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One of the most current trends in applied electrochemistry is the development of
solid ionic conductors with electrical, mechanical, and optical properties tailored for a
specific functional application. Moreover, particular interest exists in materials with low
environmental impact and low cost where matters such as sustainability and recyclability
are considered. In this study, these concerns were considered by developing a solid-
state electrolyte based on regenerated cellulose that meets the requirements for
application in electrochromic devices. This soft-matter electrolyte exhibits particularly
high room temperature ionic conductivity in the range of 6.5 mS cm−1 and Young’s
modulus in the range 3.7 GPa. Optimized electrolyte membranes were applied to
inorganic optically active films resulting in all-solid-state electrochromic devices with
performances reaching a practical level, retaining its optical modulation characteristics
after hundreds of cycles.

Keywords: cellulose, solid electrolytes, microwave synthesis, regeneration, electrochromic displays

INTRODUCTION

Quasi-solid soft matter and polymer solid-state electrolytes have been subject of extensive research
aiming to replace liquid electrolytes in some relevant applications such as ion rechargeable
batteries (Amici et al., 2019; Choudhury et al., 2019), fuel cells (Ahn et al., 2020), electrochromic
displays/windows (Vidinha et al., 2008; Garino et al., 2013; Fernandes et al., 2014), and electrolyte-
gated transistors (Cunha et al., 2017; Nketia-Yawson et al., 2019). The great challenge is on
getting high ionic conductivity without the need for a liquid medium or soft membrane separating
electrodes. Only then, the problems related to liquid electrolytes, such as leakage, flammability, and
toxicity, can be effectively avoided when used in electrochemical devices (Alarco et al., 2004; Lalia
et al., 2014).

Two of the most widely employed approaches for solid-state electrolyte formulation have been
(i) polymer doping with organic or inorganic salt resulting in so-called polymer electrolytes such
as those based on poly(ethylene oxide) (PEO) (Xue et al., 2015; Chen et al., 2019), poly(propylene
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oxide) (Han et al., 2017), or poly(ethylene)glycol (PEG) (Asghar
et al., 2012; Ji et al., 2017); and (ii) the use of polymer
network as mechanical support for ion-conducting matrix, called
a composite electrolyte. The last are of particular interest when
aiming the improvement of the electrical properties through the
addition of inorganic fillers (Ramos et al., 2013; Ji et al., 2017;
Zhang et al., 2018) and plastic crystals (Fan et al., 2007; Zhang
et al., 2017), and/or the mechanical properties that are achieved
by the addition of cross-linked UV-curable polyethylene glycol
(di)methacrylate [PEG(D)MA] (Gerbaldi et al., 2009; Choudhury
et al., 2019) or ethoxylated trimethylolpropane triacrylate (Fan
et al., 2018; Liu et al., 2019).

Within this context, the increasing demand for low cost
and more environmentally friendly and sustainable electrolytes
leads to the integration of natural polymer hosts with excellent
chemical stability and mechanical properties, such as cellulose
and its derivatives (Irimia-Vladu, 2014). Some authors have
investigated the effect of cellulose in some composite materials
based on ionic liquids (Li et al., 2011), methacrylic polymer
(Chiappone et al., 2013), PEG (Zhao et al., 2020), or PEO fibers
(Samad et al., 2013). Although these composites present excellent
ionic conductivities, they need complex synthesis processes. At
the same time, the final content of cellulose is also low, being
used typically as mechanical strengthen of gel-like electrolytes
and improve thermal stability (Zhang et al., 2013; Du et al., 2019).
However, cellulose can dissociate lithium salts, adsorb and retain
the organic solvents, and accelerate the migration of lithium ions
(Zhang et al., 2013; Du et al., 2019; Zhu et al., 2019).

