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In this article, PBI composite membranes containing the ionic liquid (IL) 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (BMIM-NTf,) at 1, 5, 10, 20 and 50 wt% (named PBI-IL-x) have been
prepared by a casting method. The internal morphology of the membranes was analyzed by scanning
electron microscopy (SEM), revealing that the incorporation of IL promotes the formation of porous
channels. Thermal and mechanical stability was confirmed by thermogravimetric analysis (TGA) and
tensile test measurements. The ionic transport through membranes was analysed by means of
electrochemical impedance spectroscopy (EIS), showing a dependence on the IL loading, reaching
a highest conductivity value of 1.8 x 1072 S cm™ for the PBI-IL-50 membrane at 160 °C. The
experimental results showed a Vogel-Fulcher-Tammann (VFT) type relation for the ionic conductivity
with temperature and the calculated activation energies suggest that ionic conduction in the films can

occur by both hopping and vehicle-type mechanisms. Eyring's absolute rate theory was also used to
Received 12th July 2021 btain activation enthalpy and entropy from the t ture depend f the conductivity. Diffusivit
Accepted 27th July 2021 obtain activation enthalpy and entropy from the temperature dependence of the conductivity. Diffusivity
and free ion number density were obtained by means of electrode polarization analysis to obtain more

DOI-10.1039/d1ra053649 insight into the conduction in these composite membranes. Finally, the Debye length was calculated and
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Introduction

The development of polymeric membranes suitable to operate
as proton exchange membrane fuel cells (PEMFCs) at moderate
temperature under anhydrous conditions has drawn great atten-
tion in the past years. In this regard, PEMFCs have emerged as
alternative and sustainable electrochemical energy conversion
devices." PEMFCs use a proton conductive polymer membrane as
an electrolyte, which ideally should possess high proton conduc-
tivity, low fuel permeability, excellent stability at high temperature
and mechanical strength.> The most widely used polymeric
membranes are based on perfluorosulfonated polymers, such as
Nafion, which have been extensively applied as PEMs due to their
excellent proton conductivity and high chemical stability.**
However, Nafion membranes suffer a dramatic reduction in
proton conductivity above 80 °C, which is associated with the
difficulty of maintaining high humidity levels, consequently,
hindering their use in large-scale applications at high
temperatures.>®

“Instituto de Tecnologia de Materiales, Universitat Politécnica de Valéncia, Camino de
Vera s/n, 46022 Valencia, Spain

*Departamento de Quimica Organica, Universitat de Valéncia, Av. Vicente Andrés
Estellés s/n, Burjassot, 46100 Valencia, Spain. E-mail: Jorge.escorihuela@uv.es
‘Departamento de Termodindmica Aplicada, Universitat Politecnica de Valéncia,
Camino de Vera, s/n, 46022 Valencia, Spain. E-mail: vicommo@ter.upv.es

© 2021 The Author(s). Published by the Royal Society of Chemistry

related to both transport parameters.

In the continuous search to develop low-cost PEMs with high
conductivity at elevated temperatures, the use of non-
perfluorinated polymers has experienced a blooming along
the past decades.”* Among the different non-perfluorinated
membranes, polybenzimidazole (PBI) has emerged as an
attractive alternative to replace Nafion membranes due to its
lower methanol crossover as well as higher thermal and
mechanical stability."* Additionally, when doped with phos-
phoric acid, PBI membranes have shown conductivities around
0.1-0.2 S cm ™! at elevated temperatures.’® However, the use of
phosphoric acid doped membranes has some drawbacks
regarding environmental issues associated to acid leaching and
degradation at high temperatures, leading to a proton
conductivity decrease.'® Consequently, in the last years many
efforts have been made on the search of new strategies to
improve PBI proton conductivity consequently, in the last years,
significant efforts have been based on the use of non-volatile
dopants in the range of temperatures over 180 °C. In this
regard, the incorporation of inorganic or organic fillers as
doping agents such as silica,'” graphene oxide,'® metal organic
frameworks,'® cobaltacarborane salts*® and other inorganic
fillers®* has been proven to enhance PBI conductivity. Among all
the different fillers, the use of ionic liquids in the field of energy
storage and conversion has attracted increasing attention.>?

Ionic liquids are room temperature molten salts usually
composed entirely by ions. Outstanding ILs properties as
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negligible vapour pressure, high proton conductivity or its
excellent chemical and thermal stability, make them suitable
candidates as electrolytes in PEM operating at high tempera-
ture. Additionally, the high conductivity of ILs make them
excellent candidates as electrolytes in PEM operating at high
temperature. In the last years, the use of ILs as fillers in
polymer-based membranes has been deeply studied in
membrane separation processes,”® supramolecular chem-
istry,>»*® transport agents,”® drug sensing® and fuel cell tech-
nology.?® The role of ILs as plasticizers and structuring agent in
the preparing of polymeric membranes with improved proton
conductivity have been also studied. Regarding PBI-based
membranes, Hooshyari et al. synthetized PBI composite
membranes doped with dicationic ionic liquid 1,6-di(3-
methylimidazolium) hexane bis(hexafluorophosphate)
(PDC),?° with conductivities 0.078 S cm ™" at 180 °C after doping
with phosphoric acid. The enhanced conductivity was associ-
ated with the three-dimensional network of ionic channels due
to the high number of charge carriers of the dicationic ionic
liquid. Alternatively, PBI membranes with a porosity of 65%
were synthetized by casting method and subsequently
immersed in an NMP/water (50/50) coagulation bath.*® After
filling the porous structure with H-3-methylimidazolium bis(-
trifluoromethanesulfonyl)imide ([h-mim]|NTf,), a proton
conductivity of 1.86 mS cm ™" at 190 °C was observed. Niu et al.
prepared a series of PBI composite membranes with different
ionic liquids and different concentrations by casting method.**
Among the different membranes, that containing dieth-
ylmethylammonium trifluoromethanesulfonate ([dema][TfO])
exhibited the higher proton conductivity, with a value around
0.109 S em™ " at 250 °C, as well as elevated stability at high
temperatures. Despite several papers based on PBI and ionic
liquids have been reported, most of them skip the analysis of
proton conduction in terms of mobility and diffusivity of ions,
which can give a profound understanding of the transport
phenomenon along the membrane.

