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Abstract
In the present work, the cellulose-based materials were manufactured and used as components of electrochemical double layer
capacitors (EDLCs). The preparation method of cellulose membranes as well as composite electrodes containing cellulose as a
binder was presented. These materials were prepared using for the first time ionic liquid/dimethyl sulfoxide (IL/DMSO) mixture
solvent. Obtained components displayed a uniform structure, thermal stability, and good electrochemical properties. The elec-
trochemical performances of these materials were studied in 2-electrode EDLC cells by common electrochemical techniques as
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS). The
composite electrodes were investigated in three types of electrolytes: aqueous, organic, and ionic liquids. The cellulose mem-
branes were, however, soaked in an aqueous electrolyte and tested as hydrogel polymer electrolytes. All investigated materials
show high efficiency in terms of specific capacity. The studied cellulose-based capacitors exhibited specific capacitance values in
the range of 20–22 F g−1, depending on the type of applied electrolyte.
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Introduction

Electric double layer capacitors (EDLCs), also called ultra- or
supercapacitors are energy storage devices which feature high
power density, reasonable energy density, excellent rate capa-
bility, low maintenance cost, and long life-cycle stability
[1–3]. The energy storage mechanism of supercapacitors is
based on reversible ion electrosorption at the electrode-
electrolyte interface and/or fast and reversible redox reactions
on the electroactive surface [4–6]. The EDLCs are widely
applied in stationary power back-up systems, hybrid or elec-
tric vehicles and also could be considered as a supporting
component to batteries in a variety of portable storage devices
[7–10].

A typical EDLC consists of two electrodes based on high
surface materials (e. g. activated carbon), separated by a po-
rous, electrically inert, and ion-permeable separator soaked in
an electrolyte. An EDLC electrode usually is composed of an

active material, a conductive agent, and a binder [11]. During
the last years, most of the EDLC research was focused on the
development of carbonaceous materials and the investigation
of their performance as an active electrode material [12–14].
Activated carbon is the most widely used active material for
the EDLC electrodes due to its high surface area and relatively
low cost [15]. Carbon materials for electrochemical energy
storage devices are mainly derived from biomass [16–19].
At the same time, new types of electrolytes were studied, with
the aim to increase the operative voltage of EDLC devices as a
consequence of high conductivity and excellent electrochem-
ical stability of these electrolytes [20, 21]. Liquid electrolytes
are widely used in supercapacitors and are categorized into
aqueous, organic, and ionic liquid electrolytes. However, their
application in portable energy storage devices involves the
risk of leakage. One of the methods to reduce electrolyte leak-
age from the electrochemical storage device is the formation
of a gel polymer electrolyte (GPE) by placing a liquid electro-
lyte into a polymeric matrix. Gel electrolytes exhibit liquid-
like ionic conductivity mechanism and can provide shape
flexibility of a solid system. It functions as both a separator
and an ionic conductor between electrodes [22–26].

Less attention was paid to the influence of a binder on
performance and overall safety of the EDLC devices. The role
of the binder is often underrated because it is an
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electrochemically inactive material whose only function is
binding the electrode components together. It also represents
a minor part of the whole mass of the EDLC electrode (<
10 wt%). However, binders play a crucial role in the electrode
manufacturing. A good binder should provide integrity be-
tween the components in the electric network of the composite
electrode, allow high adhesion of the active material of the
electrode to the current collector, and must be electrochemi-
cally and chemically stable. Also, the overall safety and the
environmental friendliness of these materials are very impor-
tant [27–30]. The commonly used fluorinated thermoplastic
binders such as polytetrafluoroethylene (PTFE) and
poly(vinylidene fluoride) (PVdF) could be the source of pos-
sible pollution [31], and the EDLC electrodes based on these
binders should be properly disposed of at the end of the de-
vice’s lifespan. Additionally, the binder determines the choice
of solvent for the electrode preparation. Good homogeneity of
the electrode slurry is crucial in this process. While PTFE is
usually used in the water suspension, PVdF requires the use of
expensive and toxic organic solvents like N-methyl-2-pyrrol-
idone (NMP). For this reason, the increasing interest is being
shown in developing fluorine-free binders.

As an alternative for fluorine-based binders for the EDLC
electrodes, several environmentally benign and economically
viable materials were proposed, like water-soluble polymers:
polyacrylic acid (PAA), polyvinyl alcohol (PVA), or cellulose-
derivatives as sodium-carboxymethyl cellulose (CMC)
[31–34]. For most of the abovementioned materials, the use
of hazardous organic solvents is replaced by aqueous slurries
in the electrode preparation process. However, because of the
water-soluble property, these electrodes cannot be used in de-
vices based on aqueous electrolytes.

