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Abstract The first successful attempt to synthesize a
new proton conducting polymeric nanocomposite film
based on pure cellulose nanofibers (CNF) as a polymer
matrix functionalized on their surface with imidazole
molecules (Im) as a dopant, was made. The 2CNF-Im
nanomaterial contains on average one molecule of
imidazole per 2 glucose units from cellulose chains.
Water evaporation and thermal stability of 2CNF-Im
were studied by thermogravimetric analysis (TGA and
DTG) and differential scanning calorimetry (DSC).
The temperature dependence of electrical conductivity
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was studied by the impedance spectroscopy. At
140 °C, the 2CNF-Im nanocomposite has a maximum
conductivity of 7.0 x 10~3 S/m, i.e. four orders of
magnitude higher than that of non-functionalized CNF
matrix. The newly synthesized cellulose nanocom-
posite exhibits high electrical and thermal stability. In
2CNF-Im, the activation energy of the proton transport
process is the lowest compared to the previously
synthesized imidazole-functionalized composites
based on other pure cellulose materials and equals
0.62 eV. The synthesized nanomaterial is liquid-free
solid polymer electrolyte showing proton conductivity
above the boiling point of water.

Keywords Polymer-matrix nanocomposite -
Cellulose nanofibers - Imidazole - Proton
conductivity - Thermal properties

Introduction

It is still a challenge to obtain solid-state proton-
conducting polymer electrolytes showing properties
making them attractive for application in electro-
chemical devices, e.g., batteries, fuel cells. Such
materials should show the proton conductivity above
the boiling point of water, should be liquid-free,
thermally stable, environmentally friendly, and easy to
manufacture. Currently, the most commonly used
polymeric material to fabricate proton exchange
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membranes (PEMs) is Nafion. Nafion in the hydrated
state shows high proton conductivity values (>10 S/
m), but its operating temperature range is below the
boiling point of water. Additionally, Nafion is com-
plicated to manufacture and relatively expensive,
about 1700 $/m> (Bayer et al. 2016; Liu et al. 2018;
Hernandez-Flores et al. 2016; Mizera et al. 2019;
Tiwari et al. 2016; Wong et al. 2019). In the search for
new solid polymer electrolytes, an interesting
approach is to modify natural polymers (Fujishima
et al. 2008; Hernandez-Flores et al. 2016; Jesuraj and
Manimuthu 2018; Kalaiselvimary and Prabhu 2018;
Kalaiselvimary et al. 2019; Polomska et al.
2010, 2011; Yamada and Goto 2012; Yamada and
Ogino 2015), including the most abundant polymer in
nature and the main building material of plants —
cellulose. Many different types of cellulose have
investigated in polymeric proton-conducting elec-
trolytes: bacterial cellulose (Gadim et al. 2016; Jiang
et al. 2012; Vilela et al. 2020), cellulose whiskers (Xu
et al. 2019), cellulose nanocrystals (Bano et al. 2019;
Bayer et al. 2016; Ni et al. 2016, 2018; Zhao et al.
2019a), and cellulose nanofibers (CNF) (Bayer et al.
2016; Di and Yin 2019; Cai et al. 2018; Gu et al. 2019;
Guccini et al. 2019; Xu et al. 2018; Zhao et al. 2019b).
Among these reports, some research concerns the
incorporation of CNF into sulfonated poly(ether
sulfone) (SPES) (Cai et al. 2018; Zhao et al.
2019a, b; Xu et al. 2018). Di and Yin (2019) introduce
cellulose acetate nanofibers in imidazole solution into
the SPES polymer matrix to obtain hybrid PEM with a
maximum conductivity of 1.2 x 10 S/m at 80 °C
under 100% humidity. However, proton-conducting
polymer electrolytes based on different types of
cellulose are not liquid-free and contain water. The
presence of liquid water limits the operating temper-
ature range of these materials. All the listed materials
show high proton conductivity above 90% relative
humidity (RH) and have a maximum proton conduc-
tivity below the boiling point of water, e.g.,
14 x 10 S/m at 94 °C (Gadim et al. 2016),
1.1 x 10 S/m at 80 °C (Jiang et al. 2012),
1.6 x 107" S/m at 94 °C (Vilela et al. 2020),
2.0 x 10 S/m at 80 °C (Xu et al. 2019), 1.8 x 10 S/
m at 95 °C (Bano et al. 2019), 2.5 x 10 S/m at 90 °C
(Ni et al. 2018), 1.5 x 10 S/m at 80 °C (Cai et al.
2018), 1.3 x 10 S/m at 80 °C (Xu et al. 2018),
2.6 x 10 S/m at 80 °C (Zhao et al. 2019b). Only
Bayer et al. (2016) reports results for hydrated (100%
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RH) membranes at a higher temperature, but only up
to 120 °C: for cellulose nanocrystals a maximum
conductivity equals 4.6 x 10~' S/m at 120 °C, and
for CNF is equal to 5.0 x 10~ S/m at 100 °C.