The study of conduction in polymeric membranes is highly
associated to mobility and diffusivity of ions in the membrane.
In this regard, different studies have been carried out to
determine the ionic mobility and diffusivity under an applied
electric field.** In general, the study of the diffusivity and free
charge anion density of composite polybenzimidazole
membranes is commonly investigated by impedance spectros-
copy measurements.**** Such studies can be obtained from
frequency dependence of dielectric loss ¢” and loss tan ¢ using
a different approach.**

In this paper, we report the preparation and characterization
of PBI composite membranes containing 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIM-
NTf,) with different BMIM-NTf, contents. These composite
membranes have been prepared by the casting method and
characterized by scanning electron microscopy (SEM), thermog-
ravimetric analysis (TGA), tensile testing and electrochemical
impedance spectroscopy (EIS). Furthermore, from the electrode
polarization (EP) model, which was previously introduced by Klein
el at.,* we have addressed our study towards the conductivity,
diffusivity, and charge carrier's density analysis. Since the EP
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analysis overestimates the free ionic concentration with respect the
total number of ions available from the preparation of the
samples, we have recalculated the ionic concentration using the
correction proposed by Wang et al.,> obtaining more accurate
values of diffusivity. These new results have been discussed with
a correlation between the Debye length and porosity with the free
ion density and diffusion coefficients. Finally, the Arrhenius
behaviour of the conductivity and the Eyring theory have been
used to determine the activation thermodynamics parameters,
such as the values of activation enthalpy (AH**) and entropy
(AS**) for all samples under study.

Experimental
Materials

PBI powder with a molecular weight of 51 kDa and purity
>99.95% (molecular formula: [C,yH;,N,],) was purchased from
Danish Power Systems (Dapazol). Lithium chloride (LiCl), N,N-
dimethylacetamide ~ (DMAc) 99.8%  and  1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIM-
NTf,) were purchased from Sigma-Aldrich and used without any
further purification.

Methods

Electron micrographs were obtained using a JEOL JEM-1010
high resolution microscope. Attenuated total reflection Four-
ier transform infrared (ATR-FTIR) spectra of the membranes
were recorded on a Thermo Scientific FT-IR spectrometer
Nicolet iS10 with a 4 cm™' resolution between 400 and
4000 cm™". Thermogravimetric analysis (TGA) was carried out
using a TGA Q50 thermogravimetric analyser TGA Q50. The
samples (8 mg) were weighed in a platinum crucible and heated
under nitrogen atmosphere (60 mL min~') from room
temperature to 800 °C with a ramp of 10 °C min~". The tensile
properties of the membranes (five samples per membrane) were
determined at room temperature using a Universal Testing
Machine Shimadzu AGS-X at a crosshead rate of 10 mm min~".
Young's modulus E, tensile stress and strain at break were
evaluated from the stress-strain curves. Electrochemical
impedance measurements were carried out on composite
membranes at temperatures in the range 20 to 200 °C and in the
frequency window 10" to 10" Hz. The experiments were per-
formed with 100 mV amplitude, using a Novocontrol broadband
dielectric spectrometer integrated with an SR 830 lock-in
amplifier with an Alpha dielectric interface following a previ-
ously described procedure.*>*® For that purpose, membranes of
10 mm diameter were cut and sandwiched between two gold
circular electrodes coupled to the impedance spectrometer by
co-pressing the made materials in a sandwich cell configura-
tion. The assembly membrane-electrode was annealed in the
Novocontrol setup under an inert dry nitrogen atmosphere
before starting the measurement. To ensure the measurements
reproducibility two temperature cycles were studied. In the first
run, the temperature was gradually raised from ambient
temperature to 200 °C and then lowered to 20 °C in steps of
20 °Crecording the dielectric spectra in each step. In the second

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cycle of temperature, the dielectric spectra were collected in
each step from 20 to 200 °C in steps of 20 °C. During the
conductivity measurements, the temperature was kept constant
at each measuring step controlled by a nitrogen jet (QUATRO
from Novocontrol) with a temperature error of 0.1 °C during
every single sweep in frequency.

