C and C−O) are typically of both BC and cross-linked
PSSA polymeric chains.
The proportional increment of the intensity of the vibrations

assigned to the PSSA polymeric chains with increasing PEGDA
content indicates that the retention of PSSA inside the BC
network increases with the amount of cross-linker. The
concomitant increment of the cross-linker content in the
membranes is also evidenced by the increase of the intensity of
the band due to the stretching vibration of PEGDA carbonyl
group, at 1720 cm−1. These FTIR results are in general
agreement with the weight-gains (wPSSA/PEGDA/wBC) measured
for each sample (Table 1).
Solid-State 13C NMR Spectroscopy. Figure 2 displays the

solid-state 13C NMR spectra of the BC/PSSA/PEGDA
nanocomposites, pure BC, and the PSSA cross-linked with
40% PEGDA. The spectra profile of the composite membranes
is a perfect sum of the typical BC carbon resonances at δ 65.2
ppm (C-6), 71.4−74.3 ppm (C-2,3,5), 90.0 ppm (C-4) and

104.8 ppm (C-1)42 with those of cross-linked PSSA at 40.8
ppm (C-A,B), 61.5 and 69.8 ppm (C-b,c), 126.5 ppm (C-
2′,3′,5′,6′), 141.1 ppm (C-1′), 147.7 ppm (C-4′), and 177.5
ppm (CO). The resonances attributed to PSSA are
completely absent in the spectrum of the composite BC/
PSSA/PEGDA (1:5:0), but their intensity increases regularly in
the spectra obtained for the membranes with increasing fraction
of PEGDA. These results again confirm the role of cross-linking
in the retention of PSSA inside the BC network, and are in
close agreement with the FTIR data and weight-gains. Finally,
no clear evidence of deviations on the 13C resonances was
observed, suggesting that no complex interactions between BC
and cross-linked PSSA were established.

Ion Exchange Capacity, Sulfur Content, and Water
Uptake. The ion exchange capacity (IEC) is a direct measure
of the content of sulfonic acid groups in the material and is,
therefore, proportional to the amount of PSSA retained in the
tridimensional network of BC. Table 1 shows that the IEC
increases with increasing fraction of PEGDA, confirming that
cross-linking increased the retention of PSSA in the host
network of BC. High IEC values in excess of 1.5 mmol g−1 were
obtained for these membranes, as expected for a polyelectrolyte
such as PSSA present in large amounts in the composites.34

Not surprisingly, these values are higher than those of
commercial perfluorinated sulfonic acid ionomer membranes
such as Nafion (∼0.9 mmol g−1)43 or Aquivion (∼1.2 mmol
g−1).44

In general, the IEC for the composite membranes with high
cross-linker content are in good agreement with the sulfur
concentration ([S]) obtained by elemental analysis (Table 1).
The deviation for the BC/PSSA/PEGDA (1:5:0.1) ([H+] =
1.76 mmol g−1 vs [S] = 0.76 mmol g−1) is indicative of some

Figure 2. CPMAS 13C NMR spectra of BC/PSSA/PEGDA nanocomposites (after washing and cation exchange), native BC (with acid treatment),
and cross-linked polymer PSSA/PEGDA.
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heterogeneity of the PSSA/PEGDA distribution within the BC
for composites prepared using a lower amount of cross-linker.
As an additional confirmation of the effectiveness of the

proposed cross-linking approach to imbed the polymer in the
BC network, we note the similarity (within experimental error)
between the sulfur content obtained for the cross-linked
polymer PSSA/PEGDA (1:0.4) ([S] = 2.19 mmol g−1) and for
the corresponding BC nanocomposite BC/PSSA/PEGDA
(1:5:0.4) ([S] = 2.36 mmol g−1).
The dry BC membrane can absorb about its own weight of