The surface modification of cellulose materials may
allow obtaining green energy materials. The replace-
ment of liquid water by heterocyclic molecules as
conducting dopant allows to increase the maximum of
conductivity at above 100 °C and to obtain liquid-free
polymer electrolytes. Cellulose materials can be
divided, among others by their structure on a dimen-
sional scale into: microcrystalline cellulose (CMC),
nanocrystalline cellulose (CNC), cellulose microfibers
(CMF), and CNF. Our group synthesized several
anhydrous composites based on pure celluloses (CMC,
CNC, CMF) functionalized with imidazole (Im),
exhibit proton conductivity above the boiling point
of water (Jankowska et al. 2020; Smolarkiewicz et al.
2015, 2016; Tritt-Goc et al. 2018, 2019). Previously
reported results (Jankowska et al. 2018) allowed us to
hypothesize that the functionalization of CNF with
imidazole should be more effective and result in the
higher conductivity values and the lower activation
energy of the proton transport process in comparison
to composites based on other cellulose materials.
Thermal and conduction properties of pure cellulose
matrix are the most important features determining the
properties of composite material. Compared to other
cellulose materials, CNF are characterized by the
higher thermal stability and the lower activation
energy of the proton transport process (Jankowska
et al. 2018). The activation energy of the proton
transport process in CMC-based composite, 5.4CMC-
Im (one imidazole molecule per 5.4 glucose units) is
equal to 0.82 eV (Smolarkiewicz et al. 2015, 2016). In
CMF-based composite (1 imidazole molecule per 3.5
glucose units), the activation energy is 0.95 eV
(Jankowska et al. 2020). In 1.3CNC-Im composite,
the activation energy equals 0.78 eV (Tritt-Goc et al.
2019). The imidazole content in 2CNF-Im is not
significant. However, the results described in this
paper show that the 2CNF-Im nanocomposite exhibits
the lowest value of activation energy (0.62 eV) in
comparison to other imidazole-functionalized com-
posites based on pure cellulose materials. Moreover,
thanks to the use of CNF to synthesize of composite, it
was possible to increase the imidazole concentration
in 2CNF-Im in comparison with the 3.5CMF-Im
composite. In contrast to the CMF-based composite, it
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was possible to obtain the nanocomposite in the form
of a film.

The structure of cellulose fibers is stabilized by a
network of hydrogen bonds between hydroxyl groups,
which determine the reactivity and physical properties
of cellulose materials. The monomer of cellulose is
composed of two molecules of B-p-glucopyranose
connected by a B-1-4 linkage, and each glucose
residue has three OH groups. CNF are nanoscale
cellulose fibers with lateral dimensions up to 100 nm
and microscale lengths. CNF are odorless, white,
characterized by high strength and stiffness, eco-
friendly and fully renewable, exhibit high mechanical
resistance, and relative thermal stability, being also a
low-cost nanomaterial (Sofla et al. 2016; Sulaiman
et al. 2015; Xu et al. 2013).

In comparison to cellulose materials in the micro-
scale, CNF have a larger number of functional
hydroxyl groups on the surface due to a higher surface
area to volume ratio, which improves the modification
effectiveness (Sulaiman et al. 2015). The use of CNF
can allow increasing the concentration of heterocycles
in synthesized composites and thus increase the
conductivity and reduce the activation energy of the
proton transport process. The imidazole molecules are
heterocycles showing high thermal stability (the
melting point of imidazole is 90 °C, and the boiling
point is 257 °C), amphoteric character, and a high
degree of self-dissociation (Bhatnagar et al. 2011;
Widelicka et al. 2017; Zigba et al. 2019). Imidazole
can be immobilized in a polymeric material, but retain
the ability of local dynamics, reorientation, dissocia-
tion, and tautomerization (Zhao et al. 2016). These
mechanisms contribute to the proton conductivity in
imidazole-functionalized liquid-free electrolytes
above 100 °C.