Preparation of the PBI solution

LiCl (0.1 wt%) was used as a stabilizer and was dissolved in
DMAc with vigorous stirring (1 h at 50 °C) until affording
a homogeneous solution. Next, PBI powder (10 wt%) was dis-
solved in the LiCl solution (in DMAc) and heated under reflux at
120 °C for 5-6 h, yielding the final 10 wt% PBI solution, which
had a viscosity of 0.5 Pa s at 25 °C.

Membrane preparation

The corresponding amount of BMIM-NTf, was totally dissolved
in a 10 wt% PBI solution to give a final solution with the cor-
responding amount (0, 1, 5, 10, 20, 50) wt% of BMIM-NTf, with
respect to PBI. Next, the homogeneous solution was stirred for
4-5 h at 60 °C. Then, the solution was cast onto a glass slide and
dried at 80 °C for 10 h, then at 140 °C for 8 h, and finally at
120 °C under vacuum overnight. Membranes were immersed in
boiling deionized water to remove any residual solvent (DMAc).
Traces of the solvent were finally removed by drying at 160 °C for
16 h.

Results and discussion
Membrane preparation and characterization

PBI composite membranes containing BMIM-NTf, were
prepared by solvent casting method (Fig. 1). To this end, a PBI
solution was initially prepared by dissolving LiCl (0.5 wt%) as
a stabilizer in DMAc under vigorous stirring. Next, PBI powder
with a molecular weight of 50 000 (10 wt%) was dissolved in
a freshly prepared LiCl solution and heated under reflux at
120 °C for 5-6 h. Next, the corresponding amount (wt%) of
BMIM-NTf, was added to a PBI solution and the mixture was
stirred for 4-5 h at 60 °C. Then, the solution was cast onto
a glass slide and dried at 80 °C for 10 h, then at 140 °C for 8 h,
and finally at 120 °C under vacuum overnight. Membranes were
immersed in boiling deionized water to remove residual
solvent. Finally, membranes were drying at 160 °C for 16 h to
obtain flexible films with a thickness around 150 pm.

T
40

dn o

PBI solution FaC.g-N.o CFy
B O

( BMIM-NTF,

casting peeling
—) —)

solvent evaporation

Fig. 1 Schematic representation of membrane preparation via the
casting method.
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The internal morphology of different PBI composite
membranes was analysed by scanning electron microscopy (SEM).
The micrographs of the cross-section of composite membranes,
taken at the same magnification to identify key structural features
of the doped with BMIM-NTf,, are shown in Fig. 2. SEM micro-
graph of pure PBI membrane shows a typical brittle fracture
surface associated with clear river lines with a smooth area on the
fracture surface (Fig. 2a). The addition of BMIM-NTY, into the PBI
matrix highly affected the morphological properties of the material
as shown in Fig. 2b-d, which show the SEM micrographs of
composite membranes with different content of BMIM-NTY,. As
expected, porosity increased with the increasing of the content of
BMIM-NTf,, achieving a honeycomb-like porous structure at IL
contents of 20 wt%. Fig. 2¢ reveals that the pore structure is quite
homogeneous throughout the membrane, consisting mainly of
open and connected pores. This confirms that the use of a rela-
tively large quantity of ionic liquid promotes the formation of
porous membranes, especially with changeable morphologies
such as porous honeycomb, in accordance with previously re-
ported composite membranes.””

PBI composite membranes were characterized by means of
Fourier transform infrared spectroscopy (FT-IR) to confirm the
presence of BMIM-NTf, and the corresponding spectra are
shown in Fig. 3. The IR spectrum of pure PBI displayed a broad
band associated to the N-H stretching around 3600-3100 cm ™.
Additionally, the absorption peak of the imidazolate ring
stretching (C-C) was also observed at 1460 cm™*. Characteristic
absorption bands previously described for this polymer. The
N-H stretching vibrations of the benzimidazole ring were
observed at 3500-2800 cm ™', and the bands at 1630 cm™* and
1605 cm™ ' were assigned to C=N and C=C vibrations,
respectively. After incorporation of the IL in the polymer matrix,
the presence of 1-butyl-3-methylimidazolium  bis(tri-

fluoromethylsulfonyl)imide in the membranes was confirmed
by the presence of peaks of the anion (NTf, ) at 1195 cm ™" (CF;

stretching), 1048 cm ™' (S-N stretching) and SO, asymmetric
-1

and symmetric stretching at 1593 and 1167 cm™ -, respectively.*®

Fig. 2 Scanning electron micrographs of the cryofractured cross-
section of (a) pure PBI; (b) PBI-IL-10, (c) PBI-IL-20; (d) PBI-IL-50.
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Fig. 3 FT-IR of PBI composite membranes containing [BMIMINTf, at different doping levels.