Low production costs and utilization of environmentally
benign substrates for manufacturing of energy storage devices
are the key parameters. Cellulose is an abundant and cheap
biopolymer which has the attractive properties such as bio-
compatibility, biodegradability, or thermal and chemical sta-
bility. It is, thus, an excellent material for the production of
cheap and eco-friendly devices. Over the last years, the cellu-
lose and its derivatives have been intensively employed as
binders of carbon-based electrodes of lithium-ion batteries as
well as separators or electrolyte membranes of these devices
[35–38]. Recently, the natural cellulose was also introduced as
a green binder of the EDLC electrode, compatible with all
kinds of electrolytes employable in EDLCs (aqueous, organic
and ionic liquid electrolytes) [39–41]. It is worth mentioning
that EDLC electrode performance depends on the type of cel-
lulose used in the capacitors. According to Wang et al. [42],
cellulose microfibers (CMFs) are used to obtain electrodes
with relatively low active mass loadings. In contrast,
nanocellulose fiber (NCF)- and cellulose nanocrystal (CNC)-
based electrodes indicate relatively high active mass loadings.

The lack of solubility in common solvents limits the easy
replacement of traditional binders by the natural cellulose. An
alternative electrode preparation method, with respect to the
conventional processes, is therefore needed. This issue could
be overcome by the procedure which was first proposed for the
lithium-ion battery electrodes [43]. In accordance with the pro-
posed method, an acetate-based ionic liquid is used as a cellu-
lose solvent. The obtained cellulosic solution and mixture of
active and conductive additives are used for slurry preparation.
Then, the slurry is cast on a collector material, and finally, the
composite film is formed due to contact of deionized water. The
ionic liquid is exchanged in the water and then recovered.

Scheme 1 The preparation procedure of cellulose membranes and composite electrodes employing cellulose as a binder
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In this paper, we present the preparation of the EDLC elec-
trodes based on activated carbon as an electro-active material
and cellulose as a fluorine-free binder. The method of elec-
trode preparation was similar to the method described previ-
ously [44] with a slight modification. For the first time, instead
of a neat ionic liquid, the IL/DMSO mixture solvent was used
to obtain cellulosic solution prior to the slurry preparation.
Neat ILs show defects in the context of cellulose dissolution,
like high viscosity and high processing temperature. Our
method allows overcoming these disadvantages by the use
of IL/DMSO mixture solvent, which has a lower viscosity
and a higher cellulose dissolving rate at a relatively low tem-
perature. Additionally, it makes it possible to reduce the
amount of IL and energy consumption. As a component in
IL/DMSO mixture solvent, we used newly synthesized ionic
liquid, N ,N ′-dimethyl-N-ethylpiperazinium acetate
([EDMPpz][Ac]) instead of commonly used 1-ethyl-3-
methylimidazolium acetate ([EMIM][Ac]). Afterwards, the
electrochemical characteristics of the prepared composite
electrodes were investigated in aqueous, organic, and ionic
liquid-based electrolytes.

We also report the preparation of cellulose membranes,
which have the potential to be applied in the EDLC devices
as a hydrogel polymer electrolyte. In the case of lithium-ion
batteries, the use of cellulose as the gel polymer electrolyte has
already been reported [45]. Our membranes were obtained by
the casting techniques described in detail elsewhere [46].
Microcrystalline cellulose (MCC) was dissolved in the same
IL/DMSO mixed solution as for the preparation of composite
electrodes. The obtained cellulose membranes were soaked in
lithium acetate aqueous solution and tested as hydrogel elec-
trolyte in the EDLC devices. Further, structure and thermal
stability of the composite materials and the cellulose mem-
branes were characterized by using various techniques.

Experimental section

Chemicals

N,N′-Dimethylpiperazine and bromoethane were purchased
from Sigma-Aldrich and distilled before use. Acetic acid
(P.O.Ch, Poland) was used as received. Dimethyl sulfoxide
(P.O.Ch. Poland), acetonitrile (Sigma-Aldrich) chromatograph-
ic grade, hexane (P.O.Ch. Poland), and tetrahydrofuran (Sigma-
Aldrich) were used as received. Anion exchange resin
(Dowex® Monosphere 550 A) was purchased from Sigma-
Aldrich and washed with distilled water before use. NaOH
(P.O.Ch, Poland) was used as received. Microcrystalline cellu-
lose powder (MCC, 20 μm, ∼ 250 degree of polymerization)
was obtained from Sigma-Aldrich and used after being dried
overnight at 80 °C. We also used poly(vinylidene fluoride)
(PVdF) powder (Sigma-Aldrich), poly(tetrafluoroethylene)

(PTFE) 60 wt% dispersion in water (Sigma-Aldrich), N-meth-
yl-pyrrolidone (NMP) (Sigma-Aldrich), and ethanol (Chempur,
Poland) for the preparation of fluorinated thermoplastic binders.
As electrolytes, we employed 2 M LiAc (purity ≥ 99%, Sigma-
Aldrich) aqueous solution, 1 M Et4NBF4 (purity ≥ 99%,
Sigma-Aldrich) organic solution, and neat [EMIM][BF4] (high
purity, Merck). Propylene carbonate (Sigma-Aldrich) was used
as an organic solvent. [MPPyrr][TFSI] was synthesized in our
laboratory as described in reference [14].