In this paper, we present the first results of the
synthesis and characterization of new conductive
nanomaterials based on pure CNF functionalized on
the surface with imidazole. The first attempt to
synthesize the new polymeric nanocomposite film
was successful. The obtained 2CNF-Im nanocompos-
ite contains 1 molecule of imidazole per 2 glucose
units from cellulose chains on average. 2CNF-Im
samples were examined by elemental analysis, scan-
ning electron microscopy (SEM), thermogravimetric
analysis (TGA), differential scanning calorimetry
(DSC), and electrical impedance spectroscopy (EIS)
to establish their thermal and electrical properties. The

results obtained for the newly synthesized nanocom-
posite were compared with those for pure CNF.

Experimental section
Materials

Pure CNF were provided by the University of Maine,
USA, in the form of a stable suspension of nanofibers
in deionized water in a concentration of 3.0% w/w
(Fig. 1a). The suspension had a gel consistency.
According to the manufacturer’s specifications, CNF
were obtained by mechanical treatment from wood
pulp, therefore they do not contain acid groups, sulfur,
chlorates, and nitrogen. The diameter of the fibers is
about 50 nm, and the fiber length is up to approxi-
mately 220 um, the crystallinity index of CNF is
67-88%, and decomposition temperature: >349 °C.
The X-ray diffraction patterns of CNF film showed
that the studied material belongs to cellulose If
crystalline structure (Jankowska et al. 2018). The
high purity polycrystalline imidazole (Im) was pur-
chased from Sigma Aldrich Company.

Synthesis of 2CNF-Im film

Cellulose is insoluble in most solvents and forms only
a suspension. CNF in the form of a hydrogel did not
dissolve during the synthesis. A portion of CNF
suspension (66.7 g, 2.0 g dry mass) was diluted in
water (38 mL) on stirring with a fast rotating magnetic
stirrer with a triangle-shaped magnetic bar, at 25 °C
for 60 min. Then, 20 mL of water solution of imida-
zole was added and the whole contents were subjected
to vigorous stirring for 2 h and ultra-sonicated for

Fig. 1 Photograph of CNF hydrogel in a concentration of 3.0%
w/w (a), and prepared 2CNF-Im nanocomposite film (b)
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15 min. The rotations were regulated during the
mixing process (150-450 RPM). The ultra-sonication
power was 400 W, and the frequency was equal to
40 kHz. Then stirring was continued for 48 h under
reduced pressure to remove dissolved gases. After
degassing, the white turbid suspension was moved to
the PTFE Petri dish and dried under reduced pressure
for 10 days. The final nanocomposite was in the form
of a white film of the thickness close to 0.4 mm
(Fig. 1b). The preparation of the pure CNF film is
reported in Jankowska et al. (2018).

Characterization methods

The chemical composition of the synthesized 2CNF-
Im nanocomposite was verified using a Vario EL III
Elemental Analyzer, GmbH Germany. Measurements
were repeated three times and the results differed by
less than 0.2%. SEM images were obtained at room
temperature (a Fei NovaSEM 650 microscope; in
pressure <6 x 107* Pa). The sample was adhered to
the sample holder with a vacuum-operated carbon
tape. Before putting it into the chamber, the sample
was purged with ultra-pure nitrogen, it was not
covered with any additional conductive layer.

Thermal properties of the newly synthesized
2CNF-Im nanocomposite and CNF, with particular
emphasis on dehydration and decomposition pro-
cesses, were determined using TGA (a Perkin-Elmer
TGA 8000; from room temperature to 650 °C) and
DSC (a Perkin-Elmer DSC 4000). Thermograms were
obtained by both techniques at a heating rate of 10 °C/
min under nitrogen atmosphere. The DSC tests were
conducted in closed pans with a small hole punctured
at the top. The DSC measurements were carried out in
two heating steps for both materials. At first, the
samples were heated from 10to 110 °C and kept at this
temperature for half an hour. To compare obtained
results with other cellulose-based materials which are
synthesized by our group, the annealing time is the
same as in our previously published articles (Jan-
kowska et al. 2018, 2020; Smolarkiewicz et al.
2015, 2016). Next, the materials were cooled down
to 10 °C and then heating up to 250 °C.