Next, the thermal stability of PBI composite membranes with
different loadings was analysed by TGA under a N, atmosphere
(Fig. 4a). For the pristine PBI membrane, an initial decrease
around 3% weight occurred between 50 to 250 °C, caused by
loss of absorbed molecules of water and residual DMAc. Then
a gradual degradation of PBI polymeric main chain was
observed at 250 and 630 °C.>® The BMIM-NT{, ionic liquid is
stable up to 400 °C with an almost total decomposition at
500 °C, being considered as a thermal stable IL.** The presence
of BMIM-NT{, in PBI composites membranes was confirmed by
decomposition in the range of temperature from 350 to 500 °C,
being this weight loss more significant with the increase of
BMIM-NTf, loading in PBI composite membranes. The thermal
degradation in this range of temperature occurs simultaneously
with the primary polymer decomposition.'” The initial decom-
position of PBI membranes with different BMIM-NTf, contents
is about 200 °C. The presence of BMIM-NT{, in PBI membranes
produced a slightly reduction in thermal stability compared to
pristine PBI membrane.** According to these results, it can be
concluded that composite PBI membranes with BMIM-NTf,
possess enough thermal stability and are suitable for high
temperature membranes applications. Stability and durability
of polymer electrolyte membranes remains a major milestone to
commercialization of PEMFC and its application in the

industry. From a practical point of view, the oxidative stability of
the composite membranes constitutes a critical parameter for
their future applicability as PEMFCs. During the fuel cell
performance, degradation of the membrane can occur by
radical oxidation processes due to oxygenated radicals gener-
ated during the operation. Thus, the oxidative stability of the
membranes was evaluated by Fenton's test, in which the weight
loss of the membranes at different times are analysed after
immersion in an oxidative 3% H,0, aqueous solution con-
taining 3 ppm Fe*" at 80 °C (Fig. 4b). When compared with the
pristine PBI membrane, composite membranes with lower
BMIM-NTTf, loading (1 and 5 wt%) exhibited similar stability to
radical oxidation. For higher IL loadings, the oxidative stability
decreased and in the case of composite membrane with 50 wt%
of IL, a very low stability in Fenton's solution was observed and
the membrane broke after 12 h.

The addition of BMIM-NTY, into the polymer matrix modi-
fied the mechanical behaviour of the membranes. With the
intention to analyse the effect of different amounts of BMIM-
NTf, on the mechanical properties, tensile tests were performed
and the corresponding values of the Young's modulus, tensile
stress and strain at break are given in Table 1. The addition of
BMIM-NTf, at loadings higher than 5 wt% has a plasticizing
effect on the polymer matrix, significantly reducing the elastic
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Fig. 4
different PBI composite membranes after Fenton test.
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(a) TGA curves PBI composite membranes containing different loading of BMIM-NTf, (wt%) under a N, atmosphere. (b) Weight loss of the
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Table 1 Mechanical properties of composite PBI-IL membranes

Young's Tensile stress Strain at break

Membrane modulus (MPa) (MPa) (%)

PBI 2728 £ 134 140 £ 6 14 +1
PBI-IL-1 3171 £ 113 153 £ 2 11+2
PBI-IL-5 2866 £+ 92 150 £ 1 10+1
PBI-IL-10 2325 £ 167 142 + 4 12 +3
PBI-IL-20 1363 + 44 70 £ 3 27 + 3
PBI-IL-50 746 + 33 46 £1 29 £2

modulus of the PBI, as previously reported for other PBI
composite membranes.** Similarly, the tensile stress
decreases almost 70% when a 50 wt% of is added into PBL
Moreover, the strain at break increasing with the content of
BMIM-NTf, observing an improvement on the toughness of the
composite membranes, due to the plasticization effect of
BMIM-NTf,. On the contrary, for composite membranes with
low IL contents (<5 wt%), a slight increase in mechanical
strength is observed in PBI composites, because of the inter-
actions between the polymer matrix and the absorbed IL, as also
reported by Chen et al for cross-linked PBI composite
membranes doped with polymeric ionic liquids (PILs).*

Ionic conductivity

The conductivity through the membranes (i.e., in the trans-
versal direction) was measured in the temperature range
between 20 and 200 °C by electrochemical impedance spec-
troscopy in the frequency interval of 1 MHz to 0.1 Hz. Data for
the real part of the conductivity in dry conditions were analysed
in terms of the corresponding Bode diagrams in which the
conductivity (in S cm™") versus frequency (in Hz) for all ranges of
temperatures (Fig. 5). The inspection of Fig. 5 (top) shows the
variation of the real part of the conductivity versus frequency for
the membranes at 20, 60, 100 and 160 °C, respectively. On the
other hand, Fig. 5 (bottom) shows the variation of the phase
angle (¢) versus frequency at the same temperatures. A closer
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4 PBIHLS

v PBIL-10
3 | & PBIIL-20

1074 < PBI-IL-50,

® PBHLA = 20°
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inspection of both figures reveals that conductivity tends to
a constant value (plateau) when the phase angle (¢) tends to
zero or to a maximum. A transition zone was also observed in
the range of 10* to 10" Hz, depending on the BMIM-NTf,
loading. Finally, a section where the conductivity decreases
when the frequency decreases was observed. The first process is
directly related with the resistance/stability of the membrane
and the second process is related with the diffusion (mass
transfer) due to the mobility of the NTf,  anions. The reported
values of the conductivity were obtained from the plateau at the
frequency where the phase angle was practically zero. For
example, the conductivity values obtained at 80 °C were 4.7 x
107% 1.4 x 107°,1.7 x 1074, 6.5 x 1073, 4.5 x 10 % and 1.5 x
107 S em™ ', for the composite membranes containing
amounts of BMIM-NTTf, of 1, 5, 10, 20 and 50 wt%, respectively.