Ionic liquid synthesis

The cellulose required further processing before use. To pre-
pare a cellulosic solution, IL/DMSO mixed solvent was used.
N,N′-Dimethyl-N-ethylpiperazinium acetate ([DMEPpz][Ac])
ionic liquid was employed in that mixture. [DMEPpz][Ac]
was prepared in a two-step reaction similarly to the method
described elsewhere [47]. The first step was obtaining N,N′-
dimethyl-N-ethylpiperazinium bromide ([DMEPpz][Br]).
Then, an aqueous solution of the intermediate product was
passing through an anion exchange resin and finally neutral-
ized with acetic acid by acid-base reaction. After water vapor-
ization on a rotating vacuum drier, ionic liquid was dried un-
der vacuum at 60 °C for 24 h.

[DMEPpz][Ac] was characterized by 1H and 13C NMR
Spectroscopy, FT IR spectroscopy, and electrospray-
ionization mass spectrometry. 1H and 13C NMR spectra were
recorded on a Varian VNMR-S 400 MHz spectrometer, in d6-
DMSO. Tetramethylsilane (TMS) was used as an internal
standard. The FTIR measurement was performed with a
Bruker Vertex 70 FTIR spectrometer equipped with an ATR
accessory. Electrospray mass spectroscopy was carried out on
an AB Sciex API 4000 LC/MS/MS mass spectrometer.

1H NMR (400 MHz, DMSO-d6, δ/ppm relative to TMS):
1.25 (t, J = 7.22 Hz, 3 H) 1.57 (s, 3 H) 2.27 (s, 3 H) 2.51–2.82
(m, 4 H) 3.11 (s, 3 H) 3.32–3.48 (m, 2 H) 3.48–3.56 (m, 2 H)
3.59 (q, J = 7.28 Hz, 2 H). 13C NMR (400MHz, DMSO-d6, δ/
ppm relative to TMS): 7.05, 26.11, 44.47, 47.58, 58.36,
172.82. FT IR (ATR, neat IL, wavenumber cm−1): 3305 (br
m), 2987 (vw), 2954 (vw), 2824 (vw), 1657 (w), 1563 (s),
1472 (m), 1394 (s), 1338 (vw), 1294 (w), 1253 (vw), 1209
(vw), 1192 (vw), 1147 (m), 1123 (w), 1078 (w), 1046 (w), 991
(m), 965 (w), 909 (w), 875 (m), 813 (vw), 773 (vw), 645 (vw),
466 (br s). Electrospray MS (molecular ions): ES+: m/z 143
([DMEPpz]+). ES−: m/z 59 (CH3COO

−).

Preparation of cellulose membranes

The cellulose membranes were prepared by a solution casting
method. The 5 wt% cellulosic solution was obtained by dis-
solving a certain amount of microcrystalline cellulose in IL/
DMSO mixed solvent (the weight ratio of IL in the mixed
solvent system (WIL:DMSO) was equalled to 0.25). Themixture
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was stirred in a thermostatic block of thermo-shaker (Thermo
Shaker TS100, NOVAZYM POLAND) at 50 °C for 30 min.
The transparent cellulose solution was then hot-cast on a glass
plate by casting knife (with the casting thickness 250 μm) and
immediately immersed in deionized water in order to remove
the solvent and coagulate cellulose film. Finally, the regener-
ated cellulose film was removed from the water, put between
two Teflon sheets, and dried at 80 °C for 24 h. To form elec-
trolyte membranes, 12-mm diameter disc-shaped pieces were
cut out from cellulose film and immersed in 2 M lithium
acetate (LiAc) aqueous solution. The preparation procedure
is shown in Scheme 1.

Preparation of composite electrodes

Composite electrodes were prepared using activated carbon AC
(powder; Norit DLC Supra 30; specific surface area

2066 m2 g−1) as an active material, acetylene black AB (Alfa
Aesar; 50% compressed) as a conductive agent, and microcrys-
talline cellulose MCC (Sigma-Aldrich) as a binder. The prepa-
ration procedure is illustrated in Scheme 1. Prior to the slurry
preparation, activated carbon and acetylene black were dry-
mixed for 30 min in a laboratory shaker (IKA, Germany).
The binder solution was obtained similarly to the procedure
which was proposed for the cellulose membrane preparation,
with a slight modification in the solvent composition. In order
to reduce the IL usage, a 1 wt% cellulose solution was prepared

Fig. 1 SEM images of cellulose film (a, c) and composite electrode with a cellulose binder (b, d)

Fig. 2 Thermal stability of cellulose membrane (dry cellulose film) and
cellulose-based electrode material

Table 1 The value of the degree of swelling (DS) and swelling ratio in
the direction of length (DSD) and thickness (DST) of cellulose-based
membrane

DS (%) DSD (%) DST (%)

Cellulose membrane 102.9 3.8 133.3
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in the IL/DMSO mixed solvent withWIL:DMSO = 0.1. The mix-
ture of activated carbon and acetylene black was added to the
binder solution and homogenized for 12 h. The obtained black
slurry was cast on a conductive carbon coated aluminum foil by
using a casting knife with the casting thickness of 250 μm.
Subsequently, the electrode material was left overnight in a
laboratory dryer at 50 °C to remove DMSO by evaporation.
The coated electrode was then immersed in deionized water in
order to dissolve IL in the aqueous phase. After 30 min, the
electrode material was removed from the water and dried at
ambient temperature for 2 h. After that, it was transferred into
a laboratory dryer and left for overnight drying at 120 °C. The
composition of the dry electrodes was 85 wt% AC, 5 wt% AB,
and 10 wt% MCC. Electrodes were cut out into 10-mm diam-
eter discs for further tests.