Having in mind what was said above, the work herein
presented describes a new and fast synthesis route to obtain a fully
cellulose matrix solid electrolyte, with high ionic conductivity,
suitable to be used in electrochemical devices. Microwave
irradiation has been widely used in cellulose to assist its acid
hydrolysis (Ni et al., 2014; Sun et al., 2015). The application to
fully cellulose matrix electrolytes is not so explored. Thus, the
process introduced here consists of dissolving microcrystalline
cellulose (MCC) in N,N-dimethylacetamide (DMAc) and lithium
chloride (LiCl) and then employ microwave irradiation to
regenerate it before the solvent evaporation step.

MATERIALS AND METHODS

Electrolyte Preparation
MCC (powder 20 µm; Sigma–Aldrich), DMAc (≥99.5% GC from
Sigma–Aldrich), and LiCl (98% Panreac) were used as received.
The cellulose was dissolved by preparing a solution with a mass
ratio of DMAc:MCC:LiCl to 1:0.33:0.1. The solution was then
subjected to microwave radiation in a CEM Discovery SP, at 65◦C
with a maximum power of 50 W, for less than 25 min. The films
of the cellulose solid electrolyte (CSE) were obtained by solvent
evaporation method at room temperature. For comparison
purposes, samples without microwave radiation were prepared
following the same procedure. After the solvent evaporation,
a very fragile membrane was obtained (CSE/without). This
membrane was subjected to a washing step with water
(CSE/washed) and dried again at room temperature.

Electrolyte Characterization
The structural analysis of the CSE was made by X-ray diffraction
(XRD) using a PANalytical X’Pert PRO diffractometer, equipped
with an X’Celerator detector, in a Bragg–Brentano geometry
with Cu Kα line radiation (λ = 1.5406 Å). The 2θ scans
were performed from 10◦ to 40◦, with a step size of 0.02◦.
The attenuated total reflectance Fourier transform infrared
(FTIR) spectra of the samples were recorded by a Thermo-
Nicolet 6700 spectrometer from Thermo Electron Corporation
at room temperature. The measurements were carried out in
the wavenumber range from 400 to 4,500 cm−1 accumulating
64 scans having a resolution of 4 cm−1. Thermogravimetric
(TG) measurements were carried out with a Simultaneous
Thermal Analyzer (TGA-DSC – STA 449 F3 Jupiter from
Netzsch), under air atmosphere and loading 5 mg of each
sample into a covered aluminum crucible. The samples were
heated from room temperature to 500◦C, with a heating
rate of 5 K min−1. Conductivity spectra were measured by
an impedance analyzer Alpha-N from Novocontrol GmbH,
covering a frequency range from 10-1 to 1 MHz, and were
collected between −100◦ and 200◦C in steps of 50◦C. The
samples were placed between two gold plated electrodes
(diameter 10 mm). The temperature control was ensured by the
Quatro Cryosystem, supplied by Novocontrol, and performed
within ± 0.5 K. The mechanical properties of CSE were
determined using a tensile testing machine from Rheometric
Scientific (Minimat Firmware 3.1).

Electrochromic Display Assembly
As illustrated in Figure 1, the CSE was integrated in an
electrochromic device (ECD). The CSE was sandwiched between
two active layers (tungsten and nickel oxides—WO3 and NiO,
respectively) both deposited on commercial indium tin oxide–
coated glass (Xian Yan Technology). The WO3 films were
prepared at room temperature by radiofrequency magnetron
sputtering (Pfeiffer Balzer 500). The films were obtained from a
tungsten oxide target with a purity of 99.95% under a reactive
atmosphere with an oxygen partial pressure of 0.1 Pa and an
argon partial pressure of 1.9 Pa. The deposition pressure was
2 Pa with a distance between target and substrate of 15 cm,
with a applied power of 200 W for 30 min to obtain films with
300 nm. NiO thin films were deposited at room temperature
by e-beam evaporation, in a homemade system, using NiO
commercial pellets [random pieces 3–6 mm, 99.99% purity from
SCM (Super Conductor Materials)]. The initial chamber pressure
was 7× 10−4 Pa and the growth rate was around 6 nm min−1, to
achieve 300 nm thickness (Zhu et al., 2019).