water (Table 1). The same water uptake capacity is observed
for the BC/PSSA/PEGDA (1:5:0) membrane (without cross-
linker), confirming the very low PSSA amount retained in this
membrane. The addition of 10% PEGDA increases the water
uptake to 150%, which further increases to 185% for 20% cross-
linker, due to the presence of increasing amounts of highly
hygroscopic sulfonic acid groups. Interestingly, doubling the
PEGDA content to 40% has no obvious impact on the water
uptake capacity, which is higher than that of the Nafion
reference value (∼50%), measured here under the same
experimental conditions.
Parallel to the conductivity measurements, the thickness of

control samples was monitored as a function of temperature
and relative humidity (RH). The membranes at 94 °C/98% RH
are 20 to 25% thicker than in the dry state. On the other hand,
the expansion along the membrane plane was negligible,
probably due to the highly anisotropic microstructure of these
membranes. The apparent stabilization of the swelling behavior
for higher PEGDA content also suggests that the cross-linking
may be advantageous in controlling the volume changes upon
hydration. Moreover, it should be noted that the anisotropic
hydrolytic expansion of this kind of membranes may actually be
controlled in situ by mechanical compression, such as in a fuel
cell stack or other type of multilayered hetero-structures.
X-ray Diffraction. Figure 3 confirms the crystalline nature

of BC in its pristine form and in the derived nanocomposite

membranes, whereas the diffraction pattern of the cross-linked
PSSA is typical of an amorphous material. The BC reflections
can be indexed in the triclinic space group P1 of type Iα
cellulose, and also in the monoclinic space group P21 of type Iβ
cellulose.45 Since type Iα is usually dominant in cellulose from
bacterial origin,45 we retain the P1 space group to index the
patterns. The nanometric size of the crystalline domains
originates fairly broad, overlapping peaks, and only the (010),
(001), and (011) reflections are clearly distinguished at 2θ of
approximately 14.9°, 16.3°, and 22.5°. These are the general
features of XRD patterns of BC reported in the literature,

except the fact that quite often the (011) peak is sharper than
the (010) and the (001).46,47 The (011) plane corresponds to
the distance between sheets connected by weak electrostatic
interactions (Figure S2, Supporting information),45 which
might be destroyed by the aqueous HCl treatment necessary
to protonate the composite membranes (also applied to the
pure BC). The intra-sheet structure, which includes planes
(010) and (001), containing much stronger covalent bonds
along the cellulose chains and on the hydrogen bond network,
seems to be affected by the presence of the cross-linked PSSA.
Indeed, the intensity of (010) reflection relatively to (011)
decreases with increasing amount of PSSA/PEGDA, which is
indicative of smaller volume of planes with high density of O−
H···O bonds. Moreover, the difference between the intensity of
the (010) and (011) reflections decreases with increasing PSSA
content, being accompanied by a slight decrease of the unit cell
volume, apparent in the shift of the peak position to lower
angles. These are features typically found in patterns of samples
with higher content of type Iβ cellulose.46,47 The Iα ⇒ Iβ
transition involves breaking hydrogen bonds allowing the Iα
chains to rotate and adopt a stable and compact structural
arrangement of the type Iβ, a process normally induced by
temperature above 200 °C.45,48 The strong sulfonic acid groups
in the BC/PSSA/PEGDA composites seem to disturb the
hydrogen bonds of cellulose leading to similar structural
rearrangements at lower temperatures.
Interestingly, there is no noticeable decrease of the integral

breadth of the peaks that could indicate a decrease of the
overall crystallinity of the cellulosic fraction of the composite.
Nevertheless, one can observe in the BC/PSSA/PEGDA
(1:5:0.4) pattern a clear deviation of the base line for an
intermediate 2θ range between the (001) peak and 2θ = 30°
that may be ascribed to the presence of disordered cellulose
domains.49 It is perhaps important to notice that this 2θ range
also coincides with the amorphous-like feature depicted by the
pattern of cross-linked PSSA50 (top of Figure 3, similar to that
in ref 51), which may thus also explain the increased counts in
the BC/PSSA/PEGDA (1:5:0.4) pattern.