The frequency range for the highest values of the conduc-
tivity was 10* to 10° Hz in the sample with higher BMIM-NTf,
content (PBI-IL-50). Furthermore, the conductivity in that
frequency range is practically constant and this behaviour is
related with a good interaction of the polymer matrix with the
IL. On the other hand, the conductivity of pristine PBI at 160 °C
was around of 2.4 x 107> S cm™ ", being significantly lower
than the conductivities of the composite membranes. The
variation in conductivity with the IL loading can be rationalized
considering the concentration of the mobile anions and their
mobility associated with the strength of the intermolecular
interactions between the species present in the composite
membrane. On the other hand, the values reported in this work
are higher than those of phosphoric acid doped PBI composite
membranes containing a 5 wt% of BMIM with different counter
anions.*

The behaviour of the membranes is different at low
temperatures than at high temperatures. At low temperatures,
for example at 60 °C, the conductivity values followed the trend
o' (PBIIL-20) > ¢’ (PBI-IL-50) > ¢’ (PBI-IL-10) > ¢’ (PBI-IL-5) > o’
(PBI-IL-1). The conductivities at 60 °C were 1.9 x 10°, 1.2 x
1073, 8.1 x 107°, 1.3 x 107" and 3.8 x 10> S cm™'; while at
160 °C, increased to 1.9 x 1072, 1.5 x 1072, 1.3 x 107>, 5.9 x

® PBIL-1

L |4 PBILS
107 | v pBHL10
+ PBLIL20
< PBIIL-50

10% [ PBiicT |T = o
4 PBIL-5 T 100 C
v PBL-10
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4_PBLILSO
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Frequency (Hz)

10" 10° 10" 10° 10° 10* 10° 10°
Frequency (Hz)

Fig. 5 Bode diagram of the PBI-IL-x at 20, 60, 100 and 160 °C (x = 1, 5, 10, 20 and 50 wt%).
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10~* and 2.5 x 10~* S em ™' for PBI-IL-50, PBI-IL-20, PBI-IL-10,
PBI-IL-5 and PBI-IL-1, respectively. The different values of
conductivity indicate a deep synergistic effect between the
doping agent, i.e., the IL, and the polymer. It is noteworthy that
these conductivities were obtained without the use of acidic
doping agents such as phosphoric acid or other acids, which
typically help to increase proton conductivity in PBI-based
membranes.® In this regard, no acid leaching problems can
be associated to the use of these composite membranes. In line
with this, no leaching of BMIM-NTf, was monitored in a long-
term stability test of these composite membranes, whose
conductivity remained constant after 96 h.

These values of conductivity at elevated temperatures are
higher than the values found for mixtures of zwitterionic ionic
liquids and LiNTf, even with a large amount of NTf,, or even for
polymer composite materials prepared with such mixtures
(PILs), where the conductivity was around 10 > S cm™ ' above
100 °C,* and also in case in which ionic liquids were absorbed
on a crosslinked polymeric ionic-like liquids (SILLPs) based on
styrenic monomer containing imidazolium fragments mixed
with VBIM[NTf,], BMIN[NTf,] and BMIM[CI], whose conduc-
tivities were 5 X 1077, 5.4 x 10> and 0.17 x 10> S ecm ™ for the
samples VBIM[NTTf,], BMIN[NTf,] and BMIM[CI], respectively.*

The conductivity ¢’ is characterized by a plateau, which is
independent of the frequency and its value is a practically
constant in a widely interval of frequencies. This value corre-
sponds to direct-current conductivity (oq.) of the sample.
Finally, we have observed a deviation from o4 in the spectrum
of the conductivity in the range of low frequencies due to the
electrode polarization (EP) effect resulting from the blocking
electrodes, which means that the EP is great in those materials.
Fig. 6 shows the conductivity values for all samples as a function
of wt% of BMIM-NTTf, at 60 and 160 °C. As observed, conduc-
tivity at 60 °C increases with the loading of BMIM-NTf, up to
a 20 wt%, where the conductivity shows the highest value of 3.71
x 107 S em™*. On the other hand, conductivity values at 160 °C
indicate that the conductivity of the samples increases
when wt% of ionic liquid content increases, reaching a value of
1.9 x 1072 S em™! for 50 wt% of BMIM-NTf,. Note that this
value is quasi the limit value corresponding to the IL

O, (S/icm)

& I » o o &

W \«ﬂ'
A D

2 N4 \y’ &
Q Q Q0 N N4 N
] ] < 2

Fig. 6 Variation of the conductivity of PBI-IL-x (x = 1, 5, 10, 20, and
50 wt%) membranes at 60 and 160 °C, respectively.
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Fig. 7 Temperature dependence of the conductivity for PBI-IL-x.
Symbols represent to the experimental values and the lines the fit to
a Vogel-Fulcher—-Tammann behaviour.

conductivity, whose conductivity was 3.4 x 10> S cm™ . Prob-
ably, due to the viscosity reduction of the ionic liquid as the
temperature increases, its plasticizing effect on the membrane
is stronger, facilitating segmental chains motion and
promoting the mobility of the charge carriers through the
membrane via Grotthuss mechanism.

Fig. 7 shows the variation of the conductivity with tempera-
ture in PBI-IL-x, where the experimental values of conductivity
have been fitted using the expression:

Inoe=Ino, — T, 1)

From Fig. 7, a Vogel-Fulcher-Tammann behaviour can be
observed, as shown by the lines of the fitting of the experimental
data. Accordingly, the values of the parameters, ¢, B and T, for
a Vogel-Fulcher-Tammann fit were determined and are listed
in Table 2.