Electrochromic Display Testing
The optical reflectance of the ECDs was measured using a
UV-VIS-NIR spectrophotometer (Perkin-Elmer lambda 950)
between 250 and 900 nm and the in situ reflectance changes
at 550 nm were measured combining the same apparatus
with a potentiostat (Gamry reference 600) performing cyclic
voltammetry between −2.5 and 4 V with a scan rate of 5 mV
s−1 for 100 cycles.
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FIGURE 1 | Schematic representation of the electrochromic devices (ECD) produced (Glass/ITO/WO3/CSE/NiO/ITO/Glass) in the: (A) bleached and (B) colored
state.

RESULTS AND DISCUSSION

Electrolyte
Figure 2A compares the XRD patterns of the regenerated CSE
and the starting MCC, granules whereas Figure 2B shows the
diffraction patterns of sample regenerated without microwave
radiation (CSE/without) and the same sample after washing
with water (CSE/washed). All samples are cellulose type Ia with
monoclinic structure (ICDD 00-056-1718) with the characteristic
cellulose peaks associated to the planes (-110), (110), and (200)
for 2θ values of 14.8◦, 16.6◦, and 22.9◦, respectively. The
crystallinity index (CI) was determined by the empirical method
proposed by Segal et al. (1959), using the equation:

CI (%) =
I200 − Iam

I200
× 100 (1)

where I200 is the maximum intensity (arbitrary units) of the
diffraction peak of the (200) planes, and Iam is the minimum
intensity taken at a 2θ angle between 18◦ and 20◦, representing
the diffraction of the amorphous fraction.

The CI of the CSE/without and CSE is very similar (50
and 53%, respectively), whereas it reaches about 77% for both
pristine MCC and CSE/washed samples. This reveals a loss
of crystallinity when regenerating the cellulose after dissolving
it in the DMAc/LiCl solvent system and not washing them
with water, that is, when solvent may remain entrapped inside
the formed membrane. However, the most relevant fact is
that microwave irradiation (CSE membranes) promotes partial
polymerization with similar crystallinity when comparing with
normal regeneration (CSE/without membranes), but with much
better mechanical properties, because CSE/without results in gel-
like samples with no mechanical stiffness. The crystallinity of
CSE/without sample can be improved by washing it with water,
confirming that the decrease in crystallinity resulting from the

presence of DMAc/LiCl entrapped in the regenerated films can
be mitigated by microwave assisted regeneration.

FTIR spectra of the original MCC granules and the CSE
are presented in Figure 2C and samples CSE/without and
CSE/washed in Figure 2D. The same characteristic FTIR bands
were observed for all samples, i.e., O-H, C-H, and C-O stretching
mode at 3,400, 2,900, and 1,060 cm−1, respectively. Because
the intensity of the 2,900 cm−1 band is quite insensitive to
variations in the composition, crystallinity, and water content
of the cellulose (Łojewska et al., 2005; Pereira L. et al., 2014), it
can be used to normalize the spectra (not shown) and evaluate
the variation in the intensity of the 3,000–3,600 cm−1 band. By
doing so, the normalized intensity is the highest in CSE, then
in CSE/without, then in CSE/washed, and the lowest for MCC.
The increased density of O-H groups suggests the water content
in the regenerated membranes follows the same order. A clear
difference exists in the FTIR spectra in the band at∼1,650 cm−1,
associated with the asymmetrical C = O stretching of DMAc.
It does exist for MCC, as expected, and it is lower in intensity
and blue-shifted for CSE when compared with CSE/without
and CSE/washed. First, this indicates that there is entrapped
solvent even in washed samples. Second, it suggests that the
interaction between the entrapped solvent and the cellobiose
units is different when microwave irradiation is used. The blue
shift in this band for CSE can be associated with lower interaction
between DMAc and Li+ (Zhang et al., 2014; Kotov et al., 2018)
and also less interaction between DMAc molecules (Kotov et al.,
2018). Both phenomena are coherent with heating promoted
by microwave irradiation that reduces solvation of the Li+ and
stoichiometry of the [(DMAc)x-LiCl] complexes, moving from
DMAc dimmers toward DMAc monomers. This leaves more
DMAc free to become hydrated and increased water uptake
capability of the CSE membranes. It worth mentioning that
the energetic stability of water H-bonds in the amide hydration
sphere is among the higher ones determined for simple amides
(Panuszko et al., 2008).
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FIGURE 2 | X-ray diffraction patterns of (A) source MCC and CSE obtained using microwave irradiation and (B) of CSE washed and obtained without microwave
irradiation. FTIR spectra of (C) source MCC and CSE obtained using microwave irradiation and (D) of CSE washed and obtained without microwave irradiation.
Thermogravimetric curves (solid lines) and derivative thermogravimetric curves (dash lines) of (E) source MCC and CSE obtained using microwave irradiation and (F)
of CSE washed and obtained without microwave irradiation.