SEM. Selected SEM micrographs of the surface and cross-
section of BC/PSSA/PEGDA (1:5:0.1) and BC/PSSA/
PEGDA (1:5:0.4) membranes are shown in Figure 4 as
examples of the typical microstructure of the composite
membranes. The observation of the characteristic tridimen-
sional nanofibrilar network and lamellar microstructure of BC
(Figure S3, Supporting Information) indicates that those were
not destroyed or affected during the various steps of the
nanocomposites preparation. It is also apparent that the
network of the layered cellulose nanofibrils is impregnated
with the cross-linked PSSA/PEGDA matrix and that the
amount of PSSA/PEGDA retained increases with increasing the
cross-linker content. This is better illustrated by views of the
membrane cross-section, where the lamellar spaces are
progressively filled with the polymer as the PEGDA content
increases.
This highly anisotropic microstructure is responsible for

several properties of the nanocomposites. On the one hand, the
alignment of the BC mats parallel to the plane of the membrane
should promote a desirable high compressive strength suitable
to easily sustain the compressive forces of, e.g., a fuel cell stack.
This is also expected to minimize the formation of cracks
resulting from the hydrolytic expansion of the membrane plane
associated with the hydration/dehydration cycles. On the other
hand, the BC mats represent resistive layers to the protonic

Figure 3. X-ray diffraction patterns of the BC nanocomposite
membranes and of their individual components.
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transport across the membrane plane. In this regard, the
apparently homogeneous distribution of the PSSA through the
entire membrane thickness is reassuring that electrical
percolation can be achieved.
Thermogravimetric Analysis. The thermogravimetric

analysis (TGA) of BC/PSSA/PEGDA nanocomposite mem-
branes was carried out to evaluate their thermal stability and
degradation profile (Figure 5). Reference samples of BC and
PSSA/PEGDA (1:0.4) were also analyzed for comparison
purposes. The acid-treated BC shows a weight-loss profile
typical of cellulosic substrates, with initial and maximum
decomposition temperatures at around 249 and 313 °C,
respectively. These values are slightly lower than those of native
bacterial cellulose (around 270 and 350 °C, respectively52),
probably due to the applied acid treatment,53,54 analogous to
that used to neutralize the sulfonate groups in the composite
membranes. In turn, the PSSA/PEGDA (1:0.4) reference starts
to decompose at ∼170 °C, well before pure BC, but the main
weight-loss peak occurs almost at the same temperature (306
°C) as for BC (313 °C). The thermogram of the BC/PSSA/
PEGDA (1:5:0) prepared without cross-linker is similar to that
of the BC after the acid treatment, with initial decomposition at
190 °C and a maximum around 295 °C, in close agreement
with the low PSSA content suggested by FTIR, NMR, and
CHNS elemental analyses. The thermograms of the composite
membranes show a clear weight-loss around 100 °C due to the
release of absorbed water that increases with increasing fraction
of cross-linker, reflecting the key role of the sulfonated polymer
in the hydration capacity of these nanocomposites. These plots
also reveal that the decomposition of membranes prepared
using 10%, 20%, and 40% PEGDA show three or four thermal
degradation steps starting at 140−190 °C with the correspond-

ing maximum rates in the differential curves observed at 177−
438 °C.

Figure 4. SEM micrographs of the nanocomposite membranes BC/PSSA/PEGDA (1:5:0.1) and BC/PSSA/PEGDA (1:5:0.4).

Figure 5. Thermograms and the corresponding derivative, obtained
under N2 atmosphere, of BC after the acid treatment, PSSA/PEGDA
(1:0.4) and BC/PSSA/PEGDA composite membranes (0 to 40%
cross-linker content).
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The distinct decomposition patterns of the composites when
compared with the reference samples (BC and PSSA/PEGDA
(1:0.4)) suggest the thermal activation of a chemical interaction
between the BC and the PSSA/PEGDA leading to the
membrane degradation. Nevertheless, the membranes are
thermally stable up to approximately 140 °C.
Dynamic Mechanical Analysis. Figure 6A compares the

storage modulus (E′) of the BC/PSSA/PEGDA (1:5:0.4)