For the purposes of comparison, electrodes with the same
composition, but including commonly used fluorinated thermo-
plastic binders such as poly(vinylidene fluoride) (PVdF) or
polytetrafluoroethylene (PTFE), were prepared according to the
methods described in literature [32]. All composite electrodes

possessed similar values of loading (ca. 3 mg AC per single
electrode).

Additionally, an activated carbon cloth (Kynol® Europa
GmbH, ACC-507-20; specific surface area 2000 m2 g−1) was
used as an electrode material for capacitors based on aqueous
electrolytes. The activated carbon clothwas cut into 10-mmdiscs
and saturated with an electrolyte before use. In case of these
electrodes, platinum discs were used as current collectors.

Morphology of cellulose films and cellulose-based
electrode materials

The morphology of cellulose-based material samples was in-
vestigated by scanning electron microscopy (SEM). SEM im-
ages were taken using a Hitachi S-3400N scanning electron
microscope.

Thermal characterization

Thermogravimetric measurements were carried out using a
TGA 4000 Thermogravimetric Analyzer (PerkinElmer,
USA). The experiment was conducted using 3.5–4.5 mg sam-
ples of cellulose film or composite material (AC/AB/MCC).
The operating conditions were kept constant for all samples.
The temperature was scanned from 25 to 600 °C at a fixed
heated rate of 10 °C min−1, under a nitrogen purge at a flow
rate of 20 ml min−1.

Fig. 3 Comparison of electrochemical performance of EDLCs based on
activated carbon cloth as an electrodematerial. Cyclic voltammograms of
EDLCs containing 2 M LiAc aqueous electrolyte (a) or hydrogel
cellulose electrolyte (b). Capacitance retention of EDLCs (c) calculated
from CVs (a, b) at scan rates from 5 to 100 mV s−1 and (inset) impedance

curves (with a potential amplitude of 10 mV) obtained for these capaci-
tors. Cycling stability (d) over 10,000 cycles at 0.5 A g−1 and (inset)
galvanostatic charge/discharge curves of EDLC based on hydrogel cellu-
lose electrolyte at 10th and 10,000th cycles

Table 2 The value of specific conductivity of aqueous and hydrogel-
polymer electrolyte

Electrolyte Specific conductivity (mS cm−1)

2 M LiAc aqueous solution 38.2 ± 0.9

Cellulose membrane electrolyte 39.8 ± 2.8
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Swelling of cellulose membranes in aqueous
electrolyte

The hydrophilic character of obtained cellulose membranes
was observed. These materials could swallow aqueous solu-
tions, but they were resistant to common organic solvents and
ionic liquids. To form electrolyte membranes, the cellulose
film was immersed in 2 M LiAc aqueous solution. The degree
of swelling and the swelling ratio in the direction of length and
thickness of cellulose-based membranes were measured by
the following procedure. The 12-mm diameter disc-shaped
pieces of a dry cellulose filmwere weighed and their thickness
was measured. Then, these discs were immersed in 2 M LiAc
aqueous solution overnight. Afterwards, the weight, diameter,
and thickness of obtained cellulose-based membranes were
determined (the excess of electrolyte from the membrane

surface was removed by a piece of tissue paper) and used to
calculate the degree of swelling and the swelling ratios.

Conductivity test of cellulose membranes

The ionic conductivity of cellulose membranes was measured by
the electrochemical impedance spectroscopy (EIS) method in the
conductivity cell, with two parallel platinum electrodes at ambi-
ent temperature. Disc-shaped cellulose membranes soaked in
2 M LiAc were placed between two platinum electrodes. The
working electrodewas a 1.5-mmdiameter platinumwire, and the
counter was a 20-mm diameter platinum disc. To compare, the
ionic conductivity of 2 M LiAc aqueous electrolyte was mea-
sured by the EIS method in the conductivity cell, with two par-
allel platinum electrodes at 25 °C.

0.5 A g-1

Fig. 4 Comparison of electrochemical performance of EDLCs containing
cellulose-based composite electrodes. Cyclic voltammograms of EDLCs
employing 2 M LiAc aqueous electrolyte (a) or hydrogel cellulose
electrolyte (b). Capacitance retention of EDLCs (c) calculated from
CVs (a, b) at scan rates from 5 to 100 mV s−1 and (inset) impedance

curves (with a potential amplitude of 10 mV) obtained for these capaci-
tors. Cycling stability (d) over 10,000 cycles at 0.5 A g−1 current density
and (inset) galvanostatic charge/discharge curves of EDLCs containing
Whatman separator (S_W) and cellulose membrane (S_MCC) at 10th
and 10,000th cycles