The weight loss curves determined by TGA/DSC are
represented in Figures 2E,F. For the MCC granules, a small
weight loss (3.85%) occurs below 100◦C due to the desorption
of water while thermal degradation of the cellulose starts around
330◦C, where the major weight loss occurs (∼83%). For all
the CSE samples, the weight loss below 100◦C is much more
pronounced supporting the existence of entrapped solvent. This

is less pronounced for the CSE/washed membrane due to
removal of part of entrapped solvent (not all as shown by FTIR
data) during the washing step. When comparing non-washed
membranes, the weight loss is lower for CSE when compared
with CSE/without, which is consistent with less solvent entrapped
and also different hydration of the [(DMAc)x – LiCl] complexes
when microwave radiation is used to assist regeneration. The
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FIGURE 3 | Stress-strain curve of CSE [inset: digital photographs of (A) beginning of the test and (B) after fracture].

thermal stability of these non-washed membranes is lower
when compared with washed ones and MCC granules due to
lower crystallinity.

A standard tensile test was carried out on the CSE sample
(Figure 3). Again, it is worth highlighting that it was not possible
to form stiff films from CSE/without and CSE/washed samples.
A Young’s modulus of 3.7 GPa was obtained, which can be
explained by the presence of residual solvent trapped in the
cellulosic matrix (confirmed by TGA in Figure 2E), as already
reported by other authors in some cellulosic regenerated films
(Mahadeva et al., 2013). Nevertheless, the yield strength obtained
(41.9 MPa) is more than twice that reported in the same work
(Mahadeva et al., 2013) and similar to chemically cross-linked
cellulose electrolytes (Du et al., 2019), which can be attributed to
the partial polymerization promoted by the microwave radiation
process. It is possible to speculate that the membranes may
become slightly more fragile and have a reduction on the
elongation to break after some time. This was not possible to
notice by handling them after 1 month. However, this assumption
is made based on the small variation of the ionic conductivity (to
be discussed below), suggesting some small variation in the water
content. This is expected to slightly affect also the mechanical
properties of the membranes.

The ionic conductivity measurements of CSE at near room
temperature (∼20◦C) for as regenerated and after 1 month
are shown in Figure 4A, where the real part of conductivity
(σ′) is represented as a function of frequency, ω (in log–log
scale). The spectra have a dc conductivity (σdc) plateau at higher
frequencies (104–106 Hz) and a conductivity dispersion at lower
frequencies (Kremer and Schönhals, 2003; Wang et al., 2013;

Yildirim et al., 2018). This behavior at low frequencies can be
explained by electrode polarization due to the formation of
electric double layers originated by the blocking of charge carriers
at the sample/electrode interfaces (Kremer and Schönhals, 2003;
Vidinha et al., 2008; Yildirim et al., 2018). The CSE has a σdc of 6.5
mS.cm−1 after synthesis that slightly decreases to 5.2 mS.cm−1

after 1 month, which is still an impressive value for a solid-
state electrolyte. The CSE maintains the frequency response at
room temperature, which confirms its electrochemical stability
over such period.