nanocomposite with pure BC and Nafion. The three samples
display E′ minima at nearly 0 °C. This is attributed to the
plasticizing effect of water. Increasing the chamber temperature
above room temperature lowers the RH and the samples loose
water, recovering the elastic properties. The effect of this
sudden dehydration is less pronounced for pure BC due to its
highly crystalline and rigid network of nanofibrils. However, the
analysis of the results has to take into consideration that the
DMA chamber is not equipped with a controlled humidity
system. For that reason, the reference Nafion membrane
(extensively reported in the literature)6,7 was studied under the
same experimental conditions.
Apart from the particular relaxation around 0 °C, the

viscoelastic behavior of BC is quite stable up to at least 170 °C,
with E′ decreasing slightly from 10 GPa at −100 °C to 6.4 GPa
at 170 °C. These values are very similar to those measured for a
pristine BC membrane (∼10 GPa at 170 °C),42 indicating that
the acid treatment has little or no effect on the viscoelastic
behavior of the material. Worth noting is also the fact that the
E′ of BC is more than one order of magnitude higher than that

of Nafion. Moreover, it remains almost unaffected by
temperature and RH, whereas the storage modulus of Nafion
strongly decreases above 70 °C, as amply documented.6−8

The excellent mechanical behavior of the pure BC membrane
is reflected on the BC/PSSA/PEGDA composite, both on the
magnitude of E′ and on the thermo-mechanical stability.
Indeed, for this composite E′ is 2.65 GPa at 75 °C (i.e., at least
20 times higher than that of Nafion) and remains constant from
60 to ∼140 °C. However, the drop of E′ between −10 and 60
°C is more pronounced than that observed for BC, in
agreement with the higher water uptake capacity and the
lower BC fraction of the composite. Finally, the additional
relaxation at ∼160 °C indicates the onset of major structural
changes in BC/PSSA/PEGDA associated with the thermal
degradation.
The loss tangent data (tan δ) presented in Figure 6B confirm

the temperature dependence of the storage modulus but
provide a more exact indication of the transition temperatures.
The main features reported in the literature for Nafion and for
BC are detected here as well.6,7,42 As regards the BC/PSSA/
PEGDA membranes, two small tan δ peaks at −70 and at 130
°C can be detected, which are not observed for BC, as well as
two overlapping peaks between −10 and 60 °C, all attributed to
the PSSA/PEGDA fraction. A direct comparison between BC
and PSSA/PEGDA (1:0.4) could not be made as adequate
PSSA/PEGDA films could not be prepared. In view of that, the
behavior of pieces of PSSA/PEGDA (1:0.4) was compared with
that of BC/PSSA/PEGDA (1:5:0.4) using the DMA material
pocket accessory (Figure 7). The data for both samples show a

low temperature relaxation at around −70 °C already observed
in Figure 6B. Additionally, a broad peak at ∼75 °C can also be
detected for PSSA/PEGDA (1:0.4) suggesting an overlapping
of distinct relaxations. A similar trend is observed for the
composite membrane analyzed in the material pocket accessory
though the second peak appears at a slightly lower temperature
(70 °C).The clear attribution of the relaxations detected
around −70 and 70 °C is not possible as many factors are
involved. The discrepancy in the temperatures at which
relaxations are detected in the composite membrane analyzed
under the tension mode and when using the material pocket
accessory may be associated with a variety of factors: (i) the fact
that in the first case, macromolecules are under strain and in the
latter only thermal effects are being assessed, (ii) the sample
preparation procedure is not exactly the same, and, as
mentioned earlier, (iii) the dimensions of the composite
membrane measured under strain may be altered during the

Figure 6. DMA data showing the comparison of the (A) storage
modulus and (B) loss tangent of the BC/PSSA/PEGDA (1:5:0.4)
nanocomposite membrane, BC after the acid treatment, and a plain
Nafion membrane obtained in tension mode.