The proton conductivity of measured samples was
characterized by means of impedance spectroscopy
(an Alpha-A high-performance analyzer, Novocontrol
GmbH; a Quatro Cryosystem, accuracy better than
40.01 °C; the frequency range 1 Hz—10 MHz; the
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voltage oscillations of =1 V). The film samples were
covered with Hans Wolbring GmbH silver paste. The
samples had 2.8 mm in diameter and 0.3 mm in
thickness for CNF, and 0.4 mm in thickness for 2CNF-
Im sample. The complex impedance of the materials
was measured using two measurement procedures.
The first one included the following cycles: the first
heating cycle from O to 110 °C, kept at this temper-
ature for 0.5 h, and cooled to 0 °C; next, the conduc-
tivity of CNF and 2CNF-Im composite was studied up
to 230 °C, and 200 °C, respectively. During the
second procedure, the complex impedance measure-
ment of 2CNF-Im was carried out in four heating
steps: the first one from O to 110 °C, and the second,
third and fourth heating cycles: from 0 to 130 °C.

Results and discussion

The composition of 2CNF-Im was calculated based on
the results of elemental analysis. The average per-
centage of nitrogen, carbon, and hydrogen atoms is
equal to 6.87%, 43.53%, and 6.34%, respectively.
According to these results, the 2CNF-Im nanocom-
posite contains one imidazole molecule per 2 glucose
units. The CNF average percentage of hydrogen and
carbon atoms equals 6.62% and 43.48%, respectively.
In both samples, no sulfur or chlorine atoms were
detected.

Figure 2a, b depicts the morphology of CNF and
2CNF-Im films. As a result of hydrogel drying and
water evaporation, individual nanofibers join into
larger structures and form bundles. SEM images show
a network structure consisting of random assembly of
nanofibers and bundles (Fig. 2c, d). The nominal
individual nanofiber width is equal to 50 nm, and
length is up to approximately 220 pm. A few individ-
ual nanofibers are shown in Fig. 2e, f. The pure
cellulose nanofiber-based matrix and nanocomposite
images do not differ, no imidazole crystallites are
observed on the nanocellulose matrix surface.

Figure 3 shows the results of TGA and the corre-
sponding derivative of TGA (DTG) for CNF and
2CNF-Im samples. Detailed information on the weight
loss (4Y) and temperatures (the onset, endset, and
maximum temperature of degradation processes—7))
are provided in Table 1. One can observe a charac-
teristic initial mass loss (I) on TGA curves for both
studied materials, associated with evaporation of
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Fig. 2 SEM images: the morphology of surfaces CNF matrix
(a) and 2CNF-Im nanocomposite (b); the nanofibers bundle
random network structure of CNF (¢) and 2CNF-Im (d); the

water. Then, decomposition of the film material (a
small mass loss step about 250 °C) and a large weight
loss connected with cellulose pyrolysis are observed
for both samples (II) (Jankowska et al. 2018; Tao et al.
2019; Zhang et al. 2018, 2019). For the nanocomposite
sample, the mass loss due to its decomposition is
greater, which is also visible on the derivative curve.

IR
512 um

(]
100 ns | 5.00 KV | 2000 x 128 um

dwell HV mag O
100ns | 5.00kV | 10000 x | 2

CNF bundle with visible single nanofibers for the CNF matrix
(e) and the 2CNF-Im nanocomposite (f)

Higher thermal stability of pure CNF has already
been found in comparison to other cellulose materials
in the nanoscale (Jankowska et al. 2018). A similar
situation is observed for the CNF-based nanocompos-
ite. For a similar content of imidazole (1.7) in a
nanocomposite based on CNC (Tritt-Goc et al. 2018),
the first significant decay after evaporation of water,
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Fig. 3 Comparison of TGA thermograms and the corresponding derivatives curves for CNF and 2CNF-Im films

Table 1 The weight loss (4Y), onset, endset, and maximum
temperature (7p) of decomposition processes for CNF and
2CNF-Im films

CNF 2CNF-Im

I I I 1I
AY (%) 6.70 60.23 13.59 56.38
Onset (°C) 85.71 293.23 37.42 274.33
Endset (°C) 168.74 369.00 188.69 371.72
Ty (°C) 157.74 339.83 161.43 342.59

associated with the decomposition of the nanocom-
posite, is observed at To = 150 °C. In addition, for the
nanocomposites based on CNC, a characteristic
decomposition process with Ty of about 225 °C is
visible. The mass loss observed for the 2CNF-Im
nanocomposite is smaller than the sum of the mass
losses for the decomposition processes in a CNC-
based nanocomposite with a similar imidazole content
in the temperature range below the pyrolysis process.
For 2CNF-Im only a wide peak associated with water
evaporation, and a slight loss of imidazole (without a
clear peak connected with this process) is observed on
the DTG curve. Moreover, the broadening of the peak
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assigned to cellulose pyrolysis on DTG is noticeable,
which is associated with degradation of the composite
at higher temperatures than that needed for degrada-
tion of nanocrystalline composites (Tritt-Goc et al.
2018). The nanocomposite based on CNF is more
thermally stable. Furthermore, for the composite
based on CMF or CNC nanocomposites, after evap-
oration of water, a weight loss stage was observed
associated with the loss of imidazole from the sample
(at 155 °C) (Jankowska et al. 2020). This step is not
observed for the nanofibers composite, which shows
that the thermal stability of the CNF composite is
higher than that of the previously studied composites
based on other cellulose materials.