At −90◦C, the CSE has the typical behavior of disordered
materials such as ionic glasses, ion conducting polymers,
and electron-conducting conjugated polymers (Kremer and
Schönhals, 2003; Yildirim et al., 2018) with dc plateau at
low frequencies (shown in Figure 4B), but the electrode
polarization starts to be visible as the temperature increases. In
the temperature range where the spectra have a dc plateau in the
low and middle-frequency region, it is possible to estimate the σdc
by fitting the Jonscher equation (Jonscher, 1990):

σ
′

(ω) = σdc + Aωn (2)

where A is the pre-exponential factor and n is the fractional
exponent (0.5 ≤ n ≤ 1) (Kremer and Schönhals, 2003). The fit of
Eq. (2) to the measured real conductivity at−90◦C is represented
in Figure 4C (solid line) and a σdc of 1.14 × 10−6 mS.cm−1

was extracted, which matches well with the value extracted from
the plateau. The temperature dependence of the σdc values is
plotted in Figure 4D. The empirical Vogel–Fulcher–Tammann
(Carvalho et al., 2012; Ledwon et al., 2015) equation was fitted
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FIGURE 4 | (A) Conductivity at room temperature of CSE after synthesis and after one month, (B) conductivity of CSE from −90 ◦C to −25 ◦C, with a step of 5 ◦C,
(C) Jonscher fit for −90 ◦C, and (D) Thermal evolution of conductivity of CSE.

to the conductivity data, which usually describes the temperature
dependence of the electrical conductivity (Eq. 3) quite accurately.

σ
′

(T) = σ∞e
(
−

B
T−T0

)
(3)

σ8 is the conductivity in the high-temperature limit, B is an
empirical parameter characteristic of the material accounting for
the deviation of linearity (roughly B is lower with the more curve
dependence), and T0 is the Vogel temperature as defined for the
dependence of relaxation times. The thermal evolution has a non-
linear behavior, similar to some other solid electrolytes (Tipton
et al., 1994; Alarco et al., 2004; Zhang et al., 2009; Choudhary and
Sengwa, 2011; Kamaya et al., 2011; Carvalho et al., 2012).

Despite the similarities in the ionic conductivity behavior
with temperature, the contribution of both Li+ and/or protons
in the conduction mechanism is worth discussing. It was been
reported that during dissolution of cellulose in the DMAc/LiCl
solvent system the Li+/Cl− ion pairs split and the Cl− anions
form hydrogen bonds with the hydroxyl protons of cellobiose
units (Zhang et al., 2014). This will increase the concentration
of free ions when in the solution that would be expected to

increase the ionic conductivity. This may be the case in solution
but not necessarily in the regenerated membranes, since, during
interaction of Cl− with cellobiose units, the Li+ cations are
solvated by DMAc and accompanied by the hydrogen-bonded
Cl− anions to meet the electric balance (Zhang et al., 2014). Thus,
in the formed membranes where cellobiose units are supposed to
be fixed, the same is expected to happen to the complex formed
by Li+ ions solvated by remaining DMAc. The DMAc itself is
hydrated by the remaining water that will exist in the cellulose
electrolytic membranes (Panuszko et al., 2008). That having been
said, mobility of Li+ ions in the CSE membranes is supposed to
be limited when compared with highly mobile protons available
in the hydration shell of Li+/DMAc complexes, thus having
a more relevant contribution to the ionic conductivity in the
CSE membranes. Nevertheless, the existence of Li+ ions is
relevant in fixing the hydrated DMAc that provide a path for
proton mobility.