Figure 7. Loss tangent collected using the material pocket system for
cross-linked PSSA/PEGDA and corresponding BC nanocomposite.
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analyses as a result of changes of the RH. Finally, in agreement
with what was observed by TGA, above 140 °C the material
decomposes.
Protonic Conductivity. Figure 8 shows Arrhenius plots of

the conductivity of the BC/PSSA/PEGDA composite mem-
branes measured under variable RH. It can be seen that the
conductivity increases orders of magnitude with increasing
PEGDA content for the entire range of temperature and RH, in
a direct correlation with the IEC of each sample (Table 1). The
conductivity of the best composite membrane is in excess of 0.1
S cm−1 at 94 °C/98% RH, decreasing to 0.042 S cm−1 at 60%
RH. These values are amongst the highest reported for proton
exchange membrane materials, being comparable or higher than
data typically found in the literature for Nafion,55−58 and other
PSSA-based materials.36,37,59−61

For comparison, it is interesting to note that the conductivity
of the pure BC membrane at 94 °C and 30% RH is 6 orders of
magnitude lower than that for BC/PSSA/PEGDA (1:5:0.4),
whereas the difference is strongly reduced to 3 orders of
magnitude at 98% RH (data for BC in Figure S6, Supporting
Information). While the pure BC membrane has some ability to
retain water even at temperatures close to 100 °C and in
conditions close to saturation, this comparison demonstrates
that the high conductivity of the composite is mostly due to the
sulfonic acid groups of PSSA.
The simple visual inspection of Figure 8 shows that the

temperature dependence of the conductivity (σ) of the three
composites at the highest RH follows the usual Arrhenius
behavior (solid lines), according to eq 1:

σ σ= − −E RTexp[ ( ) ]0 a
1

(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. All Ea values are close to 30 kJ mol−1 (Table 2).
Nafion has lower Ea (10−20 kJ mol−1) under similar
conditions, in agreement with the literature.5,62,63 Even without
any information on the morphology of the PSSA/PEGDA,
which might have great impact on the conductivity,34 one may
argue that the higher Ea of the composite membranes may be
explained by the stronger proton attraction exerted by the
much higher concentration of sulfonic acid groups in PSSA/
PEGDA (>1.7 mmol g−1) than in Nafion (0.9 mmol g−1).
The deviation from the Arrhenius behavior for low RH is

obvious in Figure 8, showing a curvature that recalls the Vogel−
Tamman−Fulcher (VTF) equation

σ = − − −A B T Texp[ ( ) ]0
1

(2)

where A is a pre-exponential term related to the charge carrier
density that depends on temperature according to A = σ0 T

−1/2,
B is an activation energy term related to the migration of the
smallest segmented polymer chain, and T0 is an equilibrium
temperature (also known as the Vogel temperature), below
which the migration vanishes and only vibrations occur. Good
fits to the VTF equation (dashed lines in Figure 8) were
obtained for the three membranes at 30% and 60% RH, except
for the BC/PSSA/PEGDA (1:5:0.1) at 60% RH (although a
small curvature is still perceptible). In general, the fitting
parameters (Table 2) are close to the results obtained for a
variety of amorphous protonic conductors (including polymers,
organic-inorganic hybrids and composites of phosphoric acid
with a polymer64−66), with the expected exception of T0, since
it is closely related to the glass transition assisting proton

Figure 8. Arrhenius plots of the total conductivty of nanocomposite membranes with variable content of cross-linker measured at RH of 30%, 60%,
80% and 98% (increasing in the direction of the arrows). The straight lines are linear fits to the Arrhenius model, whereas the dashed curves are fits
to the VTF equation (relevant fitting parameters shown in Table 2).

Table 2. Fitting Parameters of the Conductivity Data (Figure 8) to the Arrhenius (eq 1) or the VTF (eq 2) Equationsa

relative humidity

sample 30% 60% 80% 98%

BC/PSSA/PEGDA T0 = 3 Ea= 19 Ea = 28 Ea = 22
(1:5:0.1) A = 8.12 × 10−4

B = 0.69
BC/PSSA/PEGDA T0 = 4 T0 = 3 Ea = 28 Ea = 31
(1:5:0.2) A = 0.01 A = 0.09

B = 1.00 B = 1.10
BC/PSSA/PEGDA T0 = 7 T0 = 7 Ea = 33 Ea = 30
(1:5:0.4) A = 0.18 A = 1.46

B = 1.37 B = 1.06
aEa in kJ mol−1, T0 in °C, A in S cm−1 K1/2 and B in kJ mol−1.
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migration. Thus, one should be able to correlate T0 with the
viscoelastic behavior of the membranes.
Indeed, a good agreement with the DMA results is also found

when the general relation between the Vogel and the glass
transition temperature expressed by eq 367 is applied to data of
BC/PSSA/PEGDA (1:5:0.4).