From the values of parameter B, we have calculated the
thermal activation energy. The obtained values followed the
trend E,e. (PBI) = 20.4 k] mol™ " or 0.21 eV > E, (PBI-IL-1) =
17.7 k] mol™" or 0.18 eV > E, (PBI-IL-5) = 16.0 k] mol™" (or
0.166 €V) > E,e¢ (PBIFIL-10) = 7.9 k] mol ™" (or 0.082 eV) > Eq

Table 2 Parameters obtained from the Vogel-Fulcher—Tammann
fitting

AH** AS**
Sample (kJ mol ™) (g mol 'K
PBI 31+2 —38+3
PBI-IL-1 39+3 —-18+2
PBI-IL-5 42 £ 3 —-17 £ 2
PBI-IL-10 53+ 4 29+3
PBI-IL-20 52+ 4 58 +5
PBI-IL-50 56 + 4 67 £7
BMIM-NTY, 29 2 —39+£3

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(PBL-IL-50) = 7.8 k] mol™* (or 0.08 eV) > E, (PBIIL-20) =
4.2 k] mol™' (or 0.044 eV), considering all the range of
temperatures, and showing that the conduction process is more
favourable for the sample PBI-IL-20. This low activation energy
values are in accordance with the observed excellent ion
mobility reported by Wang and co-workers,” where their
superprotonic conduction through one-dimensional ordered
alkali metal ion chains in a lanthanide-organic framework with
conductivities in the order of 10>S cm ™" (at 90 °C and 90% RH)
and ultra-low activation energies of 0.1 eV. On the other hand,
our results are comparable with the observed protonic
conductivity in a family of hexacyanocobaltates with divalent
transition metals(u), M3[Co(CN)¢],-H,O (M = Ni, Co, Fe, Mn
and Cd) with cubic crystal structures. These results confirm that
the prepared composite membranes containing BMIM-NTf, can
be used as mixed matrix membranes (MMMs), providing
excellent conductivity and diffusivity when the polymeric matrix
contains mobile ions.

The conduction study also shows that all PBI-IL-x composite
membranes display activation energy values lower than Nafion
membranes (10.5 k] mol™")* and significantly smaller than the
previous values reported for polycrystalline salts of CsH,PO,
and of CsH,PO,/silica composite, which values are around 0.4-
0.5 eV (38.6-48.2 k] mol ') in the same range of temperatures.®
Similar results are found when we compare our compounds
with different ortho-phosphates, based on the partial substitu-
tion of Cs* by Rb" and Ba**, to give Cs;_, Rb,H,PO, and Cs;_,
Ba, 5,H,PO,.*®* On the other hand, the calculated activation
energies are quite similar to those of membranes prepared with
powder material of Na[COSANE], LiiCOSANE] and H[COSANE],
whose values are 7.8, 7.9 and 5.6 k] mol ™", respectively.*” In
summary, it can be concluded that the ionic transport of this
type of IL-based membranes might have occurred by both the
Grotthuss as well as the vehicular mechanism, but predomi-
nantly by the Grotthuss mechanism.

To proceed with the analysis of the differences observed
from conductivity between the samples PBI-IL-x and the acti-
vation energy calculated, the temperature dependence of
conductivity can be better expressed in terms of Eyring's abso-
lute rates theory as:

3k
a(T)= C x Texp(—ARGT ) =

C x Texp( — ) (2)

R RT

In this regard, eqn (2) constitutes an Arrhenius law in which
AG** = AH** — TAS** has been taken into account, where, C is
the pre-factor only dependent of the frequency, AG** is the
activation Gibbs free energy of the microscopic conduction
process in the sample, AS** is related with the thermodynamic
excess of entropy associated with the macroscopic structural
changes of the material that give rise to entropic restrictions
during the motion of the charges carrier, AH** is the enthalpy
change associated to the conduction process, T the absolute
temperature and R the gas constant.
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Fig. 8 Temperature dependence of the dc-conductivity (aqc) for all
the samples studied in all the range of temperatures.

Since the charge transport is thermally activated, the energy
AG** involves the formation of the activated complex linked to
ion hopping. The values of AH** and AS** can be obtained
from the slope and the T-intercept of the plot In(¢/T) vs. 1000/7,
respectively (see Fig. 8). The values of activation enthalpy
(AH**) and entropy (AS**) for all samples studied are shown in
Table 3. For these data, it can be observed that for most
samples, AH** and AS** increases with the amount of BMIM-
NTf, in the polymeric matrix.

Diffusivity and free anion concentration

Next, the ionic charge density and ion mobility were obtained
from the analysis of tan ¢. Considering that cation and anion
have approximately the same mobility (1) and neglecting ion-
ion interactions, the conductivity, 4., can be expressed in
terms of the ion concentration and ionic mobility according to

eqn (3):
odac = nq|Z|u (3)

where 7 represents the total ion concentration and is the sum of
all charged species (n = n_ + n,), q is the elementary charge, Z
the valence of the charge, and u is the ionic mobility.