Table 3 The values of specific capacitance and equivalent distributed resistance (EDR) for aqueous electrolyte and gel electrolyte-based EDLCs
containing activated carbon-based electrode materials

Specific capacitance (F g−1)a EDRb

Type of electrode Carbon cloth AC/AB/MCC Carbon cloth AC/AB/MCC

Aqueous electrolyte-based EDLC 22 20 1.7 ± 0.1 17.0 ± 0.2

Gel electrolyte-based EDLC 22 20 1.7 ± 0.1 17.9 ± 0.2

a Calculated from CV tests at 10 mV s−1 , uncertainty ± 1 F g−1

b Calculated from EIS tests
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Electrochemical performance

Electrochemical performances were carried out in Swagelok®-
type 2-electrode cells. The symmetric EDLC cells with different
composition were assembled. The cellulose membranes were
tested in EDLC cells using an activated carbon cloth (Kynol®
Europa GmbH, ACC-507-20; specific surface area 2000m2 g−1)
or a composite material (AC/AB/MCC). In addition, composite
electrode materials were tested in EDLC cells using a commer-
cial separator (GF/A, Whatman) soaked in different kinds of
electrolytes: 2 M lithium acetate (LiAc) aqueous solution, 1 M
tetraethylammonium tetrafluoroborate (Et4NBF4) organic solu-
tion (PC (propylene carbonate)), and neat ionic liquid—N-meth-
yl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide
([MPPyrr][TFSI]) or 1-ethyl-3-methylimidazolium tetrafluoro-
borate ([EMIM][BF4]).

The electrochemical performances of EDLCs were charac-
terized by cyclic voltammetry (CV), electrochemical imped-
ance spectroscopy (EIS), and galvanostatic charge/discharge
(GCD) techniques. CV and EIS measurements were carried
out using a potentiostat/galvanostat Interface1000 device
(Gamry Instruments, USA), and galvanostatic measurements
were taken using an Atlas 0461 MBI multichannel electro-
chemical system (Atlas-Sollich, Poland). Potentiodynamic
measurements were taken at sweep rates from 5 to
100 mV s−1, and galvanostatic cycling was carried out at con-
stant current densities in the range of 0.5–1.0 A g−1. All these
tests were performed in the voltage range from 0 to 3.0 V
(maximum voltage was dependent on the type of applied elec-
trolyte) at ambient conditions. The specific capacitances of
investigated capacitors were calculated according to the equa-
tion

C ¼ I
dV=dtð Þ2mE

ð1Þ

in the case of potentiodynamic measurements and from the
equation

C ¼ I
ΔV=Δtð Þ2mE

ð2Þ

in the case of galvanostatic measurements, where I is the current,
dV/dt is the sweep rate of the potential, ΔV/Δt is the slope of
potential change, and mE is the mass of individual electrode.
The uncertainty in specific capacitance calculation was ±
1 F g−1. EIS tests were carried out applying a potential amplitude
of 10 mV and frequency range from 0.01 Hz to 100 kHz at
ambient conditions.

Results and discussion

Morphology, wettability, conductivity, thermal
stability

Figure 1 shows the SEM images of the cellulose film and the
composite electrode using cellulose as a binder. The cellulose

Fig. 5 Cyclic voltammetry curves of EDLCs employing composite-
based electrodes and 2 M LiAc (H2O), 1 M Et4NBF4 (PC),
[EMIM][BF4] (neat), or [MPPyrr][TFSI] (neat) electrolyte at scan rate

of 10 mV s−1 (a) and capacitance retention of these EDLCs calculated
from CVs at scan rates from 5 to 100 mV s−1 (b)

Fig. 6 AC impedance curves (with a potential amplitude of 10 mV) for
capacitors employing composite-based electrodes and 2 M LiAc (H2O),
1 M Et4NBF4 (PC), [EMIM][BF4] (neat), or [MPPyrr][TFSI] (neat) elec-
trolyte. In the case of LiAc, Whatman separator (LiAc (H2O) S_W) and
cellulose membrane (LiAc (H2O) S_MCC) were used
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film (in the dry state) has highly smooth and compact surface
without flaws (Fig. 1a). The magnified SEM images suggest
that cellulose material does not contain pores above 1 μm.
Additionally, BET surface of the cellulosic film was deter-
mined, but the specific surface was below 0.1 m2 g−1, what
is in agreement with literature data 0.75 m2 g−1 [48].
Furthermore, the cross section of the cellulose film indicates
a dense architecture of this material (Fig. 1c). The image of the
composite electrode (Fig. 1b, d) shows well distributed con-
ductive additives which surround active material particles
placed in the cellulose matrix. No aggregation of activated
carbon particles is observed. The active and conductive parti-
cles form a fine network system in the cellulose matrix, there-
fore establishing a good quality electrode material for EDLCs.