= −T T T T1.05 77 ( and in Kelvin)0 g 0 g (3)

The T0 fitted to the data obtained for this sample (7 °C) is in
remarkable agreement with the estimate (10 °C) of eq 3 using
the tan δ peak temperature determined by DMA (70 °C, Figure
7). This clearly suggests that the segmented migration (though
restricted) of the same synthetic moieties is responsible for the
observed viscoelastic (assessed by DMA) and electric ionic (by
impedance spectroscopy) relaxations. Even in the sample
prepared using 20% of cross-linker the similarity is still
significant. The fact that the activation energy term is
approximately 1 kJ mol−1 in all studied cases where the VTF
equation holds, suggests (within the frame of the Adam−Gibbs
theory) that the elemental size of the migrating entities is the
same. On the contrary, the pre-exponential term, which is
related to the concentration of the charge carriers, increases by
almost one order of magnitude with increasing RH from 30 to
60%, regardless of the concentration of sulfonic acid groups in
the composite, in agreement with the expected higher
hydration of the material at higher RH. All these observations
demonstrate the role of water as a plasticizer of the cross-linked
PSSA structure, which when is partly hydrated (as expected for
the low RH) is sufficiently mobile to assist proton migration
across the sulfonated polymeric chains. Increasing the RH
increases the water content in the membrane to such a level
that the conductivity is then dominated by the proton structural
diffusion in the water layers and less influenced by the sulfonic
acid groups.
Finally, it is important to notice that the BC/PSSA/PEGDA

membranes retained the mechanical integrity after the electrical
measurements at 100 °C with 98% RH in the presence of the
metallic silver electrodes. Moreover, the FTIR analysis of these
samples did not show signs of chemical modification (bottom
spectrum in Figure 1). This is a particularly relevant result
considering the application of this type of membranes in a
PEMFC, where the strong oxidizing conditions resulting from
the combination of high humidity and high acid concentration,
further catalyzed by the electrode platinum catalyst nano-
particles, are so demanding that the PSSA is known not to resist
above 100 °C.39

■ CONCLUSIONS

In conclusion, novel nanocomposites consisting of cross-linked
PSSA supported on a bacterial cellulose tridimensional
nanofribilar network were prepared and characterized as proton
exchange membranes. Mechanically and thermally stable
nanocomposites with up to 83 wt % PSSA/PEGDA can be
easily obtained with no evidence for strong chemical interaction
between the composite components.
Due to the polyelectrolyte nature of PSSA, ionic exchange

capacities in excess of [H+] = 2 mmol g−1 can be obtained for
about 80 wt % PSSA/PEGDA, whereas the membrane swelling
due to water uptake is limited by the rigid cellulose network.
The cellulose matrix is also responsible for the stable
viscoelastic behavior of the nanocomposite membranes,
yielding storage modulus values more than one order of

magnitude higher than for Nafion, until the onset of thermal
degradation at ∼140 °C.
As expected, the protonic conductivity of the composite

membranes increases with increasing concentration of sulfonic
acid groups, and again exceeds the performance of the state-of-
the-art PFSA-type membranes. As for the latter type of
materials, the temperature dependence of the conductivity
displays an Arrhenius-type behavior but only for high humidity.
The Arrhenius-type law fails for low relative humidity (60% and
lower), and the data is better fitted by a VTF-type equation
assuming a proton transport mechanism assisted by the
segmental motion of cross-linked PSSA chains, in agreement
with DMA data.
In addition to this competitive combination of electric and

viscoelastic properties, these new nanocomposites also offer a
potential low cost advantage, and represent the first bio-based
alternative to PFSA-type materials for fuel cells and other
devices where proton conductors are key functional elements,
such as sensors and actuators for biomedical applications.
Current work is focused on the development of membrane-
electrode assemblies based on the BC-based nanocomposite
membranes, and their testing in a hydrogen/air single cell
configuration to assess the long-term cell performance and how
it is affected by the operation conditions, namely the relative
humidity and temperature.