In binary systems such as salt/polymer solutions, both
anions, cations and charged aggregates can act as mobile
species. Therefore, calculating the concentration of mobile
charges involved on conductivity is not trivial. Given the values
reported in this work for pristine PBI membrane (5.3 X
107° S em™* and 2.4 x 1072 S ecm™! at 60° and 160 °C,
respectively), we believe that the PBI matrix does not provide
mobile species and the contribution to the total density of
charge carriers can be neglected. Moreover, we consider that
NTf,” anions are the main mobile species in these
membranes.”* Basic sites on the PBI structure interact with BMIM "
cations so the mobility is reduced when compared to that of NTf, ™
anions, which are mainly responsibly of the charge transport
across the membrane by both Grotthuss mechanism among the
network stablished between BMIM' and the polymeric matrix or

RSC Adv, 2021, 11, 26379-26390 | 26385
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Table 3 Values of activation enthalpy (AH**) and entropy (AS**) for all
samples studied

Membrane In[o. (S ecm™ 1] B (K) To (K) x>

PBI —0.41 2454 72 0.00424
PBI-IL-1 —-4.71 2134 191 0.0205
PBI-IL-5 -1.77 1922 129 0.0328
PBI-IL-10 —2.54 950 198 0.0331
PBI-IL-30 -1.39 442 233 0.0958
PBI-IL-50 —1.43 503 231 0.157

vehicular mechanism. Therefore, following the polarization of
electrodes model (EP) described by Trukhan™ and later developed
by Serensen and Compan,* the diffusion coefficient of the free
charge mobiles can be estimated analysing the dielectric spectra of
electrode polarization following the simple Debye relaxation
model from the maximum of loss tangent. Considering the NTf,™
anions as a main contribution to the mobility of charges trough
the polymeric matrix, the effective diffusion coefficient D can be
estimated as™
wtan& X L2

= 32 (tan ) @

max

where wmax (=27tfmax) is the value of the angular frequency at
the maximum of loss tangent (tan 0), L is the sample thickness
and (tan 6)max the value of loss tangent when the spectrum
reaches a maximum at the frequency w. Fig. 9 shows the values
of loss tangent as a function of frequency for the composite
membranes PBI-IL-x at 20 °C. Similar curves have been observed
for the other temperatures under study. A close inspection of
Fig. 9 shows a defined maximum at different frequencies for
loss tangent. This maximum varies depending on temperature.
The same phenomena were observed for the other samples
whose maximum in loss tangent was dependent on the BMIM-
NTF, loading. The position of this peak is dependent of the
temperature for each sample.

The diffusivity values (D) obtained using eqn (4) are shown in
Fig. 10a as a function of temperature. From this figure, a diffu-
sivity effect similar to that observed in conductivity (see VFT
plot in Fig. 7) can be observed. From the analysis of our results,

0, ©— PBIIL-

12 20°Cc —A— PBI-IL-5

O L —v— PBHIL-10
LA

° Y +— PBI-IL-20

Y / —<—PBIIL-50

tan &

T T T T T T T T
10" 10° 10’ 10° 10° 10* 10° 10° 107
Frequency (Hz)

Fig.9 tan ¢ as a function of the frequency for all the samples at 20 °C.
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Fig. 10 (a) Temperature dependence of diffusion coefficient of PBI-
IL-x composite membranes. (b) Temperature dependence of the free
ionic charge density of PBI-IL-x composite membranes.

it can be concluded that diffusivity is affected by different
structural parameters of the films. We notice that diffusivity of
the pure BMIM-NTF, is higher than that of the composite
membranes, and a strong change in diffusivity with tempera-
ture is clearly observed for all the composite membranes, where
the corresponding diffusion coefficients have an anomalous
temperature variation, particularly in the range below 100 °C.
This abnormal variation is possibly due to the free charge
density variations probably due to both the anion binding
energies and stabilization energy. A closer inspection of diffu-
sion coefficients variation shows that a decrease in the coeffi-
cient of diffusion is observed for PBI-IL-1 and PBI-IL-20
composite membranes.

The ionic charge density was obtained from conductivity and
diffusivity values as:

n= O'dckBT
- DiZl¢

(5)

where kg is the Boltzmann constant and T the temperature.
From conductivity values obtained from the Bode diagram and
diffusion coefficient calculated from eqn (4), the values of ionic
charge density for each sample and temperature were obtained. The
calculated values of ionic charge density are shown in Fig. 10b.

A clear correlation is shown between diffusivity and diffusion
coefficient, where a reciprocal variation between free anionic
charge density and diffusivity with the temperature is clearly

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Temperature dependence of the corrected diffusion coeffi-
cient of PBI-IL-x composite membranes.

observed, at least in the interval comprised between 20 and
120 °C. On the other hand, the values of the mobile ion
concentration are higher than those from stoichiometric
calculations, which provide a total concentration of anions
(M¢otal), at room temperature as

% 1
PNAT00 O, Q)

Hiotal =

where p = 1.44 kg L " (the density of BMIM-NTf, taken from
Sigma-Aldrich), % is the amount of IL into the membrane in wt%,
M, the molecular weight of BMIM-NT¥, (419.36 g mol ™ *). Based on
this fact and considering the values reported in this work for pris-
tine PBI membrane without the ionic liquid (5.3 x 107" Sem ™" at
60 °C or 2.4 x 10~ S cm™" at 160 °C), we believe that polymeric
PBI matrix does not provide mobile species and its contribution to
the total density of charge carriers can be considered negligible.
Moreover, we consider that NTf,-are the main mobile specie in
these composite membranes. Basic sites on the PBI structure
interact with BMIM + cations so their mobility is much slower than
that of NTf,-anions, which are mainly responsibly of the charge
transport across the membrane by both Grotthuss mechanism by
hopping among the network stablished between BMIM and the
polymeric matrix or vehicular mechanism.