The DSC results obtained during the first heating
cycles up to 110 °C and the second heating cycles up
to 250 °C for CNF and 2CNF-Im nanocomposite
samples are shown in Fig. 4. In the first heating cycle,
small broad endothermic peaks associated with the
evaporation of weakly bonded water and moisture
from the surface of the films, are seen. The peaks for
CNF and 2CNF-Im samples have a maximum at 55 °C
and 59 °C, respectively. The enthalpy of the process is
equal to 0.3 J/g for CNF sample and 1.6 J/g for 2CNF-
Im sample. Above 80 °C for the pure CNF film the
evaporation of strongly bonded water from the
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Fig. 4 DSC curves obtained during the first and the second heating cycles for CNF and 2CNF-Im

material begins. During the second heating cycle, wide
endothermic peaks are visible for both samples. These
peaks correspond to the process of evaporation of
strongly bonded water. The peak has the temperature
maximum at 150 °C for CNF sample, and 160 °C for
2CNF-Im sample. These processes are characterized
by the enthalpy of 20.3 J/g for CNF sample and 33.1 J/
g for 2CNF-Im sample. For the nanocomposite, the
higher temperature maximum and enthalpy of the
process indicate the beginning of 2CNF-Im decom-
position consisting of breaking hydrogen bonds
between the cellulose matrix and imidazole. For both
materials, the decomposition of polymer films begins
above 220 °C. For the nanocomposites based on CNC,
the process of film degradation began above 180 °C
(Tritt-Goc et al. 2018).

The electrical conductivity of the new nanomaterial
was studied by the impedance spectroscopy. Selected
impedance spectra of both samples recorded in the
frequency window from 1 Hz to 10 MHz are shown in
Fig. 5. The response of the studied materials can be
estimated as one semicircle. The experimental data
were analyzed using the Cole equation:

* / 1 Rpc
Z"(w) =Z(w) +iZ (w)fm (1)
where Z*(w)—the complex impedance at angular
frequency o (o = 2nf; f—the linear frequency of the
probing electric field), Z'(w) and Z”’(w)—the real and
imaginary components of complex impedance,
respectively, Rp-~—the direct current resistance,
7 = 2nRC—a characteristic time constant (C—capac-
ity), a—an empirical exponent, 0 < o < 1. In Fig. 5
the solid lines show the best fit of Eq. 1 to the
experimental points. Knowing the sample dimensions,

the bulk direct current conductivity, opc, can be
calculated from the formula 6pc = 1/Rpc (d/A), where
d—the sample thickness, A—the sample surface area.

A comparison of conductivity values for pure
cellulose nanofiber-based matrix and 2CNF-Im
nanocomposites as a function of reciprocal tempera-
ture is presented in Fig. 6. The differences in conduc-
tivity between the first and second heating cycles are
due to the presence of weakly bonded water during the
first heating cycles in both materials. After evapora-
tion of weakly bonded water, the points corresponding
to the conductivity values for cooling and the second
heating cycles coincide, and the materials are electri-
cally stable. The insert in Fig. 6 presents the results of
the second measurement of 2CNF-Im for the second,
third and fourth heating cycles in the temperature
range 80-130 °C. Figure 7 depicts Nyquist plots and
frequency alternating conductivity, cac, dependen-
cies for the 2CNF-Im nanocomposite measured during
the first heating, cooling, and second heating cycle at
100 °C. The results are almost the same. The conduc-
tivity values for the second, third and fourth heating
cycles are the same (see the insert in Fig. 6), and the
results show high electrical stability of 2CNF-Im
nanocomposite. Thanks to the use of CNF, it was
possible to obtain the first electrically stable composite
based on a pure cellulose polymer matrix functional-
ized with imidazole. Previously synthesized compos-
ites based on other cellulose materials did not exhibit
these properties (Jankowska et al. 2020; Smo-
larkiewicz et al. 2015; Tritt-Goc et al. 2018).