■ MATERIALS AND METHODS
Membrane Preparation. Chemicals. Sodium 4-styrenesulfonate

(NaSS, ≥90%, Aldrich), potassium persulfate (KPS, 98%, Panreac),
poly(ethylene glycol) diacrylate (PEGDA, Mn 258, Aldrich), Nafion
(Mn 1100, Aldrich). All reagents were used without previous
purification.

BC Membranes. Bacterial cellulose (BC), a tridimensional network
of nano and microfibrils with 10−200 nm width, in the form of wet
membranes was produced at our laboratory using the Gluconoaceto-
bacter sacchari bacterial strain68 and following established culture
procedures69 detailed in Supporting Information.

BC-PSSA Nanocomposite Membranes.Wet BC membranes (4 × 4
cm2, 0.8 cm thickness, 99% humidity) were weighted, and 60% of their
water content (∼5 mL) was drained by hand-pressing between two
acrylic plates at room temperature, before being placed into
Erlenmeyers with septa and purged with nitrogen. Simultaneously, 5
mL of aqueous solutions of NaSS with a concentration determined by
the dry mass of the corresponding BC membrane (BC:NaSS mass
ratio of 1:5), KPS (1.2%, wKPS/wNaSS), and variable amounts of
PEGDA (0, 10, 20, and 40% wPEGDA/wNASS) was prepared in an ice
bath and purged with nitrogen for 30 min and then allowed to reach
room temperature. Each solution was transferred with a syringe into an
Erlenmeyer containing a drained BC sample. The membranes were left
to stand for approximately 1 h at room temperature (25 °C) until the
complete absorption/incorporation of the solution and then left for 6
h at 70 °C in N2 atmosphere. Finally, the septa were pulled off, and the
solution cooled naturally overnight. The modified BC membranes
were washed several times in distilled water volumes of 100 mL for 30
min until the conductance of the supernatant was equal to, or lower
than, 20 μS cm−1. The washed membranes were dried at 40 °C for 5−
12 h and analyzed by FTIR-ATR (as described elsewhere in this
section) to confirm the success of the polymerization. All experiments
were made in quadruplicate. Finally, the membranes were converted
into the acid form by ionic exchanging with an aqueous solution of 0.5
M HCl (100 mL) for 24 h at room temperature. The acidic
membranes were again washed with distilled water following the above
mentioned protocol, dried at 40 °C, and kept in a desiccator until
further use. The membranes can be obtained with thicknesses ranging
from 50 to 300 μm, as measured by a micrometer and further
confirmed by SEM. One sample of each nanocomposite (and also pure
BC) was also frozen in liquid nitrogen, freeze-dried for 3 days in a
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Virtis Benchtop K freeze-drier under a vacuum pressure of 4 Pa, and
weighed. The PSSA/PEGDA and BC percent composition of the
nanocomposites (Table 1) were estimated by difference to the original
BC weight.
Cross-Linked PSSA. Reference samples of PSSA cross-linked with

PEGDA, corresponding to 40% wPEGDA/wNaSS were prepared using the
same procedure described for the preparation of nanocomposite
membranes, obviously omitting the impregnation step.
Nafion Membranes. For comparison purposes, a Nafion membrane

was also prepared by casting, as described in the Supporting
Information.
Characterization. Structure and Microstructure. All ensuing

membranes, dried at 40 °C, were characterized using FTIR, 13C NMR,
X-ray diffraction (XRD), and scanning electron microscopy (SEM).
The FTIR spectra were taken with a PerkinElmer 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 averaged over 32 scans.
CPMAS 13C NMR spectra were recorded 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 with respect to
glycine (CO at 176.03 ppm).
SEM micrographs of the film surfaces and cross-sections were