Application in Electrochromic Display
As proof of concept, ECDs were assembled as schematized in
Figure 1 to test the applicability of this new solid-state electrolyte.
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FIGURE 5 | (A) Reflectance and (B,C) photographs the ECD in the bleached and colored states. (D) Lifetime cycles measurements and (E) cyclic voltammograms
of the ECD.

The deposition conditions for each layer that constitutes the
ECD are described in “Materials and Methods” section. NiO
is an anodic electrochromic material that colors under ions
deintercalation, changing from a neutral transparency at the
bleached state to a dark brown coloration at the colored
state (Pereira S. et al., 2014). Because the CSE membrane
is partially opaque, in this work, NiO was used only as ion
storage layer to keep the charge balance and stability over
cycling. On the order hand, WO3 is a cathodic electrochromic
material that colors under ions intercalation changing from
transparent on the bleached state to a uniform dark blue when
at the colored state (Fernandes et al., 2014), acting here as the
electrochromic layer of ECD.

The reflectance and digital photographs of the ECD at the
colored and bleached states are presented on Figures 5a–c,
respectively. Because the CSE is not transparent, the contrast
ratio, which is here defined as the reflectance in the bleached state
divided by the reflectance in the colored state (Granqvist, 1995),
includes only the contribution of the WO3 layer, even if the NiO
also presents electrochromic behavior.

The calculated contrast ratio (at λ = 550 nm) is 36.9%,
where the reflectance changes from 52.2% at the bleached

state to 15.3% at the colored state. These values are within
the expected range of the value as achieved by Silva et al.
(2010), with the advantage of using a truly solid, ecofriendly,
and less expensive material, with higher conductivity at room
temperature. Despite being dependent on the electrochromic
material thickness and type, this contrast ratio is also comparable
with other ECD incorporating cellulose-based solid electrolytes
(Assis et al., 2015; Ngamaroonchote and Chotsuwan, 2016). After
10 coloration/bleaching cycles, the contrast ratio is still 31.5%,
slightly decreasing to 30.33% (after 100 cycles), proving that the
CSE has excellent stability in the ECD (Figure 5D). The decrease
in the optical density of the ECD is due to some irreversible ion
intercalation. Figure 5E shows that, after 100 cycles, the cyclic
voltammograms shape for the ECD change. The broad anodic
peak remains at the same potential after 50 cycles, but it is moved
to a higher potential for the 100th cycle, and their current density
values decrease when compared with the values of the 1st cycle.

On the other hand, the cathodic peaks almost completely
disappear after the 100th cycle. The changes of cyclic
voltammograms observed during cycling of ECD point clearly
that redox reactions at WO3 and NiO are not entirely reversible.
As a result, there is a decrease of the charge density values and,
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consequently, a decrease of reflectance modulation between color
and bleached states. This is mainly due to irreversibility of redox
reaction rather than related with the stability of the electrolyte
(Assis et al., 2015), which retains its coloration on the area not
coated with WO3 and can be seen on Figure 4C.

CONCLUSION

In this work, a new fully cellulose-based solid electrolyte
functionalized with lithium ions produced by an easy and
reproducible synthesis process was presented. The CSE exhibits a
high ionic conductivity of 6.5 mS.cm−1 at room temperature,
comparable to some liquid electrolytes, and its solid-state
nature overcomes the drawbacks related to safety issues
of liquid alternatives. The excellent ionic conductivity is
attributed to the Li+/DMAc complex formed and retained
with the membranes’ matrix, which is enhanced by microwave
irradiation assisting regenerations the regeneration process.
The microwave irradiation also helps in the polymerization of
the regenerated membranes that result in better mechanical
properties when compared with gel-like sample obtained
when no microwave irradiation is used. Additionally, the
applicability of this new cellulosic-based electrolyte was
demonstrated in an ECD which could open the door
for new paper-based displays in the field of disposable
paper electronics.
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