The disc-shaped cellulose film samples were filled with
2 M lithium acetate (LiAc) aqueous solution to form cellulose
membranes. As was observed, a significant amount of elec-
trolyte was absorbed during the swelling process, resulting in
an increase of membrane weight and thickness. Furthermore,
a slight increase in one direction (the diameter) of the cellulose
membrane was caused by the absorption of the electrolyte.
High electrolyte uptake could help in achieving high ionic
conductivity of the cellulose membrane, which is an important
parameter of gel polymer electrolytes. However, the signifi-
cant growth in the diameter of a gel polymer electrolyte, at the
cost of thickness is unwanted due to the possibility of a short
circuit in an energy storage device. The degree of the swelling
and the swelling ratios in diameter and thickness of the cellu-
lose membranes are shown in Table 1.

In Fig. 2, the TGA (thermogravimetric analysis) curves of
the dry cellulose film and the composite electrode are present-
ed. As could be seen, the initial part of TGA curves presents
the weight loss through the presence of moisture in the sam-
ple. The major weight loss for both materials is observed
above 300 °C, where degradation of both samples appears.
The cellulose film in a given measurement range lost most
of its weight, while the weight loss of the composite material
was only several percent (approximately 15 wt%) in given
conditions. It indicates that the presence of a cellulose binder
in the composite material is the main responsible for the
weight loss of tested samples. Thermal stability of

investigated electrodes is limited by the temperature of cellu-
lose decomposition.

Table 2 presents the specific conductivities of the 2M LiAc
aqueous solution and the hydrogel cellulose membrane
soaked in this aqueous electrolyte. As can be seen, the obtain-
ed hydrogel electrolyte has a similar value of the specific
conductivity as the aqueous electrolyte (electrolyte, which
was used to receive that hydrogel electrolyte). The specific
conductivity of 2 M LiAc aqueous solution and tested hydro-
gel polymer electrolyte reaches 38.2 ± 0.9 and 39.8 ±
2.8 mS cm−1, respectively. It indicates that cellulose mem-
brane exhibits liquid-like ionic conductivity and that is a
promising component for energy storage devices.

Electrochemical performance

Figure 3 presents an electrochemical performance of symmet-
ric EDLCs containing activated carbon cloth as an electrode
material and two different kinds of electrolytes: the liquid
electrolyte (Whatman glass fiber separator soaked in 2 M
LiAc aqueous solution) or the gel electrolyte (cellulose mem-
brane soaked in 2 M LiAc aqueous solution). As can be seen,
the EDLCs based on gel electrolytes show comparable elec-
trochemical characteristics as the devices employing liquid
electrolytes. The cyclic voltammograms (Fig. 3a, b) for both
EDLCs systems show a box-type shape with an excellent
charge propagation. The charge propagation decreases with
the increasing scan rate (from 5 to 100 mV s−1), and a devia-
tion from a rectangular shape of CV curves is observed for
both devices, which is a typical capacitor behavior. The ca-
pacitance retention (Fig. 3c) values calculated from the cyclic
voltammograms are similar for both EDLC systems. The ca-
pacitance of those systems only slightly decreases with the
increasing scan rate, and it displays more than 95% of their
initial capacitance at 100 mV s−1. Also, the Nyquist plot
proved that efficiency of all those systems is similar. The
impedance spectra of EDLCs based on the liquid electrolyte
and the gel electrolyte look almost identical. Each of these
impedance spectra is shifted towards the lower impedance
values, and it is a straight line in the low-frequency region
indicating good capacitive behaviour and low internal resis-
tance of these devices. The cycling stability of the capacitors
containing the cellulose membrane was measured by the gal-
vanostatic charge/discharge method (GCD). High stability of
the investigated capacitors over 10,000 galvanostatic charge/
discharge cycles was noticed (Fig. 3d). The typical triangular
shape of the charge/discharge curves with a small potential
drop for that system is observed (Fig. 3d inset). The shape
of the GCD curves is almost identical over 10,000 cycles,
which also indicates good cyclic stability of EDLC based on
the cellulose membrane.

Furthermore, the electrochemical performance of symmet-
ric EDLCs containing the composite electrode material

Table 4 The values of specific capacitance and equivalent distributed
resistance (EDR) for composite electrode-based systems

Specific capacitance
(F g−1)a

EDRb

Aqueous electrolyte-based EDLC 20 17.0 ± 0.2

Organic electrolyte-based EDLC 21 25.4 ± 0.2

[EMIM][BF4]-based EDLC 21 45.4 ± 0.5

[MPPyrr][TFSI]-based EDLC 21 51.9 ± 0.5

a Calculated from CV tests at 10 mV s−1 , uncertainty± 1 F g−1

b Calculated from EIS tests
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(activated carbon/acetylene black/cellulose) and the liquid
electrolyte (glass fiber separator (Whatman) soaked in 2 M
LiAc aqueous solution) or the gel electrolyte (cellulose mem-
brane soaked in 2 M LiAc aqueous solution) was studied by
CV, GCD, and EIS analysis (Fig. 4). Similarly, as for the
EDLCs containing activated carbon cloth as an electrode ma-
terial, the cyclic voltammograms of the capacitors employing
composite electrodes show a rectangular shape indicating
good charge propagation, but the shape deviation of CV
curves with the increasing scan rate is more noticeable com-
pared to former systems (Fig. 4a, b). The reason could be the
higher internal resistance of the composite electrode-based
systems which can be also observed in Nyquist plot of those
systems (Fig. 4c). The low-frequency regions of impedance
spectra are shifted towards higher impedance values, which
means that the sum of initial resistances (EDR) is higher. The
CV profiles and the impedance spectra of EDLCs containing
composite electrodes and the liquid electrolyte or the gel elec-
trolyte are similar, and the capacitance retention calculated
from CVs for those systems only slightly decreases with the
increasing scan rate. Also, the cycling stability of the compos-
ite electrode material-based capacitors was measured (Fig.
4d). The typical triangular shape profiles of charge/discharge
curves with a small, but higher than in the case of carbon
cloth-based EDLC potential drops were recorded by the