The maximum conductivity value for 2CNF-Im
nanocomposite is four orders of magnitude higher than
that of CNF cellulose matrix, 7.0 x 1073 S/m and
1.3 x 1077 S/m at 140 °C, respectively. 2CNF-Im
nanocomposite shows the maximum electrical

@ Springer
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Fig. 5 Nyquist plots for CNF and 2CNF-Im at 120, 140 and 150 °C. The most significant are differences in values of impedance for
both samples (Z' scale up to 1.1 x 10° Q for CNF sample, while for 2CNF-Im sample up to 2.7 x 10* Q)

conductivity in anhydrous conditions at temperatures
higher than the boiling point of water. The electrical
conductivity of 2CNF-Im is related to the presence of
imidazole molecules in the cellulose nanofiber-based
matrix.

The activation energies of proton transport were
determined for both samples from the Arrhenius law:

a(T) = oy exp(—E,/kT) (2)

where E,—the activation energy, g,—the pre-expo-
nential factor, T—temperature, and k—the Boltzmann
constant. The best-fit curves are presented in Fig. 6
(solid lines). The estimated error is £0.01 eV. For
pure CNF cellulose matrix the activation energy
equals 0.75 eV, while for the nanocomposite 2CNF-
Im: E, = 0.62 eV. In comparison with the activation
energies for membranes of fully swollen Nafion
(0.16 eV) and cellulose nanomaterials in the hydrated
state (~0.20 eV) (Bayer et al. 2016; Liu et al. 2018),
the E, of 2CNF-Im is higher. The value of the
activation energy of pure CNF (0.75 eV) is lower
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compared to those of the other pure cellulose materials
(for example, for the CNC film it is equal to 1.07 eV,
for CMF it is 1.2 eV) (Jankowska et al. 2018, 2020).
For 2CNF-Im nanocomposite, the activation energy
(0.62 eV) is the lowest from among the values for the
other composites based on pure cellulose: in 5.4CMC-
Im, the activation energy is 0.82 eV; 3.5CMF-Im—
0.95 eV; 1.3CNC-Im—0.78 eV (Jankowska et al.
2020; Smolarkiewicz et al. 2015, 2016; Tritt-Goc
et al. 2019).

Conclusions

The first attempt to obtain the new liquid-free
polymeric nanocomposite in the form of the film,
based on pure CNF matrix functionalized with imida-
zole, was successful. The new nanomaterial, 2CNF-
Im, exhibits proton conductivity above the boiling
point of water, with the maximum at 140 °C equals
7.0 x 107 S/m. For the pure CNF matrix at the same
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Fig.7 Impedance spectra and alternating conductivity cac as a
function of frequency (inset) for the 2CNF-Im nanocomposite at
100 °C

temperature, the conductivity value is equal to
1.3 x 1077 S/m. The difference between the ionic
conductivity values of CNF and 2CNF-Im is four
orders of magnitude. Such a significant change in
material properties allows concluding that the cellu-
lose nanofiber-based matrix has successfully

functionalized with imidazole molecules. The new
2CNF-Im nanocomposite shows higher thermal end
electrical stability than that of previously synthesized
liquid-free composites based on pure micro and nano
cellulose materials (Jankowska et al. 2020; Smo-
larkiewicz et al. 2015, 2016; Tritt-Goc et al.
2018, 2019). Moreover, the activation energy of the
proton transport process (E, = 0.62 eV) in 2CNF-Im
is the lowest when compared to those of the previously
synthesized pure cellulose-based composites exhibit
proton conductivity above 100 °C: CMC-based com-
posite (0.82 eV), CMF-based (0.95 eV), and CNC-
based composite (0.78 eV) (Jankowska et al. 2020;
Smolarkiewicz et al. 2015, 2016; Tritt-Goc et al.
2019). Due to the use of CNF to synthesize of the
composite, the imidazole concentration is increasing
in comparison to cellulose microfiber-based compos-
ite: in CNF-based composite—one imidazole mole-
cule per 2 glucose units, and CMF-based composite—
one imidazole molecule per 3.5 glucose units
(Jankowska et al. 2020). The mechanical obtained
pure CNF as a product of naturally occurring cellulose
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are a renewable, low-cost and eco-friendly resource
(Lee et al. 2014). Further modifications of pure CNF
with heterocyclic compounds may result in the
formation of eco-friendly, low-cost, solid-state poly-
mer electrolytes that can be used above 100 °C. In the
future, these materials can be an interesting replace-
ment for currently used electrolytes working in
hydration conditions.
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