Thus, since the analysis based on electrode polarization in
case of composite membranes with ILs produces an over-
estimation of the diffusivity and an underestimation of the
charge carriers density. It is necessary to correct the diffusivity

by a factor obtaining a corrected diffusivity value as:
Ntotal
n
D*=D (7)
Niotal

being D*, the corrected diffusivity and D the calculated diffu-
sion coefficient from experimental results using the Debye
electrode polarization mode (EP) by means of eqn (4). Fig. 11
shows the temperature dependence of the corrected diffusion
coefficient of PBI-IL-x composite membranes. From Fig. 11 we
can see that the corrected diffusion coefficient values follow
a Vogel-Fulcher-Tamman (VFT) correlation, whose fitting
parameters are listed in Table 4.
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Table 4 Fitting parameters obtained from the adjust of corrected
diffusion coefficient using the VFT equation for PBI-IL-x composite
membranes

Membrane In[D7,] (em*s™) m (K) Ty (K)
PBI-IL-1 —6.29 271 208
PBI-IL-5 —5.07 970 120
PBI-IL-10 —6.32 365 206
PBI-IL-20 —6.02 177 238
PBI-IL-50 —5.74 334 213

m
InD*=1In D’ — 8
T T, (8)

If L/Lp >> 1 the electrode polarization can be represented by
a single Debye relaxation, where the complex dielectric
permittivity is given as
Aegp

et 1 + (j(l)‘CEP) (9)

€xp
being, Ae¢gp = egp — €, w the angular frequency, egp the
permittivity when the electrode polarization is completely built,
j the imaginary unity (i.e., j =+/—1), and tgp the electrode
polarization relaxation time. When g4, is lower and frequency of
the maximum peak in loss tangent is higher than 1000 Hz, as
occurred with these membranes in the range of temperatures
under study. Then, the loss tangent obtained from eqn (9),
where the real and imaginary parts have been previously sepa-
rated, can be expressed in terms of:

WTEpP
tan 6 =

1+

((,L)‘L'Ep)z (10)
M

Therefore, as previously described,**”* the frequency at the
peak of tan ¢ in Fig. 9 can be obtained from the fit of loss
tangent by the expression:

MZ

TEp

tan 6 __
wmax -

(11)
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Fig. 12 Variation of the Debye length with temperature for all the
samples under study.
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where the maximum in loss tangent (tan d,,,,) can be expressed as:

VM L
AN Opay = —— = 4/ =—— 12
tan 6 3 8o (12)
and the Debye length (Lp) can be written as:
L
ILp= ——— 13
" B(tan o), "

The values of the Debye length calculated from eqn (13) are
displayed in Fig. 12. It should be noted that the trend for the
calculated Debye length is: L (1%) < Lp (5%) < Lp (20%) < Lp
(10%) < Lp (50%), indicating that conductivity and diffusivity
are in correlation with the thickness of Debye length. In this
regard, polymeric membranes PBI-IL-x displayed Ly, values in
the range between 5-1000 nm. As could be expected, the Debye
layer thickness varies with the temperature and reciprocally
with the free charge density embedded into the membranes.

Conclusions

In conclusion, PBI composite membranes containing 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide as an
organic filler at different loadings have been prepared by
casting method. These membranes displayed thermal,
mechanical, and chemical stability to be used as polymer elec-
trolyte membranes, reaching conductivities up to 0.018 S cm ™"
at 160 °C. Based on experimental measurements of dielectric
permittivity and conductivity from EIS, the ionic diffusion
coefficient and free charge density of BMIM-NTf, in composite
PBI membranes has been determined using a single Debye
model relaxation. In addition, the Debye length of the system
were calculated. The studied composite PBI membranes con-
taining BMIM-NTf, showed a significant increment of dc-
conductivity as temperature raises. The conductivity values
were obtained from Bode diagrams. Temperature dependence
of the dc-conductivity is well described by a Vogel-Fulcher-
Tammann equation, where it could also be observed an incre-
ment in conductivity with the amount of free ionic liquid. From
the values of activation energies obtained from VFT, it can be
postulated that the anionic conduction in the films might occur
following two processes, the hopping between the imidazolium
units, and a vehicle-type mechanism.

From an analysis based on the Eyring's absolute rates theory,
it was observed that both the activation of entropy, and the
enthalpy change increased with the loading of ILs for all
samples. It is worthmentioning that the activation of entropy
becomes negative for the membranes containing 1% and 5% of
BMIM-NTTf,. It was interpreted that such values could be related
with a decrease in the free volume, as the amount of free IL
increases. Debye length was calculated from the parameters of
the tan ¢ fitting and the behaviour of L, was correlated with
diffusivity and charge carrier's density. The results reported in
this paper could contributed to a suitable determination of
transport properties in electrochemical system, from dielectric
spectroscopy measurements, and to relate several aspects of the
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characterization and behaviour of the material to the Debye
length in the system.
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