GCD technique (Fig. 4d inset). Upon 10,000 galvanostatic
charge/discharge cycles, the electrochemical efficiency of
both of those devices provides sufficient capacitance retention
and barely changed GCD profiles. It indicates that those
cellulose-based systems are able to undergo thousands of
charge and discharge cycles with good cycle stability. Also,
it is worth mentioning that the cycle stability over thousands
of GCD cycles is comparable between composite electrode-
based systems employing commercial glass fiber separator
and cellulose membrane. Table 3 summarizes the values of
specific capacitance and the values of EDR for the liquid
electrolyte and the gel electrolyte-based EDLCs containing
the carbon cloth material or the composite AC/AB/MCC as
an electrode.

As shown above, the cellulose can be used as one or
both of the following components of EDCL—as the bind-
er in composite electrodes and as the biopolymer mem-
brane soaked in an aqueous electrolyte. The cellulose film
is resistant to common organic electrolytes and ionic liq-
uids. Therefore, it cannot be used as a membrane with
these types of electrolytes. However, the composite elec-
trodes containing cellulose as the binder might be applied
to EDLC devices employing all common types of electro-
lytes. We investigated the electrochemical performance of
EDLCs based on the composite electrodes and four dif-
ferent electrolytes: 2 M lithium acetate (LiAc) aqueous
solution, 1 M tetraethylammonium tetrafluoroborate
(Et4NBF4) organic solution (PC (propylene carbonate)),
and neat ionic liquids—N-methyl-N-propylpyrrolidinium
bis(trifluoromethanesulfonyl)imide ([MPPyrr][TFSI]) or
1 -e thy l -3 -me thy l imidazo l ium te t r a f luo robora te
([EMIM][BF4]). The electrodes of all tested devices were
separated by glass-fiber separator soaked in the corre-
sponding electrolyte.

Figure 5a compares the CV profiles of the EDLCs contain-
ing composite electrodes in the four considered electrolytes at

Fig. 7 Galvanostatic charge/
discharge (GCD) curves of
EDLCs based on composite elec-
trodes and 2MLiAc (H2O) (black
line), 1 M Et4NBF4 (PC) (red
line), [EMIM][BF4] (neat) (blue
line), or [MPPyrr][TFSI] (neat)
(brown line) electrolyte over 10th
(straight line) and 10,000th (dot-
ted line) cycle at 0.5 A g−1 current
density

Table 5 The values of specific capacitance for composite electrode-
based systems calculated from GCD measurements

10th cycle 10,000th cycle

Aqueous electrolyte-based EDLC 22 22

Organic electrolyte-based EDLC 20 19

[EMIM][BF4]-based EDLC 22 22

[MPPyrr][TFSI]-based EDLC 20 20

Measurements errors ± 1 F g−1
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a scan rate of 10 mV s−1. Electrochemical performances in 2 M
LiAc aqueous solution, 1 M Et4NBF4 organic solution, and two
neat ionic liquids—[MPPyrr][TFSI] and [EMIM][BF4] were
studied in the potential range from 0 to 0.8, 2.4, and 3.0 V,
respectively. The properties of the used electrolytes had an influ-
ence on the shape of CV curves. The difference is most notable
between systems which used ionic liquids as electrolytes and the
rest of tested capacitors. The CV profiles recorded for aqueous
and organic-based EDLCs have a similar, rectangular shape, and
the capacitance retention values (Fig. 5b) calculated from cyclic
voltammograms for both of those systems are high in the whole
scan range (in scan rate from 5 to 100 mV s−1). As the
[MPPyrr][TFSI] has the high viscosity and the lowest conduc-
tivity of all of the investigated electrolytes, the deviation from
rectangular shape of the CVof EDLCs based on this electrolyte is
observed and the capacitance retention of these EDLCs was
lower than in other tested systems. Because [EMIM][BF4] elec-
trolyte has a moderate value of conductivity, the capacitance of

this EDLC system decreases with the increasing scan rate more
extensively than in the case of investigated aqueous or organic
electrolytes, but remarkably less than in the case of
[MPPyrr][TFSI]-based system.

Figure 6 shows the Nyquist plots for all tested EDLCs
containing the composite electrodes in different electrolytes.
As can be seen, the impedance spectrum for each studied
capacitor has indicated a typical capacitive behaviour with a
straight line in the low-frequency region. The aqueous
electrolyte-based capacitors have shown the best electrochem-
ical performance due to the low internal resistance of those
devices. The impedance spectrum of organic electrolyte based
capacitor is slightly shifted towards higher impedance values,
but the highest internal resistance occurred in IL-based
EDLCs, due to low conductivity of these electrolytes. Small
semicircles observed on the impedance spectra at the higher
frequency regions can be associated with cavity shape size of
the carbon structures [49] or ion diffusion limitations [50, 51].