obtained on a HR-FESEM SU-70 Hitachi equipment with a EDS
Bruker QUANTAX 400 detector operating at 4 kV. The samples were
previously coated with a carbon film.
The XRD analysis was carried out on a Phillips X’pert MPD

diffractometer using Cu Kα radiation (λ = 1.541 Å) with a scan rate of
0.05° s−1 (in 2θ scale). The patterns were collected in reflection mode
with the membranes placed on a Si wafer with negligible background
signal to provide mechanical support avoiding the bending of the
membrane.
Elemental Analysis. Elemental analysis (CHNS) was carried out in

a LecoTruspec2061 series 4555 equipment, using a sample size of up
to 10 mg, a combustion furnace temperature of 1075 °C, and an
afterburner temperature of 850 °C. All samples were crushed, frozen in
liquid nitrogen, and then lyophilized for 3 days before the analysis of a
minimum of 2 replicas per sample.
Thermogravimetric Analysis. TGA essays were carried out with a

Shimadzu TGA 50 analyzer equipped with a platinum cell. Samples
were heated at a constant rate of 10 °C min−1 from room temperature
up to 800 °C under a nitrogen flow of 20 mL min−1. The thermal
decomposition temperature was taken as the onset of significant
(∼0.5%) weight-loss, after the initial evaporation of moisture.
Water Uptake. The water uptake (W) is expressed as the difference

in weight of the membranes in the wet (ww) and dry states (wd)
normalized to the dry weight

= − ×−W w w w(wt %) ( ) 100w d d
1 (4)

The wd was obtained after drying the membranes at 60 °C (less
than 1% RH) for several hours until no mass changes could be
measured. After an immersion step in de-ionized water at room
temperature for 24 h, the membranes were taken out, and ww was
measured immediately after wiping the surface with a filter paper.
Ion Exchange Capacity. Ion exchange capacity (IEC) measure-

ments were performed by soaking the membranes in a aqueous 0.1 M
NaCl for 24 h, followed by titration with 0.005 or 0.025 M aqueous
NaOH solutions for membranes with low cross-linker contents
(≤10%) or higher cross-linker contents (≥20%), respectively,
according to

= ×− −V M wIEC (mmol g ) ( )1
NaOH NaOH d

1 (5)

where VNaOH is the volume (in mL) of the NaOH solution
corresponding to the equivalence point and MNaOH is the molar
concentration of this solution.
Dynamic Mechanical Analysis. The DMA curves of rectangular

pieces of membrane with 30 × 5 mm2 were obtained on a Tritec 2000
DMA (Triton Technologies) operating in tension mode (single strain)

at 1 Hz and with 0.005 mm displacement. Smaller pieces with
approximately 5 × 5 mm2 were also analyzed using the material pocket
system, in this case with a displacement of 0.020 mm. In both types of
measurements, the temperature was sweep from -100 to 170 °C with a
constant heating rate of 2 °C min−1. Before the measurements, the
materials were kept for 72 h in a conditioning cabinet at 30 °C/50%
RH.

Protonic Conductivity. The through-plane protonic conductivity
(σ) of the membranes was determined by electrochemical impedance
spectroscopy (Agilent 2980A LCR meter) under variable temperature
(40−100 °C) and relative humidity (20% to 98%) conditions in a
climatic chamber (ACS Discovery DY110). Silver electrodes (Agar
Scientific) were applied on both sides of the membrane, which was
then placed between two carbon cloth gas diffusion layers and graphite
plates with gas channels. The current was collected on top of both
plates with platinum foils and connected to the LCR meter by
platinum wires and co-axial cables using a pseudo 4-electrodes
configuration. The impedance spectra (examples show in Figure S5,
Supporting Information) were recorded between 20 Hz and 2 × 106

Hz with test signal amplitude of 100 mV, in some cases also with 500
mV (Figure S6, Supporting Information), and analyzed with the
ZView software (Version 2.6b, Scribner Associates) in order to assess
the ohmic resistance (R) of the membrane (details given in Supporting
Information). The conductivity was then calculated using σ =
L(RA)−1, where L is the thickness of the dry membrane and A is
the surface area of the electrodes.
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