Fig. 8 SEM analysis of AC/AB/MCC EDLC electrodes after cycling experiment. SEM images of fresh electrode (a) and cycled electrodes (after 10,000
GCD cycles) removed form devices employing b LiAc (H2O), c Et4NBF4 (PC), d [EMIM][BF4], and e [MPPyrr][TFSI] electrolyte
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In the case of ILs tested in EDLC application, the explanations
of depressed semicircles on EIS spectra are based on relatively
high viscosity of these electrolytes [52–57]. The values of
specific capacitance and the values of EDR for all composite
electrode based-systems determined from EIS method are
summarized in Table 4.

Further, the life cycle of EDLCs containing the composite
electrodes in various types of electrolytes was investigated by
galvanostatic charge/discharge technique. The results of pre-
sented tests were performed at 0.5 A g−1 current density and
for all systems, 10,000 cycles were carried out. As shown in
Fig. 7, the profiles of charge/discharge curves for all EDLCs
had typical triangular shape. The highest potential drops were
observed for [MPPyrr][TFSI] electrolyte-based EDLC due to
the relatively low conductivity of this ionic liquid. After
10,000 cycles, all investigated systems showed performance
comparable to its initial one. The shape of charge/discharge
profiles for those devices has only barely changed due to
slight rise of internal resistance after 10,000 cycles. It suggests
that obtained electrode material with cellulose binder appears
to be a promising component of electrochemical capacitors.
Table 5 summarizes the values of specific capacitance for the
composite electrode-based EDLCs calculated from the GCD
measurements.

Figure 8 presents SEM analysis of AC/AB/MCC compos-
ite electrodes applied for supercapacitors employing various
types of electrolytes. As it is displayed by SEM images (Fig.
8b–e), the surface morphology is comparable for all investi-
gated materials. After thousands of GCD cycles, they appear
in mint conditions. Furthermore, the surface of these EDLC
electrodes after galvanostatic cycling looks nearly unchanged
with regard to the surface of fresh electrode (Fig. 8a).

Table 6 shows a comparison of the specific capacitance
values obtained for EDLCs employing different binders of
the carbon-based electrode materials. The electrochemical
performance of cellulose-based EDLCs investigated in this
study is very similar to that of capacitors based on fluorinated
electrode binders. We also demonstrate that devices
employing all the above mentioned binders achieve excellent
cycle stability and after thousands of charge and discharge
cycles display more than 95% of their initial value. Our results
clearly prove the potential of the use of cellulose as a replace-
ment for conventional fluorinated binders. Additionally, the
performance of capacitors employing cellulose binders, which
has been reported in different research papers, is comparable
to that of our devices. It indicates that apart from environmen-
tal benefits, the proposed electrode preparation method allows
obtaining materials with good electrochemical properties.

Conclusions

Cellulose-based materials were prepared using ionic liquids/
dimethyl sulfoxide mixture solvents and applied in electro-
chemical double layer capacitors. Two types of EDLC com-
ponents were obtained: cellulose membranes and composite
electrodes containing cellulose as the binder. These materials
were found to possess uniform structure, thermal stability, and
good electrochemical properties. Electrochemical characteris-
tics of devices based on those materials and containing various
types of electrolytes show high efficiency in terms of specific
capacitance and cyclability. The results of these studies sug-
gest that cellulose-based materials appear to be a promising
component of electrochemical capacitors.

Table 6 Comparison of the performance of supercapacitors based on different binders of electrode materials and filled with different electrolytes

Binder Electrolyte Specific capacitance (F g−1)b Reference

Cellulose Aqueous (2 M LiAc) 22c Present work

Cellulosea Aqueous (1 M Na2SO4) 19 [39]

PTFE Aqueous (2 M LiAc) 25c Present work

PTFE Aqueous (1 M NaNO3) 29 [28]

PVDF Aqueous (2 M LiAc) 27c Present work

PVDF Aqueous (1 M NaNO3) 26 [28]

Cellulose Organic (1 M Et4NBF4 in PC) 20c Present work

Cellulosea Organic (1 M Et4NBF4 in PC) 18 [39]

PVDF Organic (1 M Et4NBF4 in PC) 20c Present work

Cellulose IL ([MPPyrr][TFSI]) 20c Present work

Cellulosea IL ([MPPyrr][TFSI]) 13 [44]

PVDF IL ([MPPyrr][TFSI]) 13 [44]

PVDF IL ([MPPyrr][TFSI]) 20c Present work

a Neat ionic liquid processing of cellulose
b Expressed as a capacitance of supercapacitor device; the data from each reference has been calculated if it was necessary
c Calculated from GCD measurements at 0.5 A g−1 current density, uncertainty ± 1 F g−1 ; efficiency after 10,000 cycles ≥ 95%
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